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There is general agreement that DNA synthesis in the single-copy and amplified dihydrofolate reductase
(DHFR) loci of CHO cells initiates somewhere within the 55-kb spacer region between the DHFR and 2BE2121
genes. However, results of lagging-strand, early-labelling fragment hybridization (ELFH), and PCR-based
nascent-strand abundance assays have been interpreted to suggest a very narrow zone of initiation centered at
a single locus known as ori-b, while two-dimensional (2-D) gel analyses suggest that initiation can occur at any
of a large number of potential sites scattered throughout the intergenic region. The results of a leading-strand
assay and two intrinsic labelling techniques are compatible with a broad initiation zone in which ori-b and a
second locus (ori-g) are somewhat preferred. To determine how these differing views are shaped by differences
in experimental manipulations unrelated to the biology itself, we have applied the lagging-strand, ELFH,
neutral-neutral, and/or neutral-alkaline 2-D gel assays to CHOC 400 cell populations synchronized and
manipulated in the same way. In our experiments, the lagging-strand assay failed to identify a template strand
switch at ori-b; rather, we observed a gradual, undulating change in hybridization bias throughout the inter-
genic spacer, with hybridization to the two templates being approximately equal near a centered matrix attach-
ment region. In the ELFH assay, all of the fragments in the 55-kb intergenic region were labelled in the first
few minutes of the S phase, with the regions encompassing ori-b and ori-g being somewhat preferred. Under
the same conditions, neutral-neutral and neutral-alkaline 2-D gel analyses detected initiation sites at multiple
locations in the intergenic spacer. Thus, the results of all existing replicon-mapping methods that have been
applied to the amplified DHFR locus in CHOC 400 cells are consistent with a model in which two somewhat
preferred subzones reside in a larger zone of multiple potential initiation sites in the intergenic region.

To analyze the replication pattern of a defined mammalian
chromosomal locus, we have taken advantage of a methotrex-
ate-resistant CHO cell line (CHOC 400) in which one allele of
the early-replicating dihydrofolate reductase (DHFR) locus is
amplified ca. 1,000 times (30). The high copy number of the
240-kb repeating unit (amplicon) has facilitated a number of
studies designed to identify the replication start site(s) (re-
viewed in references 8 and 17). By radiolabelling the DNA
synthesized at the beginning of the S phase, it was possible to
show that replication initiates preferentially in the region lying
between the convergently transcribed DHFR and 2BE2121
genes (20) (Fig. 1). In a more quantitative and higher-resolu-
tion in-gel renaturation approach, two somewhat preferred
initiation regions (termed ori-b and ori-g) were identified
within the intergenic spacer (Fig. 1, ELF in-gel) (26). ori-b and
ori-g are ;22 kb apart and lie on either side of a prominent
matrix attachment region (MAR) (9). In recent years, several
additional replicon-mapping techniques with potentially higher
resolution and/or sensitivity have been applied to the DHFR
locus either in CHOC 400 cells or in parental CHO cells.
However, the results from these different approaches do not
paint a unified picture.

One view was suggested by measurements of the template
bias of lagging nascent strands, which should switch dramati-
cally at a fixed origin of replication. When this technique was
applied to the 11-kb region surrounding ori-b in synchronized

CHOC 400 and CHO cells, a pronounced switch in template
bias suggested that .80% of initiations occur within a 480-bp
fragment centered in the ori-b region (Fig. 1, Lagging St) (5).
Thus, ori-b has been designated an origin of bidirectional rep-
lication (5). The same result was reported for asynchronous
CHOC 400 cells (5), which excluded the possibility of a second
active origin in the region of ori-g; this follows because Oka-
zaki fragments in forks replicating through ori-b from either
direction would not change templates at this site, resulting in a
much lower switch in template bias than was actually observed.
The results of PCR-based nascent-strand abundance assays
(34, 38) also argue that ori-b is a highly preferred initiation
locus (Fig. 1, PCR) (34). However, neither the lagging-strand
nor nascent-strand abundance assay examined the region sur-
rounding ori-g. Thus, the presence of a preferred initiation site
or zone in this region was not formally excluded.

At the other end of the spectrum are results from two-
dimensional (2-D) gel analyses of the DHFR locus. A neutral-
neutral 2-D gel replicon-mapping method (3) suggests that
initiation can occur at virtually any location within the 55-kb
intergenic region, with relatively more initiations occurring in
the central 30 to 35 kb encompassing ori-b and ori-g (Fig. 1,
N/N 2-D) (10, 11, 13, 39). In apparent agreement, a neutral-
alkaline 2-D gel method (33) detects replication forks travel-
ling in both directions within this central region in the early S
phase (Fig. 1, N/A 2-D) (11, 13, 39). Two recent variations of
the 2-D gel methods that were designed specifically to detect a
highly favored start site at ori-b failed to do so (22, 23), lending
support to a model in which potential initiation sites are scat-
tered throughout the intergenic region, with ori-b and ori-g
being only somewhat preferred.
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The results of other approaches could accommodate either
view. In an early-labelling fragment hybridization (ELFH) as-
say, DNA labelled either in vitro (4, 16) or in vivo (4) in the
first 5 to 30 min of the S phase was used to probe immobilized
clones from the intergenic region to determine which restric-
tion fragments are the first to be synthesized at the beginning
of the S phase. In two studies (4, 16), the resulting hybridiza-
tion patterns identified a peak of early labelling that encom-
passed ori-b. However, because of the absence of clones con-
taining and surrounding ori-g, neither study examined the
possibility of a second preferred initiation locus in this region
(Fig. 1, ELFH) (16). Indeed, in an in vivo variation of this
approach in which psoralen cross-links were used to confine
labelling to the region immediately surrounding the origins, a
very sharp peak was detected over ori-b and a much broader
peak was detected over ori-g (1). However, the signal from the
ori-b region was subsequently shown to arise, at least in part,
from two closely spaced copies of the AluI-like repeated se-
quence family in this region (6, 25), and hybridization could be
completely eliminated by inclusion of excess unlabelled CHO
DNA in the hybridization solution (25). Thus, although the
work described in reference 1 was subsequently cited as evi-
dence for a highly favored initiation site in the region of ori-b
(5, 8, 38), the specific labelling of ori-b itself (but not ori-g,
which contains no repeated elements) was indeterminate ow-
ing to cross-hybridization with other early-replicating repeti-
tive sequences in the genome.

Finally, determinations of the template bias of leading strands
could accommodate either highly preferred sites at ori-b and
ori-g or a much broader zone with ori-b and ori-g being only
somewhat preferred, since the nearest probes lay 5 to 8 kb on
either side of the two regions and since there was significant
hybridization to both strands at all positions (Fig. 1, Leading
St) (19).

There are other inconsistencies among the data sets. As
mentioned above, the lagging-strand assay was reported to
detect a template switch at the ori-b locus even in asynchro-
nous CHOC 400 cell populations (5). Even if one excludes the
possible existence of an ori-g, this data implies that the DHFR
origin is extremely efficient, with initiation occurring in all of
the amplicons almost simultaneously in the early S phase in
every cell cycle. Thus, at a fork rate of 3 kb/min (21), it should
take less than 1 h to replicate most of the 240-kb amplicons.
However, intrinsic labelling studies showed that it takes at least
8 h to replicate all of the amplicons (20); furthermore, neutral-
neutral and neutral-alkaline 2-D gel methods detected bubbles
in the intergenic zone only in the first 2 h of the S phase but
single forks persisted for more than 6 h (10, 11, 13, 18, 39).
Thus, initiation must occur in only 10 to 15% of the amplicons
in any one S phase, with the remainder being replicated pas-
sively by forks from distant amplicons. Thus, in an asynchro-
nous culture, a strand switch at ori-b in 10 to 15% of amplicons
should be largely obscured by readthrough of this locus in the
remaining 80 to 85% that is passively replicated.

FIG. 1. The DHFR initiation locus. A 110-kb region encompassing the convergently transcribed DHFR and 2BE2121 genes and the intergenic region of the DHFR
domain is shown. Positions of ori-b, ori-g, and the MAR on the EcoRI map are indicated by open circles and the square, respectively. The results of seven different
replicon-mapping assays are shown diagramatically in the figure. Note that the data from the ELFH, ELF in-gel renaturation, and PCR-based nascent-strand abundance
assays have been normalized to one another, with the maximum relative values in each case being set equal to 10 on the scale. The superscript numbers correspond
to the following: 1, in-gel renaturation data (26); relative intrinsic radiolabelling of amplified restriction fragments in the indicated 33-kb region in the first 30 min (lower
boxes) or 60 min (taller boxes) of the S phase, as quantified by densitometry of labelled amplified restriction fragments after in-gel renaturation; 2, leading-strand data;
relative numbers of leading strands moving in the two directions when lagging-strand replication is inhibited by emetine, as estimated by eye from the data in reference
19 (note that the sum of the intensities of the two arrows at any one position was arbitrarily adjusted to be approximately equal, since absolute amounts of labelling
to each pair of templates were not assessed in this study); 3, neutral-neutral (N/N) 2-D gel data; relative approximate quantities (indicated by the intensities of the
bubbles) of replication bubbles detected in the indicated EcoRI fragments on neutral-neutral 2-D gels in several independent studies (see, e.g., references 10, 11, 13,
and 39); note that no bubbles have ever been detected in the DHFR gene; 4, neutral-alkaline (N/A) 2-D gel data; approximate relative quantities of replication forks
moving into each end of the indicated fragments, as detected on neutral-alkaline 2-D gels (13, 39); note that the thickness of the arrows corresponds to relative fork
numbers at each position; 5, results of the lagging-strand assay (5); hybridization bias of lagging Okazaki fragments to template strands after correction for hybridization
to the vector (calculated by dividing the larger of the two values by the smaller); 6, ELFH data (replotted from reference 14) after normalizing the highest value to
the highest relative value in the in-gel renaturation data; 7, PCR-based nascent-strand analysis; relative quantities of small nascent strands at different template positions
in asynchronous CHO cells, as detected by PCR (replotted from data presented in reference 34 after normalizing the highest value to the highest value in the in-gel
renaturation data set). See the original references for experimental details.
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Clearly, each replicon-mapping method measures different
properties of replicating DNA and each has its own strengths
and weaknesses. For example, the neutral-neutral 2-D gel tech-
nique can detect initiation events even at minor sites but can-
not detect small differences in the relative number of bubbles
from one position to the next along a template, owing primarily
to differences in restriction fragment sizes along a region of
interest (29). The leading- and lagging-strand assays have the
advantage that hybridization biases to the two template strands
can be reasonably accurately quantified within a given experi-
ment; however, the bias to one strand or the other is never
absolute (5, 19, 24, 36) and, unlike 2-D gel approaches, lead-
ing- and lagging-strand assays cannot distinguish between mi-
nor initiation sites distributed throughout the replicon under
study and unavoidable background hybridization.

It is also significant that the indicators in the lagging-strand
and ELFH assays are fragments that were labelled in vitro
by a 1.5-min pulse of radioactive deoxyribonucleotides (5)
and therefore qualify as short-lived replication intermedi-
ates whereas 2-D gel methods measure the steady-state in vivo
distribution of intermediates and therefore bias toward longer-
lived species. Furthermore, the lagging-strand and ELFH as-
says were performed on cells just as they were entering the S
phase (i.e., ;4 min after release from aphidicolin [5, 16]),
while most 2-D gel measurements were performed when ini-
tiation in the DHFR locus was maximal (either 20 to 30 min
after release from aphidicolin [39] or 80 to 90 min after release
from mimosine [10, 11, 13]).

We assume that each assay is valid and accurately reports
some aspect of the biological initiation reaction. Therefore, in
the present study we attempted to fix several of the experimen-
tal variables that could complicate the interpretations of the
data. We have applied the lagging-strand, ELFH, neutral-neu-
tral 2-D gel, and/or neutral-alkaline 2-D gel assays to replica-
tion intermediates prepared from CHOC 400 cells under the
same experimental conditions. Results from these assays ap-
pear to be consistent with one another and suggest that there
is a broad zone of initiation in the intergenic region of the
amplified DHFR domain, with the region encompassing ori-b
and ori-g being somewhat preferred.

(This work fulfills part of the requirement for a Ph.D. in
biochemistry from the University of Virginia for S.W.)

MATERIALS AND METHODS

Cell culture and synchronization. CHOC 400 cells were developed as previ-
ously described (30) and were maintained in minimal essential medium supple-
mented with nonessential amino acids (Bethesda Research Laboratories [BRL]),
and 10% Hyclone II (BRL) in an atmosphere of 5% CO2. Synchronization near
the G1/S boundary was achieved by first arresting cells in G0 by isoleucine
starvation for 45 h and then incubating them in complete medium containing
either 10 mg of aphidicolin (Sigma) per ml (12-h incubation) or 400 mM mi-
mosine (Aldrich) (14-h incubation) (10, 27, 32). Drug-containing media were
washed out with cold (after aphidicolin) or warm (after mimosine) serum-free
medium and replaced with complete medium. Approximately 4 min after re-
moval of aphidicolin or 90 min after removal of mimosine, the cells were har-
vested for analysis.

In vitro replication reactions and isolation of replication intermediates. Ex-
cept where noted, in vitro replication reactions were carried out as previously
described (5). Briefly, the cells were washed with ice-cold minimal essential
medium, scraped from the plate, and pelleted at 300 3 g in an Eppendorf
centrifuge for 3 min. A 100-ml aliquot of the cell pellet (;3 3 107 cells per
reaction) was mixed with 120 ml of ice-cold 23 DNA replication cocktail (100
mM HEPES; 0.2 mM each dGTP and dCTP; 0.4 mM each GTP, UTP, and CTP;
8 mM ATP; 20 mM MgCl2; 0.2 mg of bovine serum albumin per ml; 2 mM
dithiothreitol; 30% glycerol); note that bromodeoxy-UTP (BrdUTP) was omit-
ted in the present study. Then 10 ml each of [a-32P]dATP and [a-32P]dTTP
(Amersham; 3,000 Ci/mmol) and 5 ml of 20% Nonidet P-40 (NP40) were added,
and in vitro replication was initiated by incubation at 34°C for 1.5 min. The
reactions were quenched by adding 2 ml of 50 mM Tris-HCl (pH 8)–10 mM
EDTA–400 mM NaCl–1% sodium dodecyl sulfate (SDS) containing 10 mg of
proteinase K (E.M. Laboratories) per ml and 20 mg of RNase A (Qiagen) per ml

and incubating the mixture at 37°C for 1 to 2 h. In the pulse-chase experiment,
dATP and dTTP were added to 0.1 mM at the end of the labelling period and
incubation was continued for 30 min at 34°C before the quenching step.

Isolation of Okazaki and early-labelled fragments. The lysates received one-
third volume of room temperature 5 M NaCl and were quickly and thoroughly
mixed. Denatured proteins were precipitated by centrifugation (10,000 rpm at
25°C in an HB-6 rotor [Dupont/Sorvall] for 1 h). The DNA in the supernatant
was precipitated with 2 volumes of cold ethanol and centrifuged in the cold at
10,000 rpm in the HB-6 rotor for 1 h, and the pellet was washed several times
with 70% ethanol containing 2 M ammonium acetate. For the lagging-strand
assay, DNA was dissolved in TE buffer (10 mM Tris [pH 8], 1 mM EDTA) at 100
ml of TE buffer per plate equivalent and subjected to alkaline gel electrophoresis
(5). The labelled fraction migrating between 50 and 300 nucleotides (nt) was
excised from the gel and recovered by electroelution with a Schleicher & Schuell
apparatus. Residual RNA was hydrolyzed by incubation with 0.2 N NaOH for
24 h at 37°C. For the ELFH assay, DNA was dissolved in 0.2 M NaOH–5 mM
EDTA and incubated at 37°C for 24 h to degrade residual RNA. The labelled
genomic DNA was sonicated for 3 min on ice with a Fisher Scientific Sonic
Dismembrator 550 at a setting of 3 with a microtip, and the size of the sonicated
DNA was ascertained on an alkaline agarose gel. The solution was neutralized
and ethanol precipitated. DNA samples were redissolved in TE buffer and used
for hybridization.

Preparation of plasmids and RNA transcripts. Restriction fragments from
16 different locations in the 110-kb region shown in Fig. 1 were cloned into a
pBS(1) vector (Stratagene); the insert sizes were as follows: 103, 1.2 kb; HCC,
0.8 kb; 3, 0.9 kb; 38, 0.5 kb; 8, 0.9 kb; DGK, 1.2 kb; 14, 0.6 kb; 9, 0.5 kb; 10, 0.7
kb; and 206, 0.7 kb. pBS clones containing fragments HCB and HCC were gifts
from Howard Cedar (Hebrew University), and the SK(2) clone DGK was
obtained from David Gilbert (Syracuse University). To confirm the absence of
repeated sequences, each clone was labelled with [32P]dCTP (3,000 Ci/mmol;
Amersham) by random priming (15) and used to probe a restriction digest of
genomic CHO DNA separated on a 0.8% agarose gel and transferred to HyBond
N1 (Amersham).

The T3 and T7 promoters flanking the polylinker cloning site in the pBS(1)
vector were used to prepare full-length transcripts of the plus and minus strands
of each insert. Plasmid DNA was linearized at the appropriate restriction site,
and the linear form was isolated by agarose gel electrophoresis and recovered
with a GeneClean kit (Bio 101). Transcription was carried out with a Promega
T3/T7 kit. Template DNA was digested with RNase-free DNase (Promega). An
RNeasy kit (Qiagen) was used to purify RNA products and to eliminate unin-
corporated nucleoside triphosphates. The RNA concentrations were determined
spectrophotometrically.

Dot-blotting and hybridization procedures. A 1-mg portion of each pair of
RNA samples or 1 mg of each double-stranded plasmid was dotted onto HyBond
N1 with a 96-well Schleicher & Schuell manifold as described in reference 35.
The filters were hybridized as described by Church and Gilbert (7) in 5 ml of
hybridization fluid containing either ; 2 3 106 cpm of 32P-labelled Okazaki
fragments or (6 to 10) 3 106 cpm of sheared total DNA from the in vitro
replication reactions. The membranes were washed for 30 min each in 23 SSC
(13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–2% SDS and 0.23
SSC–0.2% SDS at 65°C, and hybridization signals were detected and quantified
with a Molecular Dynamics PhosphorImager.

2-D gel electrophoresis. The cells were harvested at the indicated times in the
same way as for in vitro replication assays and were incubated in replication
cocktail for 1.5 min, at which time the nuclei were diluted into cell lysis buffer
containing digitonin. The matrix-attached replication intermediates were then
purified as previously described (12). Briefly, the nuclei were incubated with
isotonic lithium diiodosalicylate to remove histone and soluble nonhistone chro-
mosomal proteins (31). The resulting DNA halo was separated from matrix-
attached replication intermediates with EcoRI, and the two fractions were sep-
arated by centrifugation and finally enriched by benzoylated naphthoylated
DEAE-cellulose chromatography (28). The matrix fraction was analyzed by 2-D
gel electrophoresis as previously described (3, 10, 12, 13). The digests were
transferred to HyBond N1 and were hybridized with the fragments indicated
above, which were labelled with [32P]dCTP by random priming (15).

RESULTS

Experimental design of lagging-strand and ELFH assays.
The purpose of this study was to compare the results obtained
by lagging-strand, ELFH, and 2-D gel assays as applied to cells
synchronized and manipulated under the same conditions. We
have had extensive experience with 2-D gel assays, but since
the lagging-strand and ELFH assays were new to our labora-
tory, we devoted considerable effort to standardizing these
methods to avoid conditions that could artificially influence the
outcomes. The theory and overall experimental design for the
two assays are shown in Fig. 2.

In the lagging-strand approach of Burhans et al. (5), CHO or
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CHOC 400 cells were released from aphidicolin-induced G1/S
arrest for ;4 min and were permeabilized and incubated for
1.5 min in a replication cocktail containing (among other in-
gredients) BrdUTP and [32P]dATP. Labelled Okazaki frag-
ments were purified first by size and then by precipitation with
anti-BrdU and were hybridized to immobilized pairs of plus
and minus M13 clones containing selected genomic DNA frag-
ments. Since only six pairs of clones were used and, with the
exception of a probe for the DHFR gene, five were within 11
kb of ori-b, the analysis was limited to a small part of the
intergenic region. Large corrections in hybridization values
were also required owing to hybridization of labelled CHO or
CHOC 400 DNA with the M13 vector itself; in the critical case
of the two clones between which a template switch was re-
corded, this correction changed biases of only 2:1 on either
side of the midpoint to more than 5:1 (5).

In the present study, both [32P]dATP and [32P]dTTP were
included in the replication cocktail and BrdUTP was omitted,
to avoid any potential bias generated by an uneven distribution
of thymidines between the two complementary strands (24).
To give a relatively complete picture of the initiation reaction
in the DHFR locus, 16 different indicator fragments from the
intergenic region and the two flanking genes were subcloned
into a pBS vector. The insert sizes of these probes are given in
Materials and Methods. Ten of these probes were used in the
lagging-strand assay, and all 16 were used in the ELFH assay.
The smaller number of probes used in the lagging-strand assay

was dictated by the capacity of the dot blot apparatus (96
wells), the requirement for duplicate samples of both plus- and
minus-strand transcripts, and the requirement for an identical
blot to hybridize with the sheared radioactive control DNA
prepared from asynchronous cells. In most experiments, 12
different probes were used, but only 10 of these were common
to all experiments. The results obtained with these probes are
presented below.

Each insert was shown to be free of repetitive DNA by
hybridization to genomic blots of CHO DNA by using the
single-copy probe 103, which is derived from an exon of the
DHFR gene, as an internal standard (Fig. 3A). The patterns
obtained with two fragments containing moderately and highly
repeated elements (X and Y, respectively) are included for
comparison.

A modification of the lagging-strand technique (24), in which
the two templates are represented by opposite-strand T3 and
T7 RNA transcripts of the inserts in the pBS vector, was used.
Thus, nonspecific hybridization to M13 vector sequences was
avoided. Figure 3B shows that the RNAs transcribed from
these templates were predominantly full-length (Fig. 3B; note
that the transcripts from probes C and D are much smaller
than the others, resulting in more diffuse bands on the agarose

FIG. 2. Principles of the ELFH and lagging-strand assays. Synchronous or
asynchronous cultures are harvested and in vitro replication reactions are carried
out in the presence of radioactive deoxynucleotides as described in the text. A
single origin of replication is shown either in the unreplicated state or at three
time points after initiation has occurred, to illustrate the distribution of leading-
and lagging-strand Okazaki fragments and/or the distribution of intrinsic radio-
activity at the time the reaction is quenched; three different restriction fragments
(A, B, and C) near the origin are indicated, and nascent (labelled) DNA is
indicated by gray lines. Gel-fractionated Okazaki fragments or sheared total
DNA were used as hybridization probes on immobilized plus- and minus-strand
templates of fragments A to C (represented by single-stranded DNA or RNA
transcript equivalents) or on double-stranded subclones for the lagging-strand
and ELFH assays, respectively.

FIG. 3. Quality control of RNA and cloned templates. (A) CHO genomic
DNA was digested with EcoRI, and 15-mg aliquots were run in multiple wells of
a 0.8% agarose gel. After blotting to Hybond N1, individual lanes were hybrid-
ized with the double-stranded insert from each pBS clone labelled with [32P]
dCTP by random priming (1 3 107 to 2 3 107 cpm per blot), and the blots were
washed as described in Materials and Methods. For comparison, X and Y are
examples of fragments containing moderately or highly repetitive sequence ele-
ments, respectively. (B) T3 and T7 transcripts (1 mg each) from each linearized
pBS clone were separated on a 1.5% formamide agarose gel; a negative of an
ethidium bromide-stained gel is shown. Note that probe 38 yields the smallest
transcripts of the collection, resulting in rather diffuse ethidium bromide-staining
bands.

42 WANG ET AL. MOL. CELL. BIOL.



gel). In the ELFH assay, total labelled genomic DNA from the
in vitro replication assay was sheared and used as a probe on
dot-blots of these double-stranded subclones to identify the
earliest labelled fragments (16). Hybridization of total labelled
DNA to the pBS vector was not detectable (data not shown).

To label replication intermediates synthesized in the very
early S phase, exactly the same synchronization and in vitro
replication method was used as that described by Burhans et al.
(5): cells were released from the aphidicolin block for 4 min
and incubated for 1.5 min in the in vitro replication cocktail (in
the original study [5], no bias was observed in samples har-
vested prior to 3 min after release, probably because the sizes
of the leading strands at this time would not differ significantly
from those of the lagging strands). After quenching the reac-
tion, Okazaki fragments and total genomic DNA were isolated
for use in the lagging-strand and ELFH assays, respectively. In
Fig. 4A and B, agarose gel separations of the Okazaki frag-
ments, which migrate between ;50 and 300 nt, as well as the
total labelled DNA fraction after sonication, are shown. The
data in Fig. 4C show that the labelled Okazaki fraction can be
chased into high-molecular-weight DNA by a 30-min incuba-
tion with unlabelled nucleotides. We have also demonstrated
that the average size of the majority of the Okazaki fraction is
reduced by 8 to 12 nt after treatment with RNase to remove
RNA primers and separation on an acrylamide gel (data not
shown).

The lagging-strand assay suggests a broad zone of potential
initiation sites in the intergenic region. Labelled Okazaki frag-
ments isolated from very early S-phase cells were used to probe
dot blots containing immobilized plus- and minus-strand tran-
scripts of 10 different fragments from the DHFR locus (Fig.
5A). Hybridization values to each of the template strands were
determined with a PhosphorImager. These hybridization val-
ues were normalized to values obtained when duplicate dot
blots were probed with total sheared DNA isolated from in
vitro-labelled asynchronous CHOC 400 cultures (Fig. 5B),
which corrects for any potential intrinsic hybridization bias.
Normalized hybridization values of early S-phase Okazaki

fragments to plus and minus strands (expressed as a percent-
age of the total hybridization to both strands) are plotted as a
function of map position in Fig. 5C. For comparison, the re-
sults of Burhans et al. (5) are also presented (Fig. 5C) but were
transformed from fold-of-bias to the percentage of total counts
hybridizing to each strand. Note that the size range of inserts
is 0.4 to 1.2 kb and that equal amounts (1 mg) of DNA were
loaded into each well. Thus, the signals will be lower for the
smallest fragments (e.g., probe 38). Also note that there is
some variation among individual experiments (reflected by the
error bars in Fig. 5C and observed by others [5, 24]); thus, the
observed biases in the example shown in Fig. 5A may differ
somewhat from those measured in the other two experiments
and, as a consequence, from the mean of the three experiments
reflected in the graph.

In close agreement with earlier analyses of the DHFR locus

FIG. 4. Characterization of Okazaki fragment preparation and sheared ge-
nomic DNA. (A and B) Fractions of either the Okazaki fragment preparation or
the sheared total genomic DNA labelled in vitro for 1.5 min were separated on
a 1.8% alkaline agarose gel and subjected to autoradiography; sizes were deter-
mined by comparison to a 100-nt ladder (BRL). (C) In two in vitro reactions,
nuclei were labelled as in panel A and incubated for an additional 30 min in
either the absence (open circles) or presence (solid circles) of unlabelled dATP
and dTTP to determine whether small, rapidly labelled fragments could be
chased into high-molecular-weight DNA. The DNA was then purified and sep-
arated as in panel A; the gel was cut into 0.5-cm slices, and the radioactivity in
each slice was determined by liquid scintillation counting.

FIG. 5. Lagging-strand template bias changes gradually throughout the in-
tergenic region in early-S-phase CHOC 400 cells. (A) CHOC 400 cells were
released from an aphidicolin block for 4 min, and DNA was labelled in vitro for
1.5 min; 2 3 106 cpm of the labelled Okazaki fraction was hybridized to duplicate
dot blots containing 1 mg each of the indicated plus- or minus-strand RNA
equivalents; relative hybridization values were determined on a PhosphorImager
(three individual experiments). (B) Asynchronous CHOC 400 cultures (three
experiments) were labelled in vitro for 1.5 min, the total genomic DNA was
sheared, and 6 3 106 cpm was hybridized with a blot identical to that in panel A.
(C) In each of three independent experiments, values for each duplicate deter-
mined in panel A were divided by the averaged value for the same dots in panel
B and are expressed as a percentage of the total hybridization to both templates
for each clone; these normalized values are plotted as a function of map position.
Standard errors of the mean are indicated. The solid line connecting the solid
circles represents the data of Burhans et al. (5), which was transformed from
fold-of-bias to the percentage of total hybridization. For simplicity, only hybrid-
ization to the preferred strand at each location is shown.
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by the lagging-strand assay (5, 16), a relatively strong minus-
strand hybridization bias (.80%) was detected in the DHFR
gene in the very early S phase. This result is expected if forks
move mainly outward through the gene from start sites within
the intergenic region, as suggested by all previous studies on
this locus. Within the intergenic region itself, hybridization to
the minus-strand template gradually decreases from ;75% of
total at the position of probe 3 to ;60% near ori-b (probe 38)
to ;35% near probe 10. This result is predicted for a broad
initiation zone (note that probe 38 is the smallest cloned insert
in the series tested in the experiment depicted in Fig. 5; thus,
the hybridization signal is correspondingly small). To the right
of probe 10, an apparent transition occurs, resulting in a 50:50
distribution of hybridization to the two templates in the 59 end
of the 2BE2121 gene. This data is compatible with the results
of neutral-neutral and neutral-alkaline 2-D gel analyses, in
which a low level of initiation was shown to occur within and to
the right of 2BE2121 (11, 13).

Thus, the strand bias observed near the ori-b region differs
from the data of Burhans et al. (5). In that study, an equal and
opposite template bias of ;85% was detected between their
probes C and D, which correspond approximately to the two
halves of our probe 38 (Fig. 5C). Based on the magnitude of
the observed shift in template bias, it was estimated that more
than 80% of all initiations in the DHFR locus occur within
6240 bp of the center of probe 38 (5). This proposal predicts
that hybridization to the two different template strands of
probe 38 itself should be approximately equal. However, in our
experiments, hybridization to probe 38 displays a 60% hybrid-
ization bias toward the minus-strand template while equal hy-
bridization to the two strands occurs approximately at the
position of the MAR, which lies ;14 kb downstream (Fig. 5C).

We have tested directly whether there is a shift in template
bias in the center of probe 38. The two halves of this fragment
(probes C and D in reference 5) were subcloned into a pBS
vector and were again probed with Okazaki fragments synthe-
sized in vitro in very-early-S-phase nuclei. In seven indepen-
dent experiments, Okazaki fragments appeared by eye to hy-
bridize about equally to the minus-strand templates in both
halves of probe 38 (Fig. 6, left panel). However, since each half

of probe 38 is only ;250 bp long, the signals were not strong
enough to assign accurate template biases. The same blot was
stripped and reprobed with total sheared genomic DNA from
an asynchronous CHOC 400 culture, and the results show that
approximately equal amounts of each RNA template were
loaded onto the filter (Fig. 6, center panel). Finally, we con-
firmed that the sense of the plus and minus strands was cor-
rectly assigned by stripping the blot and reprobing with a tran-
script of the entire probe 38 insert (Fig. 6, right panel).

Only minimal hybridization biases are detected in the
DHFR locus when Okazaki fragments are isolated from asyn-
chronous CHOC 400 cells. In the original application of the
lagging-strand assay to the DHFR locus, it was reported that
even in asynchronous CHOC 400 cell cultures, a pronounced
switch in hybridization bias was detected between the two
halves of the ori-b-containing fragment (probe 38) (5). In the
absence of fixed termination sites between amplicons and/or
between ori-b and ori-g, this outcome requires that initiation in
the DHFR locus occur very synchronously in the early S phase
in the great majority of amplicons, since passive readthrough
of ori-b from the ori-g region or from neighboring amplicons
would decrease the switch in template bias in proportion to the
percentage of inactive amplicons. However, both neutral-neu-
tral and neutral-alkaline 2-D analyses (11, 13, 18), as well as
intrinsic labelling data (20), show clearly that only 10 to 15% of
the 1,000 DHFR amplicons in CHOC 400 cells actually sustain
active initiation events, with the remaining 85 to 90% of am-
plicons being replicated by forks moving through passively
later in the S phase.

As shown in Fig. 7, Okazaki fragments synthesized in vitro in
nuclei prepared from asynchronous cell populations displayed
only minor differences in hybridization bias to the two template
strands at different positions within the examined region; this is
consistent with a minority of amplicons initiating somewhere
within the intergenic zone, with the majority being read
through passively and therefore exhibiting nearly a 50:50 dis-
tribution of template bias to the two strands.

Results of the ELFH assay on early-S-phase cells are con-
sistent with a broad zone of initiation encompassing both ori-b
and ori-g. Three different in vivo intrinsic labelling studies
suggested the presence of a second, somewhat preferred initi-
ation site or zone other than ori-b within the intergenic region
of the DHFR domain (termed ori-g [Fig. 1]) (1, 19, 26). In the
absence of a strong terminus somewhere near the MAR, for
which there is no compelling evidence from neutral-neutral
2-D gel analyses, the presence of a second preferred initiation
region near ori-g is not compatible with a strong lagging-strand
switch at ori-b: in amplicons in which only ori-g is active, ori-b
should be read through passively and therefore would not
display a template switch.

However, previous applications of the lagging-strand and
ELFH assays to the CHOC 400 DHFR domain focused atten-
tion only on the ori-b region and concluded that it constituted
the major nascent-strand start site in this domain (5, 16). Nei-
ther of these studies examined the region of ori-g directly.
Furthermore, both studies examined replication intermediates
prepared only a few minutes after entry into the S phase,
whereas the studies that detected ori-g focused either on log-
phase cells (19) or on cells that had been in the S phase for at
least 30 min after the release from aphidicolin (1, 26). Thus, if
ori-g were to fire slightly later than ori-b, it could have escaped
detection in these studies.

The ELFH assay was therefore repeated with 16 clones
covering the intergenic region as well as the two flanking genes.
CHOC 400 cells were synchronized at the G1/S boundary with
aphidicolin as described above, released into the S phase for 4

FIG. 6. A lagging-strand switch in template bias is not detected at ori-b. The
two halves of probe 38 (representing probes C and D in reference 5) were
subcloned into the pBS vector, transcripts were prepared from the two templates,
and ;1 mg of each RNA was blotted in duplicate onto four different filters (the
sense of each template equivalent is denoted by the 1 and 2 symbols). The blots
were then hybridized with Okazaki fragments labelled for 1.5 min in vitro 4 min
after the release from aphidicolin (left panel). The blot was stripped and re-
probed with total sheared DNA from an asynchronous culture labelled in vitro
(center panel) or with a radioactive T3 transcript of probe 38 itself (right panel),
which encompasses both fragments and represents the lower-strand template as
pictured in Fig. 1. Note that the strand assignments of probes C and D were also
confirmed by sequencing and comparison to the sequence of the ori-b region
(25).
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min, and harvested and incubated in the in vitro replication
cocktail for 1.5 min. Total DNA was isolated, sheared to ;150
bp in length, and used as a hybridization probe on dot blots
containing the immobilized double-stranded subclones.

As shown in Fig. 8, at this very early time point after the
release from aphidicolin, the entire intergenic region, includ-
ing both ori-b and ori-g, is labelled substantially, with a slight
bias toward the ori-b half of the region and a somewhat lower
labelling index near the DGK probe. These data are quite
similar to those obtained by intrinsic labelling approaches (1,
26) and by 2-D gel analyses (39) performed on cells 30 min
after the release from aphidicolin, when initiation in this locus
is maximal. Furthermore, they are quite similar to those ob-

tained by Gilbert et al. (16), with the exception of the region
encompassing ori-g, which was not examined in their study
(Fig. 1, dotted line).

2-D gel methods detect multiple nascent-strand start sites
in the very early S phase. Both the lagging-strand and ELFH
assays, which have been interpreted to suggest a very circum-
scribed initiation zone in or near ori-b, were performed on cells
just after entry into the S phase (i.e., 4 min after removal of
aphidicolin) (5, 16). In contrast, most of the 2-D gel analyses
that suggest a broad zone of initiation throughout the inter-
genic region were performed on cells at the peak initiation
period (i.e., 30 min after release from aphidicolin or 90 min
after release from mimosine) (10, 11, 13, 39). (Note that there

FIG. 7. Very little lagging-strand template bias can be detected in the DHFR locus in DNA prepared from asynchronous CHOC 400 cell cultures. In vitro reactions
(four separate experiments) were carried out on asynchronous CHOC 400 cell populations, and ;3 3 106 cpm of labelled Okazaki fragments was hybridized to identical
dot blots to those described in the legend to Fig. 5. The data were normalized to duplicate blots that were hybridized with in vitro-labelled total sheared DNA from
asynchronous cultures. Standard errors of the mean are indicated.

FIG. 8. The ELFH assay suggests a broad zone of initiation in very-early-S-phase CHOC 400 cells. In vitro replication reactions were carried out for 1.5 min on
cells harvested 4 min after the release from aphidicolin. Total sheared DNA was used as a hybridization probe on the indicated immobilized double-stranded pBS
clones. Relative hybridization values were normalized for loading and intrinsic hybridization efficiency by normalizing to the values obtained by hybridizing with genomic
DNA from asynchronous cells labelled under the same in vitro replication reaction conditions. Standard errors of the mean of three independent in vitro reactions are
shown.
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is a 50- to 60-min lag after mimosine removal before substan-
tial amounts of replication begin [10, 32].) Therefore, differ-
ences in sampling times could yield different results.

To some extent, this issue has already been addressed in the
lagging-strand and ELFH assays summarized in Fig. 5 and 8:
when probes representing the entire intergenic zone were in-
cluded in these analyses, the resulting hybridization patterns
were more consistent with initiations occurring at any of mul-
tiple sites distributed throughout the intergenic region in the
first few minutes of the S phase rather than with initiations
occurring at a very circumscribed region around ori-b.

However, we have not previously determined the 2-D gel
patterns of replication intermediates in DNA sampled and
isolated under the same conditions as those used for the lag-
ging-strand and ELFH assays. Therefore, CHOC 400 cells
were collected at the G1/S boundary with aphidicolin, released
for 4 min, permeabilized with NP40, and incubated at 34°C for
1.5 min in the in vitro replication cocktail. Replication inter-
mediates were then isolated by our standard method (12),
using EcoRI to digest the DNA, and were analyzed by the
neutral-neutral 2-D gel replicon-mapping method (3). The
principle of this assay is diagrammed in Fig. 9A to D, and the
results are shown in Fig. 9E.

When a transfer of the 2-D gel was hybridized with probes
12 plus 38, which are specific for the 6.2-kb EcoRI fragment
that contains ori-b, a typical composite pattern consisting of a
faint bubble arc and a strong single fork arc was observed.
Therefore, at this very early time point, this fragment some-
times sustains internal initiation events but most often is rep-

licated passively by forks originating from outside of the frag-
ment. Hybridization of the blot with probe 103, which detects
the DHFR gene, detects very few replication intermediates at
this very early time point, consistent with the ELFH data in
Fig. 7 and confirming that most of the observed replication
forks in the intergenic zone must have initiated from within the
zone itself and would not have had time to enter the gene from
neighboring amplicons. This suggestion is supported by the
presence of both bubble arcs and strong single-fork arcs in the
6.1- and 5.9-kb intergenic fragments, which are detected with
probes 19 and probes 9 plus 10, respectively (Fig. 9E). Thus, by
the criterion of neutral-neutral 2-D gel analysis of very-early-
S-phase cells, initiation sites appear to be chosen from a broad
region encompassing a large part of the intergenic zone. (Note
that the bubble arcs in all three intergenic fragments are weak
relative to those that would be observed in these fragments in
the early S phase in vivo. This result is predicted since no new
initiations occur in the in vitro reaction; therefore, only bub-
bles that have not yet matured beyond the bounds of the
restriction fragment in which they initiated in vivo are detect-
ed.)

In a second approach, the lagging-strand and neutral-alka-
line and neutral-neutral 2-D gel assays were applied to the
same preparation of CHOC 400 cells sampled 90 min after the
release from mimosine. Most cells have entered the S phase by
this time, initiation in the DHFR locus is maximal (10, 11), and
most of our recent 2-D gel analyses were performed on mate-
rial sampled at this time. The principle of the neutral-alkaline

FIG. 9. Neutral-neutral 2-D gel analysis on very-early-S-phase cells detects initiation in multiple intergenic fragments. (A to D) Principle of the neutral-neutral 2-D
gel technique (3). (E) CHOC 400 cells were released from aphidicolin for 4 min. After a 1.5-min incubation in the in vitro reaction, replication intermediates were
prepared and separated on a 2-D gel as previously described (10, 12). A transfer of the gel was hybridized successively with probes 12 plus 38, 19, 9 plus 10, and 103,
with a 30-min incubation with 0.4 N NaOH at 42°C to remove each probe. Because of the low level of replication intermediates at this very early time point, each blot
had to be exposed to film for 14 days on average, which made it difficult to normalize the signal strengths of the 1n spots with each probe.
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2-D gel replicon-mapping method is diagrammed in Fig. 10A
and B, and the results are shown in Fig. 10C and D.

In the neutral-alkaline 2-D gel analysis, when a fragment
from the DHFR gene was hybridized with probe 103 for the
origin-proximal end, a very prominent and complete diagonal
was detected (Fig. 10C, upper right panel); subsequent hybrid-
ization of the same transfer with probe 100 for the origin-distal
end detected only very large nascent strands (upper left panel).
This result shows that 90 min after the release from mimosine,
replication forks are moving overwhelmingly outward through
the DHFR gene from the direction of the intergenic zone. We

estimate the bias in the outward direction to be greater than
10-fold in this experiment. However, when the same blot was
stripped and reprobed with the two end labels for the inter-
genic 6.1-kb EcoRI fragment lying just to the right of ori-b
(lower panels), strong diagonals were detected with both
probes, showing that approximately equal numbers of replica-
tion forks enter this fragment from the directions of ori-b and
from sites situated to the right of this fragment. Thus, ori-b
cannot represent the only (or even the predominant) initiation
site in this locus.

The neutral-neutral 2-D gel assay results on the same ma-

FIG. 10. Lagging-strand and 2-D gel assays paint a unified picture of initiation 90 min after the release from mimosine at the peak initiation period. (A) Cartoon
of the migration pattern of the template (uppermost) and nascent (smaller) strands in a neutral (first-dimension)-alkaline (second-dimension) gel. (B) Hybridization
patterns obtained when the ends and center of individual fragments in a region surrounding a relatively fixed origin were probed; vertical lines represent restriction
sites, and gray boxes represent hybridization probes. Typical patterns are shown below. (C) Sixteen 15-cm plates of CHOC 400 cells were released from a G0 block into
400 mM mimosine for 14 h, after which the drug was removed and the cells were allowed to proceed into the S phase for 90 min; all the plates were harvested in the
cold; 12 plates were used as the source of replication intermediates for neutral-alkaline 2-D gels (A to C) or neutral-neutral 2-D gels (D), and 4 were prepared for in
vitro replication reactions (E). The neutral-alkaline 2-D gel transfer was probed successively with radioactive labels for the left and right ends of a 3.8-kb EcoRI
fragment in the DHFR gene (C, left and right panels, respectively) and for the 6.1-kb EcoRI fragment just to the right of the ori-b locus in the intergenic zone; the
neutral-neutral 2-D gel was hybridized with probes 103 (upper) and 19 (lower). The lagging-strand hybridization data for probes 103 (upper) and 19 (lower) are
expressed as in Fig. 5.
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terial are shown in Fig. 10D. Consistent with the results of all
earlier 2-D gel analyses on mimosine-synchronized cells sam-
pled at 90 min (10, 11, 13), a probe specific for the DHFR gene
detected a relatively weak single fork arc but no replication
bubbles (Fig. 10D, upper panel). In the same material, probe
19 for the 6.1-kb EcoRI fragment to the right of ori-b detected
a complete bubble arc and a stronger single fork, confirming
the delocalized initiation mode in the intergenic zone (lower
panel).

Finally, in the same cell preparation sampled 90 min after
the release from mimosine, the distribution of Okazaki frag-
ment hybridization to the minus-strand template in the DHFR
gene (i.e., probe 103) was approximately 75% in this experi-
ment whereas hybridization to the minus strand in the region
of probe 8 was ;55%. Therefore, the results of the lagging-
strand assay agree qualitatively with those of the neutral-alka-
line 2-D gel assay on the same material, but the lagging-strand
assay appears to be less sensitive to strand bias, based on
results with the DHFR gene. Furthermore, the results of the
lagging-strand assay are very similar whether the cells are sam-
pled ;4 min after the release from aphidicolin or 90 min after
the release from mimosine.

DISCUSSION

In two previous studies, novel variations of the neutral-
neutral and neutral-alkaline 2-D gel methods were developed
to determine whether these methods could fail to detect a
major initiation site near ori-b (22, 23). Instead, the results
supported our previous proposal that nascent-strand start sites
are chosen from many potential sites scattered throughout the
55-kb intergenic region, with a concentration of sites in the
central 30- to 35-kb encompassing the ori-b and ori-g regions
(10, 11, 13, 39).

In previous reports, results of the lagging-strand (5) and
ELFH (16) assays were interpreted to mean that ori-b is the
major initiation site in the DHFR locus (5, 16). In the present
study, we have adapted these two assays to our laboratory and
have modified them in the following ways in an effort to avoid
inadvertent bias in the results: (i) BrdUTP was omitted from
and [32P]dTTP was included in the in vitro replication cocktail
along with [32P]dATP to normalize any bias from an unequal
distribution of thymidines on the two strands; (ii) indicator
clones were chosen so as to examine the entire intergenic
region as well as the flanking genes; and (iii) in the lagging-
strand assay, plus- and minus-strand RNA transcripts served as
substrates on dot blots to avoid background hybridization to
the vector. In addition, we have performed the lagging-strand,
ELFH, and one or both 2-D gel approaches on cell cultures
manipulated in the same way, thereby avoiding as much as
possible laboratory-to-laboratory variations in cell culture, syn-
chronization methods, or other factors that could affect exper-
imental outcomes.

By using the modified lagging-strand assay, we detected ap-
proximately the same hybridization bias (;80%) to the minus-
strand template in the DHFR gene as was observed in two
previous studies on CHOC 400 cells synchronized in early S
phase by release from aphidicolin (5, 16). However, unlike the
study of Burhans et al. (5), we did not detect a prominent
switch in template bias in the region of ori-b (Fig. 5); rather,
the hybridization bias increased gradually toward the positive
strand from one end of the intergenic region to the other (with
minor undulations), approximating 50% near the MAR. In
addition, when we examined hybridization bias to probes C
and D, which defined the origin of bidirectional replication in
a previous study (5), a strand switch between the two fragments

was not detected, and it was shown experimentally that the
strand assignments of the two immobilized transcripts were
correct.

In this regard, our data are more compatible with those of
Gilbert et al. (16), who also observed a relatively gradual
change in hybridization bias throughout the 59 half of the
intergenic region in CHOC 400 cells (the region to the right of
probe DGK was not examined in their study). Importantly, the
position at which hybridization to the two templates was equal
in that study did not coincide with the strand switch site at ori-b
defined by Burhans et al.; instead, equal hybridization to the
two templates lay 5 to 6 kb to the right, which is 5 to 6 kb left
of the 50:50 position detected in the present study (i.e., the
MAR [Fig. 5]). It is possible to imagine that the position at
which Okazaki fragments switch templates differs in experi-
ments performed in different laboratories if cell culture con-
ditions are capable of affecting the relative initiation frequen-
cies in different portions of a broad initiation zone. However,
such a change in the position of the switch is difficult to fit to
a model in which a single, narrowly localized origin is dictated
by the position of a genetic replicator.

In Fig. 5, we have purposely presented the lagging-strand
assay data as a percentage of total counts hybridizing to each
strand of a probe pair (rather than as a ratio of hybridization
to the two separate strands [5]) to emphasize that significant
hybridization occurs to both strands in the intergenic region.
Given that there is no background hybridization to the cloned
inserts used in this experiment, this result must mean that
replication forks are moving in both directions at any of the
positions examined in this study. Therefore, in this case, the
position at which hybridization to the two templates is equal
(i.e., 50%) corresponds not to a single origin of bidirectional
replication but, rather, to the position at which the numbers of
forks moving in the two directions are equal (in our study,
approximately at the MAR). An important corollary is that a
switch in hybridization bias from one strand to another would
suggest the presence of a fixed origin of bidirectional replica-
tion only if the switch were very abrupt at that position and if
the hybridization biases to the right and left of the switch site
were equal and opposite throughout the length of the replicon
under study.

In theory, in a domain containing a broad zone of initiation
flanked by two passively replicated regions (the DHFR and
2BE2121 genes in this case), one should observe nearly infinite
hybridization bias to the lagging-strand template in one flank,
which should change gradually throughout the zone to ap-
proach infinite bias to the lagging-strand template in the other
flank. Our data approximate this model but deviate from it
somewhat. As in two other studies (5, 16), hybridization to the
lagging-strand template in the DHFR gene averaged only
;80%, with values ranging from 66 to 90%. Therefore, in only
some experiments did strand bias achieve the apparent 10- to
20-fold biases measured in the same material by the neutral-
alkaline 2-D gel method in this and several previous studies
(Fig. 10) (11, 13, 39). The source of this discrepancy is unclear,
although the low levels of radioactivity incorporated into the
DHFR and 2BE2121 genes in the very early S phase in the
lagging-strand assay can introduce more variability into mea-
surements (and, thus, the signal-to-noise ratio) than in the
intergenic region itself, where the values are higher. It is also
possible that there is some contamination of the Okazaki frac-
tion with fragmented leading strands, which would reduce
biases somewhat and which could vary from experiment to
experiment. In the 2BE2121 gene, Okazaki fragment hybrid-
ization to the two templates is roughly equal, in agreement
with the results for 2-D gels, which also detected a low level of
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initiation in the early S phase leading to forks moving in both
directions (2).

Results from the ELFH assay on the same starting material
as used in the lagging-strand assay show that radioactivity is
distributed throughout the entire intergenic zone after a pulse
time of only 1.5 min delivered ;4 min after removal of aphidi-
colin (Fig. 8). These data are similar to those obtained by
Gilbert et al. (16) (Fig. 1), except that the region around ori-g
was not examined in that study. Interpolation of their data in
this region therefore led them to suggest a single, somewhat
asymmetric peak of early labelling centered at ori-b. With the
inclusion of clones for the ori-g region in the present study, we
suggest that the data are more compatible with a broad zone of
initiation, with the regions around ori-b and ori-g being some-
what preferred, as originally suggested by in-gel renaturation
experiments on early-labelled DNA (26).

However, it is important to point out that in the absence of
perfectly synchronous entry of the cell population into the S
phase, the ELFH assay cannot distinguish between fixed initi-
ation sites in the ori-b and ori-g regions as opposed to two
somewhat preferred regions within a broad zone of potential
sites. For example, labelling near the MAR could result either
from initiations occurring in that region or from early forks
that have already reached that region from fixed sites at ori-b
and ori-g in the 4-min interval after removal of aphidicolin.

Therefore, it was important to show directly that the label-
ling patterns we observed in the lagging-strand and ELFH
assays on cells sampled ;4 min after entry into the S phase do,
indeed, reflect a delocalized initiation mode. Accordingly, 2-D
gel analyses were performed on cell populations that were
either synchronized and sampled identically (Fig. 9) or per-
formed on the very same preparations used to examine Oka-
zaki template strand bias (Fig. 10). These studies show that
initiation sites are scattered widely in the intergenic zone even
in the first few minutes of the S phase, as indicated by the
presence of both bubbles and single forks in the same frag-
ments on neutral-neutral 2-D gels (Fig. 9) and by the presence
of forks moving into intergenic fragments from both ends, as
detected in neutral-alkaline gels (Fig. 10). Importantly, these
findings argue that kinetic in vitro and steady-state in vivo
approaches see the initiation reaction in essentially the same
way.

Finally, when the lagging-strand assay was applied to asyn-
chronous CHOC 400 cell cultures in the present study, only a
very small bias to either of the template strands could be
detected at any position in the intergenic zone or the two
flanking genes. This is the predicted result if 85 to 90% of
amplicons are read through passively by forks from a small
number of active amplicons, which was suggested by the results
of neutral-neutral and neutral-alkaline 2-D gel assays per-
formed on log-phase cultures (10, 13), as well as earlier intrin-
sic labelling studies (20). We do not understand the difference
between the results of our experiments on log-phase cells and
those of Burhans et al. (5). However, it has been suggested that
the CHOC 400 cultures that were thought to be asynchronous
in those studies may have been inadvertently synchronized
(16).

In summary, the lagging-strand, ELFH, and neutral-neutral
and neutral-alkaline 2-D gel studies reported here, as well as
all previous experimental approaches that have been applied to
the DHFR locus in CHOC 400 cells, all paint a very similar
picture of the initiation reaction in the DHFR locus. These
findings are summarized in the model in Fig. 11, where several
amplicons are arrayed side by side to suggest that (i) initiation
probably occurs at different locations within the intergenic
zone in different copies of the amplicon, with the regions of

ori-b and ori-g being somewhat preferred, and (ii) only some
amplicons sustain active initiation events in any one S period,
with the remainder being replicated passively at later times in
the S phase. Whether an initiation reaction with these charac-
teristics might be regulated by genetic replicators, which could
presumably be located at or near ori-b and ori-g, remains to be
determined.

An important caveat is that our studies here have focused on
the initiation reaction in the amplified DHFR domain of
CHOC 400 cells, which could differ somewhat from the initi-
ation reaction in the single-copy locus in CHO cells, which
contributed to the data set in the previous lagging-strand anal-
ysis on this locus (5). Furthermore, a PCR-based nascent-
strand abundance assay that detected a rather sharp peak of
initiation at ori-b examined CHO cells exclusively (34; the
remainder of the intergenic zone was not examined in this
study). It is conceivable, for example, that the initiation reac-
tion has become delocalized as a consequence of the amplifi-
cation process. However, the spectra of replication intermedi-
ates in the intergenic zone in the single-copy and amplified
DHFR domains are nearly identical when analyzed by neutral-
neutral or neutral-alkaline 2-D gel approaches (11). Thus, we
believe that the differences must lie elsewhere. Studies are
under way in our laboratory to determine whether the PCR-
based nascent-strand abundance assay detects a well-defined
initiation spike at ori-b in the same starting material that sug-
gests a zone on 2-D gels.

FIG. 11. Model for initiation in the DHFR locus. Several DHFR amplicons
are arrayed side by side instead of end to end as they are in the genome, to
emphasize that (i) initiation occurs at different sites within the intergenic region
in each copy of the DHFR domain in the early S phase but probably somewhat
more frequently near the ori-b and ori-g regions, and (ii) only ;15% of the
amplicons actually sustain active initiation events, with the remainder being
replicated passively by forks from distant amplicons.
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