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Previous radiolabeling and two-dimensional (2-D) gel studies of the dihydrofolate reductase (DHFR) do-
main of Chinese hamster cells have suggested that replication can initiate at any one of a very large number
of inefficient sites scattered throughout the 55-kb intergenic spacer region, with two broad subregions (ori-f3
and ori-vy) preferred. However, high-resolution analysis by a PCR-based nascent strand abundance assay of the
12-kb subregion encompassing ori-f3 has suggested the presence of a relatively small number of fixed, highly
efficient initiation sites distributed at infrequent intervals that correspond to genetic replicators. To attempt
to reconcile these observations, two different approaches were taken in the present study. In the first,
neutral-neutral 2-D gel analysis was used to examine replication intermediates in 31 adjacent and overlapping
restriction fragments in the spacer, ranging in size from 1.0 to 18 kb. Thirty of 31 fragments displayed the
complete bubble arcs characteristic of centered origins. Taking into account overlapping fragments, these data
suggest a minimum of 14 individual start sites in the spacer. In the second approach, a quantitative early
labeled fragment hybridization assay was performed in which radioactive origin-containing DNA 300 to 1,000
nucleotides in length was synthesized in the first few minutes of the S period and used to probe 15 clones
distributed throughout the intergenic spacer but separated on average by more than 1,000 bp. This small
nascent DNA fraction hybridized to 14 of the 15 clones, ranging from just above background to a maximum at
the ori-f3 locus. The only silent region detected was a small fragment lying just upstream from a centered
matrix attachment region—the same region that was also negative for initiation by 2-D gel analysis. Results
of both approaches suggest a minimum of ~20 initiation sites in the spacer (two of them being ori-f3 and ori-vy),
with ori-3 accounting for a maximum of ~20% of initiations occurring in the spacer. We believe that the results
of all experimental approaches applied to this locus so far can be fitted to a model in which the DHFR origin
consists of a 55-kb intergenic zone of potential sites that are used with very different efficiencies and which are

separated in many cases by a few kilobases or less.

We are interested in the nature of origins of replication in
mammalian chromosomes, and have used the dihydrofolate
reductase (DHFR) locus of Chinese hamster cells as a model
system. Two-dimensional (2-D) gel studies have suggested that
replication initiation sites are chosen from a large number of
potential sites scattered throughout the 55-kb spacer between
the DHFR and 2BE2121 genes, with the central 30- to 35-kb
region preferred (see Fig. 1 and references 9 and 12 for re-
views). This conclusion derives in part from the observation
that several different 4- to 6-kb EcoRI and Xbal fragments in
the intergenic spacer display complete bubble arcs character-
istic of centered origins (10, 11, 15, 56). Therefore, we con-
cluded that there must be at least one initiation site near the
center of each of these fragments and, by inference, at other
locations scattered throughout the spacer that had not yet been
analyzed. Furthermore, in neutral-alkaline 2-D gels (44), rep-
lication forks have been shown to move in both directions at
several positions within the intergenic spacer, suggesting that
initiation sites are reasonably frequent and widely scattered

(15).
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The efficiency of initiation at different sites is clearly not
uniform throughout the spacer. Relatively low-resolution in-
trinsic radiolabeling studies reveal two broad subregions within
the central core (originally termed ori-B and ori-y [36]) that
incorporate label preferentially at the beginning of S phase.
Furthermore, a PCR-based nascent strand abundance assay
(55) that focused on the 5-kb sequence encompassing the ori-3
region indicated that it represents the predominant initiation
site in the DHFR locus (45, 54). A switch in Okazaki fragment
template bias was also detected in the ori-B region (4), leading
to the proposal that this region represents the primary initia-
tion site in the DHFR locus within a broad zone of very
inefficient secondary sites (4, 8).

However, several different EcoRI and Xbal fragments of
about equal size from the central 30- to 35-kb core of the
spacer display significant numbers of bubbles on 2-D gels (10,
11, 15). In addition, when the PCR-based nascent strand abun-
dance assay was extended to the 3’ side of ori-3, a second peak
of small nascent strands was identified about 5 kb downstream
(termed ori-B’ [31]). Since the PCR-based assay detected little
or no initiation in the valley between ori-3 and ori-B’ or in the
regions immediately surrounding them and since these two
sites are situated near the centers of two adjacent EcoRI frag-
ments that display complete bubble arcs of similar intensities
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FIG. 1. Map of the Chinese hamster DHFR locus. An EcoRI map of a 120-kb region encompassing the DHFR locus in CHOC 400 cells is
shown. The convergently transcribed DHFR and 2BE2121 genes are indicated as rectangular boxes, ori-B, ori-B’, and ori-y are shown as open
circles, and a prominent MAR (M) is shown as a black square. The elongated gray oval over the DHFR promoter indicates a diffuse region that
appears to be attached to the nuclear matrix as well. The peaks detected at ori-B, ori-B’, and ori-y by the PCR-based small nascent strand

abundance assay are based on results shown in reference 31.

on 2-D gels (10), ori-B and ori-B’ could correspond to highly
preferred initiation sites analogous to classic replicators. To
accommodate the existing 2-D gel data, additional such sites
would have to be situated near the center of the other frag-
ments that displayed complete bubble arcs on 2-D gels (10, 11,
15, 56). By this argument, the DHFR origin would consist of a
finite number of fixed initiation sites situated at infrequent
intervals, ori- and ori-B’ being among the most active.

One difficulty with the interpretation that ori-B and ori-B’
correspond to fixed initiation sites is illustrated in Fig. 2A. If
nascent strands ~800 nucleotides (nt) in length (in practice,
600 to 1,000 nt) (31) are isolated and their relative abundances
are estimated with several closely spaced adjacent primer pairs
(e.g., Fig. 2A, sets 2 to 4), then a fixed origin centered at set 3
should measure the same relative abundance of nascent
strands as sets 2 and 4 (Fig. 2A, right). Instead, sharp peaks of
nascent strands were detected at ori-B and ori-B’, with two
adjacent primer pairs at the ori-B peak displaying an almost
twofold difference in the number of nascent strands detected
(see Fig. 1) (31). We suggest that this latter pattern could
result, instead, from one of two alternative initiation modes: (i)
fixed initiation sites with unequal fork rates in the two direc-
tions with neither direction being preferred (shown in Fig. 2B
in the extreme, i.e., almost unidirectional) or (ii) a cluster of
closely spaced sites, with the greatest abundance occurring in
the center of the zone (Fig. 2C).

An important issue to resolve, therefore, is whether ori-8
and ori-B’, indeed, correspond to fixed initiation sites flanked
on either side by silent regions. A second important question is
how many initiation sites in addition to ori-p and ori-B’ would
be uncovered and what their relative activities would be if the
entire 55-kb intergenic spacer were examined at much higher
resolution. To address these questions, we have taken two
different approaches. In the first, we examined replication in-
termediates in 31 different adjacent and overlapping restriction
fragments in the spacer ranging in length from 1 to 18 kb,
including 3 small fragments that isolate ori-B, ori-B’, and the
intervening valley and shoulder of the ori-B peak. In the sec-
ond, we devised a modified early labeled fragment hybridiza-
tion (ELFH) assay that allowed us to quantitate the distribu-
tion of origin-containing DNA 300 to 1,000 nt in length
throughout the spacer region. The results of these two ap-
proaches suggest that the DHFR origin comprises a minimum
of ~20 individual start sites that are utilized with very different
efficiencies. While the 1-kb region encompassing ori-f is clearly

the most efficient region in the spacer, our data suggest that a
maximum of ~20% (and probably far fewer) of starts occur
within this region. The only silent region uncovered so far is a
short stretch immediately upstream from a prominent, cen-
tered, matrix attachment region (MAR). With very few cave-
ats, the results of these analyses are compatible with all of the
data that have been obtained in previous studies and provide a
unified view of the initiation reaction in the DHFR locus.
(This work fulfills part of the requirements for the Ph.D.
degree in biochemistry from the University of Virginia for S.W.)

MATERIALS AND METHODS

Cell culture and synchronization procedures. CHOC 400 cells were grown in
minimal essential medium (MEM) supplemented with nonessential amino acids,
10% Fetal Clone II (HyClone), and 0.1% gentamicin (GIBCO/BRL) and were
maintained in an atmosphere of 5% CO,. Cells were arrested in G, by starvation
for isoleucine for 45 h and then were released into complete medium containing
either 10 pg of aphidicolin (Sigma)/ml or 400 pM mimosine (Sigma) for 12 h to
collect them at or near the G,/S boundary (10, 42). The drug was washed out and
replaced with drug-free medium to allow entry into S phase.

2-D gel analysis. After 12 h in mimosine, CHOC 400 cells were released into
the S period by being washed in and returned to prewarmed MEM. Ninety
minutes later, which represents the period of maximum initiation in the DHFR
origin (10, 11, 15), cells were harvested and replication intermediates were
prepared by digesting matrix-attached DNA with the indicated enzymes or en-
zyme combinations as described previously (14). Replication intermediates were
analyzed by neutral-neutral 2-D gel electrophoresis as described previously (3,
14), with the following exceptions: for fragments in the 12- to 15-kb range, the
first-dimension gels were 0.3% agarose, run for 60 h at 0.4 V/cm; the second-
dimension gels were 0.6% agarose, run for 45 h at 1 V/cm. For fragments in the
1.0- to 2.5-kb range, the first-dimension conditions were the same as previously
described (3, 14) and the second-dimension gel was 1.6% agarose, run at 4.5
V/em for 14 h.

Measuring replication rates. Rates of DNA synthesis were measured by pulse-
labeling cells with medium containing 5 wCi of [*H]thymidine/ml (67 Ci/mmol;
ICN) and processing as previously described (42).

In vitro replication and ELFH analysis. Cells were arrested with either mi-
mosine or aphidicolin for 12 h and were washed with ice-cold MEM to remove
the drug and prevent initiation of DNA synthesis. Nuclei were isolated from
~10® cells by digitonin treatment as previously described (14) and were resus-
pended in 275 pl of CLB buffer (50 mM KCI, 0.5 mM EDTA, 0.05 mM spermine,
0.125 mM spermidine, 0.5% thiodiglycol, 0.1 mM phenylmethylsulfonyl fluoride,
10 mM Tris-HCI [pH 7.4], 0.1% digitonin) in a 1.5-ml conical tube on ice. To this
suspension was added 300 pl pf 2X DNA replication cocktail (4, 57) containing
200 M (each) unlabeled dCTP, dGTP, and dTTP and 20 pl of [**P]dTTP (3,000
Ci/mmol). Reactions were initiated by incubation at 34°C for the times indicated
in the legend to Fig. 3 and 6. Reactions were terminated by the addition of 1.0
ml of ice-cold CLB, and the nuclei were pelleted at 2,000 X g for 5 min in a
benchtop centrifuge in the cold, washed, and resuspended in 510 pl of CLB.
Aliquots (100 pl) were distributed to five tubes, and nuclei were lysed by the
addition of 0.5 ml of 20 mM KCIl-70 mM NaCl-20 mM EDTA-20 mM Tris-HCl
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FIG. 2. Predictions of the relative abundances of nascent strands with different origin types. As shown in panel A (left), if origin-containing
nascent strands in the size range of ~1,000 nt are analyzed with a series of primer pairs that are positioned within a 1,000-bp stretch, then the three
central primer sets (sets 2, 3, and 4) should each detect the same relative abundance of ~1,000-bp nascent strands (middle and right). The sharp
peaks of small nascent strands that were actually measured with closely spaced primer pairs (31) could result from two alternative types of initiation
mechanism (unidirectional from a fixed site) (B) or in a cluster of sites within a small region (C). (D) A restriction digest of replication
intermediates separated in the first dimension of an agarose gel according to molecular mass and in the second dimension according to both mass
and shape (3). After transfer to a membrane and hybridization with a cognate probe for a fragment containing either a single fork or a centered
bubble arc (curves b or ¢) would be obtained. Curve a corresponds to the diagonal of nonreplicating fragments in the genome as a whole. (E) The
pattern that would result from a fragment that contains an off-centered origin, which would initially contribute to the bubble arc, but would
eventually contribute to the single fork arc when one fork crosses the nearest restriction site.

(pH 7.4), followed by the addition of 0.7 ml of lysis buffer (2% sodium dodecyl
sulfate [SDS]-50 mM EDTA-50 mM Tris-HCI [pH 7.4]-1-mg/ml proteinase K
[AMRESCO]). After incubation for 3 h at 37°C, 0.4 ml of 5 M NH, acetate was
added, and the DNA was precipitated with 2.5 volumes of cold ethanol at —20°C.
DNA was pelleted by centrifugation, redissolved in 2 ml of TEN (10 mM
Tris-HCI [pH 7.4], 0.1 mM EDTA, and 10 mM NacCl), reprecipitated in cold
ethanol, and finally dissolved in 160 pl of TEN. Denaturation was achieved by
the addition of 40 pl of 1 M NaOH and incubation overnight at 24°C.

To analyze the sizes of radioactive nascent strands synthesized in vitro (see
Fig. 6A), DNA was separated on a 1.5% alkaline agarose gel along with a 123-bp
ladder (BRL). For the ELFH experiment (see Fig. 7A), alkali-treated DNA was
sonicated to ~600 nt in length and used directly as a hybridization probe (see
below); for another experiment (see Fig. 7B), the DNA preparation was sepa-
rated on a 1.8% alkaline low-melting agarose gel alongside the 123-bp ladder,
and the 300- to 1,000-nt fraction was excised and isolated by repeated freezing
and thawing of the agarose plug, followed by centrifugation in the cold. The

resulting supernatant fluid was ethanol precipitated and resuspended in 150 wl of
TEN buffer. The sonicated labeled DNA and the sized fraction were then used
separately as radioactive hybridization probes on Hybond-N+ membranes spot-
ted with 1 pg each of several cloned fragments from the DHFR domain (see Fig.
7). Hybridizations were carried out with 5 ml of Church and Gilbert hybridization
solution (5) for 24 h at 65°C. Filters were washed successively with 2X SSC [1X
SSC s 0.15 M NaCl plus 0.015 M Na citrate]-1% SDS and 0.2X SSC-0.2% SDS
at 65°C for 30 min. The resulting signals were collected on a Molecular Dynamics
PhosphorImager. In vitro replication reactions were also carried out on NP-40-
isolated nuclei as described previously (57) with virtually identical results, as
assessed with alkaline agarose gels (S. Wang, unpublished observations).

The PhosphorImager signals obtained in each experiment were measured by
two different individuals. Background contributions and nonspecific vector hy-
bridization were first subtracted from the values obtained for each duplicate
control and experimental sample. To correct for differences in fragment length
and sequence, the average percentage of total hybridization to duplicate clones
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was then calculated for both the ELFH and total genomic DNA control samples,
and a relative hybridization value was determined by dividing the ELFH value by
that for the control. The relative hybridization values were then expressed as the
percentage of total relative hybridization (see Fig. 7C).

RESULTS

Neutral-neutral 2-D gel analysis detects centered initiations
in 26 different fragments from the intergenic spacer. With
previous neutral-neutral 2-D gel studies with CHOC 400 cells,
we analyzed replication intermediates of four EcoRI and three
HindlIlI fragments from the intergenic spacer, which ranged in
size from 4.8 to 6.75 kb and which together covered 34 kb
(~60% of the spacer). In these studies, bubble arcs were de-
tected in the early S period in every one of these fragments.
Furthermore, each displayed a complete bubble arc that ap-
peared to extend all the way to the 2n position in the mass
dimension, which suggests that initiation occurred near the
fragment’s center (Fig. 2D). Assuming the unlikely event that
a single, centered, origin was responsible for the complete
bubble arcs in each case and that total coverage of the spacer
would detect the same frequency of initiation, we could con-
clude from these studies that there are at least seven initiation
sites or regions within the 55-kb intergenic spacer. An alter-
native possibility is that each fragment contains several initia-
tion sites, some of which are centered. The latter model would
necessarily result in a much higher estimate of potential start
sites.

We reasoned that we could discriminate between these two
possibilities by digesting genomic DNA containing replication
intermediates with several different restriction enzymes. Thus,
any fixed origins would be positioned differently with respect to
the fragment ends, resulting in some restriction fragments that
displayed incomplete bubble arcs and others that displayed
only single fork arcs (Fig. 2D); in contrast, if there were a large
number of initiation sites at closely spaced intervals, centered
bubble arcs would be observed in every fragment tested, re-
gardless of the enzyme used to digest the DNA and regardless
of fragment size.

To enrich for replication intermediates in this early firing
origin, CHOC 400 cells were arrested in the G, period by
isoleucine deprivation, followed by release into complete me-
dium and collection at the G,/S boundary with the very effec-
tive replication inhibitor, mimosine (references 10 and 42 and
see below). Cells were then sampled 90 min after release from
mimosine, which encompasses a 35- to 40-min lag before DNA
synthesis begins in vivo and corresponds to the peak initiation
period in this locus (10, 11, 15). In initial experiments, repli-
cation intermediates were prepared using either BamHI, Aspl,
Bglll, EcoRI, or Xbal to digest the DNA, which allowed us to
analyze 26 fragments in the size range of 3.4 to 18 kb (Fig. 3A).
Each digest was separated on a neutral-neutral 2-D gel, trans-
ferred to a membrane, and hybridized successively with cog-
nate single-copy radioactive probes. The principle of the neu-
tral-neutral 2-D gel replicon mapping method is summarized
in Fig. 2D (3), and the resulting autoradiograms are presented
in Fig. 4B. A total of 19 fragments from the intergenic region
and 5 fragments from the DHFR and 2BE2121 genes were
analyzed.

As shown previously (10, 11, 15), essentially no initiation can
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be detected in the DHFR gene 90 min after release from
mimosine (EcoRI fragments 1 and 2 and Xbal fragments 1 and
2; the images for these four fragments are overexposed relative
to fragments from the spacer on the same blots) (3). Indeed,
very few replication forks have yet entered either gene from
the spacer region. As predicted, EcoRI fragments 4 and 5,
which encompass the ori-B and ori-B’ regions, respectively,
each display a composite pattern consisting of a complete
bubble arc and a single fork arc (Fig. 3B) (10, 11, 15, 56). This
is the pattern expected of a fragment residing in a broad zone
of potential sites, since it will sometimes be replicated from an
internal origin (thereby contributing to the bubble arc) and
sometimes replicated passively by a fork arising from a neigh-
boring fragment in the same zone (contributing to the simple
Y or fork arc) (56).

Superficially, this result is compatible with the PCR data,
which suggest that EcoRI fragments 4 and 5 contain fixed start
sites at ori-B and ori-B’ (31). However, both sites would have to
be quite inefficient, according to this model, to explain the
presence of a large number of single forks that traverse this
fragment and that must have initiated from a site or sites
located elsewhere in the spacer. In addition, both fragments
appear to have complete bubble arcs, even though ori-f is not
centered in fragment 4 (see Fig. 1). Furthermore, other en-
zyme digests position ori-B and ori-B’ differently in their re-
spective fragments, yet each of these fragments also displays a
complete bubble arc indicative of a centered origin. For exam-
ple, compare BamHI fragment 1, Bg/II fragment 1, EcoRI
fragment 5, and Xbal fragment 5, each of which contains ori-’
(Fig. 3).

Indeed, all 19 adjacent and overlapping intergenic fragments
in the range of 3.4 to 18 kb that were examined in this study
display the composite pattern consisting of a complete bubble
arc and a single fork (Fig. 3B). The Xbal digest alone shows
unequivocally that there are at least eight initiation sites or
zones within the ~45-kb region of the spacer covered by the
Xbal digest. To control for the possibility that mimosine in-
duces this polydisperse pattern of initiation, an additional ex-
periment was performed in which cells were collected near the
G,/S boundary with aphidicolin and sampled 30 min after
release, which represents the peak initiation period after this
synchronizing protocol (56). Replication intermediates in this
case were digested with HindIII, which allowed analysis of five
nearly contiguous fragments in the 4- to 6-kb range extending
from right of ori-B’ through ori-y (Fig. 3A). As shown in Fig.
3B, each of these fragments also displays the composite pattern
and centered bubble arc. Based on this digest alone, there are
at least five sites in addition to ori-B and ori-B’ at which initi-
ation occurs. Thus, the polydisperse initiation pattern dis-
played by this locus is unlikely to result from the cell synchro-
nization protocol per se.

High-resolution 2-D gel analysis suggests that replication
initiation sites can be very closely spaced in the intergenic
region. Given the unlikely circumstance that each of these
digests accidentally isolated a fixed initiation site in the center
of each fragment examined, we reasoned that several sites
might be distributed at frequent intervals within each frag-
ment, some of which are centered. An alternative possibility is
that each fragment contains a single fixed origin from which
the forks diverge in the two directions at unequal rates, with
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FIG. 3. Centered bubble arcs are detected in 30 of 31 adjacent and overlapping restriction fragments in the intergenic region. CHOC 400 cells
were arrested in early G, by isoleucine starvation, followed by release into either 400 wuM mimosine or 10-pg/ml aphidicolin for 12 h. At 90 or 30
min after release, respectively, which are the peak initiation periods in this locus after each of these protocols (11, 15), replication intermediates
were prepared using one of the enzymes or enzyme combinations shown in panel A. After separation on a neutral-neutral 2-D gel as described
in Materials and Methods, digests were blotted onto Hybond-N+ and hybridized as described previously (14) with small cognate single-copy probes
for the indicated fragments. (B) Digests yielding fragments in the 3- to 18-kb range. (C) BamHI/HindIII and Pvull digests yielding a collection of
small fragments that together almost reconstitute the 15-kb fragment 1 of BamHI that extends from ori-B to the MAR (A).

neither direction preferred. By this scenario, any fragment that
displays a bubble arc must contain an initiation site, but it need
not be in the center of the fragment. This effect presumably
would be most pronounced in larger fragments in which the
forks have to travel longer distances.

To obtain a better estimate of the frequency distribution of
initiation sites in the intergenic spacer, restriction enzyme di-
gests were chosen that would yield fragments near the size
range of the nascent DNA strands analyzed in the PCR-based
assay, and conditions were established for adequately separat-
ing small fragments on 2-D gels. CHOC 400 cells were syn-
chronized and sampled 90 min after release from mimosine,
and replication intermediates were prepared using either a

combination of BamHI and HindIIl or Pvull alone to digest
the DNA. These two digests yield seven adjacent fragments
that range in size from 1.0 to 2.3 kb, encompass ori-B and
ori-B’, and together nearly reconstitute the 15-kb BamHI frag-
ment 1 (Fig. 3A), which displays a complete bubble arc (Fig.
3B).

The BamHI/HindIII digest separates ori-B, ori-B’, and the
region between them into three small fragments (a 1.97-kb
BamHI/HindIIl fragment 1, a 1.63-kb fragment 2, and a
1.71-kb HindIII fragment 3) (Fig. 3A). Thus, we could deter-
mine whether these peaks correspond to two fixed origins
flanked by silent regions (as in Fig. 4A) or from a collection of
start sites within a preferred region (as in Fig. 4C). As shown
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FIG. 4. Expected patterns of nascent strands after release from a
leaky or a nonleaky replication inhibitor with fixed and delocalized
origins. To discriminate between two fixed origins at, for example,
ori-B and ori-y versus a delocalized zone with ori-f and ori-y preferred,
it would be necessary to label cells or allow forks to mature for a very
short time after release from a very tight G,/S arrest (A and C). If
replication forks leak away from origins in the presence of the syn-
chronizing agent, the patterns of labeling would be very similar be-
tween the fixed and delocalized initiation modes (B and D).

in Fig. 3C, all three small fragments display bubble arcs, al-
though of varying intensities. This result was expected for frag-
ments 1 and 3, but not for fragment 2, which contains the valley
and the very edge of the ori-B peak. Furthermore, the level of
initiation detected in fragment 2 is considerable, with the bub-
ble-to-fork arc ratio appearing to be perhaps threefold smaller
than that observed for ori-B (fragment 1) and only somewhat
smaller than that detected for ori-B’ (fragment 3). Any bubbles
detected in fragment 2 must have initiated within the fragment
itself, which is not predicted if the peaks of nascent strands
measured by PCR at ori-B and ori-B’ represent fixed initiation
sites surrounded by silent regions. We assume that these bub-
bles arise from the shoulder of the ori-p peak detected by PCR
(Fig. 1) and that ori-p corresponds to a collection of start sites
(as shown in Fig. 2C and 4C), rather than a single site (as
shown in Fig. 2A and 4A). Bubbles were detected in fragment
2 in three additional experiments (P. A. Dijkwel, unpublished
observations).

In the Pvull digest, the four adjacent fragments analyzed are
1.5, 1.9, 1.0, and 2.3 kb in length and correspond to the region
between ori-B’ and the MAR (Fig. 3A). Homologous probes
show that fragments 1, 2, and 4 each support substantial
amounts of initiation (Fig. 3C). However, Pvull fragment 3
does not display a detectable bubble arc even after the very
long film exposure shown here, indicating that it may not be
an efficient template for initiation. Together with the results
from the BamHI/HindIII digest, we conclude that the region
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approximately represented by the 15-kb fragment 1 of BamHI
contains at least six individual initiation sites, but at least one
silent region lying just upstream from the MAR.

By extrapolation, many of the large fragments analyzed in
the experiments shown in Fig. 3B probably also contain mul-
tiple internal initiation sites. However, we cannot rule out the
possibility that there are also other short silent regions distrib-
uted at unknown intervals throughout the spacer, which would
only be revealed if the whole region were dissected into very
small, adjacent fragments as depicted in Fig. 3C (in practice, it
is difficult to analyze more than three or four small fragments
in a single gel, owing to an unfortunate distribution of restric-
tion sites).

On the linear map in Fig. 3A, we have placed a vertical bar
at the center of each restriction fragment that displayed an
apparently centered bubble arc in the gels shown in Fig. 3B and
C. Obviously, the bubble arcs in some fragments that have the
same approximate centers may arise from the same start site.
Nevertheless, we can conclude that there are at least 14 initi-
ation sites situated in nonoverlapping fragments in the spacer:
6 sites displayed by the BamHI/HindIII and Pvull digests and
an additional 8 sites in nonoverlapping EcoRI and Xbal frag-
ments (Fig. 3A).

In vitro strategy for preparing small, origin-containing nas-
cent strands initiating in the first few minutes of the S period.
The results of 2-D gel analyses and early intrinsic labeling
studies are compatible with the suggestion that the DHFR
origin consists of a broad zone of very frequently spaced po-
tential initiation sites, with the central ~30-kb core preferred.
Other experimental strategies have suggested that the inter-
genic region is characterized by a small number of highly pre-
ferred, fixed initiation sites (ori- and ori-B’ being two of them)
surrounded by very inefficient secondary sites. Indeed, from
the results of Okazaki template bias assays, it was originally
estimated that >80% of initiations occurring within the 27-kb
region examined were located within a 450-bp fragment cen-
tered over ori-B (4), while results of the PCR-based nascent
strand abundance assay suggested that >90% of initiations in
the 12-kb region encompassing ori-8 and ori-B’" occur at these
two sites (31). These models differ in two respects (illustrated
diagramatically in Fig. 4, in which ori-B’ has been omitted for
simplicity): (i) the frequency distribution of sites and (ii) the
relative efficiencies of initiation at each site. Clearly, in any
quantitative assays designed to distinguish between the two
models by analyzing origin-containing DNA, the nascent ma-
terial analyzed has to be very small (compare Fig. 3A and C to
B and D). While the 2-D gel approach described above has
allowed us to address the distribution question and even to
refine the assay to several fragments in the kilobase range, it is
difficult to normalize the signals from one hybridization to
another even on a single blot; therefore, the method is rela-
tively insensitive to differences in initiation frequency at dif-
ferent locations.

To estimate the relative frequencies at different positions
throughout the spacer, we modified the ELFH assay to allow
quantitation of origin-containing nascent strands ~300 to
1,000 nt in length, which approximates the size of the nascent
material analyzed in the PCR-based nascent strand abundance
assay (31). In initial experiments, we optimized conditions for
preparing radiolabeled, origin-containing, nascent DNA in this
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FIG. 5. There is a lag after release from mimosine before CHOC
400 cells begin to incorporate [*H]thymidine into DNA. CHOC 400
cells growing in 24-well dishes were starved for isoleucine for 45 h and
were released for 12 h into either 400 uM mimosine (squares) or
10-pg/ml (29.5 uM) aphidicolin (circles). The drugs were washed out
with prewarmed drug-free medium and cultures were incubated in
complete MEM. At 30-min intervals beginning at time zero, quadru-
plicate wells were pulse labeled with 5-p.Ci/ml [?H]thymidine for 30
min. Incorporation was quenched by the addition of citric acid to 0.2 M
(43), and specific labeling of DNA was determined as previously de-
scribed (42). Data are plotted at the midpoint of the pulse period. Bars
indicate standard errors of the mean of quadruplicate samples.

size range. Cells were arrested in early G, by isoleucine depri-
vation and were released into either 400 uM mimosine or
10-pg/ml aphidicolin for 12 h. Drug-containing media were
then removed and replaced with drug-free medium, and du-
plicate wells were pulsed with [*H]thymidine for 30 min begin-
ning at time zero. As shown in Fig. 5, after removal of mi-
mosine, there is a 30- to 40-min lag before a significant amount
of label is incorporated into DNA. In contrast, [*H]thymidine
incorporation begins immediately after withdrawal of aphidi-
colin, and the rate extrapolates back to time zero well above
the baseline (Fig. 5) (42). Thus, in agreement with earlier
studies (37, 42) and unlike aphidicolin, mimosine appears to
prevent replication forks from being established or to arrest
them very close to their start sites.

To label nascent DNA strands only in the immediate envi-
ronment of origins of replication, mimosine-synchronized cells
were released from the drug-containing medium in vivo and
were sampled during the lag period. As a control, another
group of cells were synchronized with aphidicolin. Nuclei were
isolated in the cold and were exposed to the four deoxynucleo-
side triphosphates (ANTPs) (one of them radiolabeled) in an in
vitro replication cocktail for 1.5 min at 34°C (4). Since mi-
mosine is thought to function in vivo by lowering dNTP pool
levels (6, 20, 38, 58), replication should initiate immediately
and synchronously when the extracts are supplied with the four
dNTPs, conditions facilitating the radiolabeling of very small,
origin-containing DNA. To test this proposal, DNA from nu-
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clei subjected to this protocol was purified and separated on an
alkaline agarose gel, and radioactivity in each lane was de-
tected with a PhosphorImager. The resulting autoradiogram is
shown in Fig. 6A, and densitometric tracings of signal intensi-
ties are shown in Fig. 6B.

In nuclei from mimosine-synchronized cells sampled during
the lag period (either 5 or 20 min after drug removal), the
majority of the DNA synthesized in a 1.5-min incubation in
vitro is less than ~3,000 nt in length in both samples (Fig. 6,
lanes M5 and M20). At a probable fork rate of ~3 kb/min (24),
this result indicates a highly synchronous burst of DNA syn-
thesis from positions close to origins at both time points, a
result predicted if forks had not significantly diverged away
from origins during the lag period. The size distribution sug-
gests that the nascent DNA is composed predominantly of
short leading strands, since fragments (~400 nt) in the center
of the major peak are larger than typical Okazaki fragments
(50 to 200 nt). However, a component of the labeled material
clearly corresponds to Okazaki fragments, which are more
visible in the 50- and 80-min samples in which much of the
nascent DNA has matured to larger sizes. By 50 or 80 min after
mimosine removal (Fig. 6, lanes M50 and M80), a large per-
centage of the DNA extended and labeled in the 1.5-min in
vitro incubation is greater than 3,000 nt in length, in agreement
with the observation that DNA synthesis resumes 35 to 40 min
after mimosine removal in vivo (Fig. 6) (10, 42). As expected,
when the 5-min sample is labeled for 1.5 min in vitro and then
chased for 30 min with cold dNTPs, small labeled DNA is
chased into high-molecular-weight material (Fig. 6, lanes M5-
O).

In contrast, when aphidicolin-synchronized cells are sampled
5 min after drug removal and are then labeled in vitro for 1.5
min, the majority of nascent DNA is much longer than 3,000
nt, some DNA is detected in the Okazaki fragment size range
(50 to 200 nt), and a small percentage migrates between 200
and 3,000 nt (Fig. 6). Thus, significant numbers of replication
forks have already moved away from their start sites in cells
incubated for 12 to 14 h in aphidicolin after release from an
early G, block (42). The pattern is similar in cells sampled 20
min after release from aphidicolin (Fig. 6, lane A20).

Nascent, origin-containing DNA 300 to 1,000 nt in length
derives from almost every position tested within the intergenic
spacer. The data shown in Fig. 5 indicated that in mimosine-
synchronized cells harvested during the lag period (i.e., 20 min
or less after drug removal), the majority of DNA synthesized
during a 1.5-min pulse in vitro is ~5,000 nt or less. Thus, very
tight synchrony is achieved, and most of the resulting labeled
material must correspond to nascent DNA centered over local
origins. Therefore, with an ELFH assay, it should be possible
to discriminate between the two different models illustrated in
Fig. 4A and C by using this labeled DNA (or a sized fraction
thereof) as a hybridization probe on a series of clones scattered
throughout the intergenic region.

CHOC 400 cells were synchronized with mimosine, nuclei
were isolated 20 min after release, and radiolabeled nascent
DNA was synthesized in a 1.5-min incubation in vitro. In the
first type of experiment, DNA was isolated, purified, and son-
icated to reduce the average size to ~600 bp. This radiolabeled
preparation was hybridized to individual single-copy probes
from the intergenic region immobilized on dot blots (see Fig.
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FIG. 6. Mimosine-synchronized cells begin synthesizing DNA im-
mediately from sites very close to origins after permeabilization in the
presence of dNTPs. (A) CHOC 400 cells were arrested near the G,/S
boundary in either 400 .M mimosine or 10-wg/ml aphidicolin, washed
with prewarmed drug-free medium, and then incubated in drug-free
complete medium (for 5, 20, 50, or 80 min after mimosine removal or
for 5 and 20 min after aphidicolin removal) prior to harvesting and
isolation of nuclei as described in Materials and Methods. In vitro
replication assays were carried out for 1.5 min at 34°C and quenched;
one 5-min mimosine-synchronized sample was chased for an additional
30 min in vitro with 100 pM dCTP (lane M5-C). The DNA was then
purified as described in Materials and Methods and was separated with
an alkaline agarose gel (1.8%) along with a 123-bp ladder (BRL). The
gel was transferred to Hybond-N+ and analyzed with the Phospho-
rImager. (B) Each lane shown in panel A was quantitated as a line
graph using an ImageQuant program (the same length and width were
scanned in each case), and radioactivity (expressed as relative intensity
units) was plotted as a function of distance from the well. The scans are
juxtaposed in the figure to allow comparison among samples.

7C). The control was total DNA isolated from asynchronous
cells sonicated to a similar size and labeled with [**P]dCTP by
random priming. Shown in Fig. 7A are the resulting hybridiza-
tion patterns obtained when either total DNA or the nascent
ELFs were used as probes (patterns obtained with the Phos-
phorImager). The normalized hybridization values (expressed
as a percentage of total hybridization to all of the cloned
inserts on the blot) are plotted as a function of map position
(Fig. 7C).

As can be seen, the nascent strands labeled in vitro hybrid-
ized to every probe within the 55-kb intergenic spacer to some
degree, although there was clearly a preference for the regions
encompassing the ori-B-ori-B’ and ori-y regions. Overall, this
result was consistent with the 2-D gel results and with previous
relatively low-resolution ELFH experiments performed with
aphidicolin-synchronized cells performed in our own and other
laboratories (19, 57). However, the resolution of this ELFH



VoL. 22, 2002 CLOSELY SPACED INITIATION SITES IN THE DHFR ORIGIN 3061

A . 0000000000000 00

" 2000000°0000006

: 0000000020000 00
00000000 2000000

HCB 103HCC 3 4 38 19 8 40 M DGK 14 15 65 65 207 V2

ELF

TOTAL

VII3HCCO8 35 3 4 38 27 19 8 40 M DGK 14 15 65 203 207 V2

200 00 100 20 30 40 50 60 70 80 90 100 120kb
1 1 1 L 1 1 1 1 1 1 I |
C .

E

gzoz

2 167

z 124

2 84

g 47 ;

2 0= (BB
HCB M HOCA 35 14 BT 19 &M 4504 15 DGE. [l m

100 0 10 20 30 40 50 60 70 80 90 100 120kb
| 1 | 1 | | 1 | 1 1 1 1
D,

=

!:12_

s;f

E]Z:

2 87

§4:

= p3

M BCE 3 M BT B 8 AOM 45114 15 DGE o]

FIG. 7. A high-resolution ELFH assay performed with mimosine-synchronized cells suggests that potential initiation sites are distributed at
intervals of 1,000 bp or less. (A) Mimosine-synchronized cells were permeabilized and incubated for 1.5 min in vitro as described in Materials and
Methods. The DNA was purified, sonicated to ~600 bp in length, and utilized as a hybridization probe on a series of clones from the DHFR
domain (or the pBS and pGem cloning vectors V1 and V2, respectively) that had been dotted onto a nylon filter in a total volume of 5 pl. A
duplicate dot blot was hybridized with total CHOC 400 DNA that was sonicated to about 600 bp and labeled with [**P]dCTP as previously
described (57). After being hybridized and washed, the filters were exposed to the PhosphorImager. (B) Conditions were the same as described
for panel A, except that after purification, the DNA was treated with alkali, separated on an alkaline agarose gel, and the 300- to 1,000-nt fraction
was isolated and used to probe a similar series of duplicate clones spotted onto a nylon membrane. (Clone DGK was incorrectly spotted out of
linear order on the blots shown in panels A and B relative to its map position and should have been placed between clones 15 and 65.) (C) The
percentage of total hybridization specific to each clone was calculated as described in Materials and Methods. The relative radioactivities in
duplicate dots were plotted as a function of map position for each clone. Error bars indicate the standard error of the mean of four independent
experiments for the total labeled probe shown in panel A (measured by two people independently; filled circles) or for the same experiment shown
in panel B (measured by two individuals; open circles). (D) The results from the sized ELFH experiment pictured in panel C and from a previous
PCR-based analysis of small nascent strands (31) (grey peaks). Data are also presented from an earlier experiment that measured the intrinsic
labeling pattern in the first 30 min of the S period in CHOC 400 cells by an in-gel renaturation procedure (36), indicated by the grey curve with
open circles, as well as the data from an earlier low-resolution ELFH experiment with aphidicolin-synchronized cells that lacked indicator clones
in the region of ori-y (19).

approach is limited by the size of the largest labeled nascent
strands in these preparations (~5,000 nt) (Fig. 6B) and would
average out differences in initiation frequencies at sites spaced
more closely than 5 to 10 kb. Furthermore, since the nascent
DNA was not sized, it was contaminated with Okazaki frag-
ments that would be distributed throughout the entire domain,

probably accounting for significant hybridization to the two
genes (Fig. 7C).

Therefore, to increase the resolution of the ELFH assay and
to eliminate Okazaki fragment contamination, the in vitro re-
action was repeated, the radiolabeled DNA was separated on
an alkaline agarose gel, and the 300- to 1,000-nt fraction was
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excised, purified, and hybridized to a similar collection of sin-
gle-copy sequences from the intergenic spacer. With this size-
selected probe, the distribution of small nascent strands is now
seen to be very nonuniform within the spacer and is in rela-
tively good agreement with the distribution of 600- to 1,000-nt
nascent strands in the regions of ori-B and ori-B’ measured by
competitive PCR in an earlier study (Fig. 7D) (31). The su-
perficial difference is the absence of a clear valley between the
ori-B and ori-B’ positions in the ELFH approach (probe 27), in
agreement with the 2-D gel results shown in Fig. 3C (BamHI/
HindIII fragment 2). However, as in the 2-D gel study, probe
27 itself is not directly centered over the valley and is undoubt-
edly detecting the edge of the ori-B peak. Importantly, the
region lying just upstream from the MAR, which was essen-
tially negative for initiation by the criterion of 2-D gel analysis,
also appears negative in this high-resolution ELFH analysis
(Fig. 7C).

DISCUSSION

For the last several years, there have been opposing views of
the nature of the DHFR origin of replication. Combining the
results of the more panoramic approaches (e.g., intrinsic ra-
diolabeling [36], low-resolution ELFH assays [19, 57], and neu-
tral-neutral and neutral-alkaline 2-D gel methods [10, 11, 15,
56]), it appeared that nascent strands can initiate at any one of
several sites within the intergenic spacer in the early S period
but more often near the regions known as ori-B and ori-vy.
Thus, the panoramic view led to the proposal that there are
multiple start sites with different initiation frequencies distrib-
uted randomly at very frequent intervals within the integenic
spacer.

In contrast, when the initial focus was on a very narrow
subregion of the intergenic spacer with high-resolution meth-
ods such as the lagging strand template bias assay (4) or the
PCR-based small nascent strand abundance assay (45, 54), it
was possible to come away with the view that ori-B is the
predominant nascent strand start site in the spacer (7) and thus
to consider it a classic replicator. Importantly, however, when
the PCR-based assay was subsequently extended beyond the
immediate environs of ori-p, a second preferred site or region
was discovered (ori-B'). We predicted that more such sites
would be identified if the analysis were extended even further
(particularly to ori-y) and that aggregate initiations occurring
at all such sites in the intergenic spacer would essentially re-
capitulate the patterns observed with lower-resolution labeling
and 2-D gel approaches.

In the present study, we have tested this prediction. We first
estimated the minimum number of initiation sites present in
the intergenic spacer by performing 2-D gel analysis of 31
adjacent and overlapping restriction fragments and determin-
ing how many of these display the complete bubble arcs char-
acteristic of a centered origin. All but one of these fragments
displayed complete bubble arcs. These studies suggested a
minimum of 14 initiation sites within the 55-kb spacer, a con-
servative estimate calculated from the number of nonoverlap-
ping fragments displaying this pattern (Fig. 3) (39). Further-
more, in the analysis of seven nonoverlapping fragments in the
size range of 1.0 to 2.3 kb that essentially reconstituted a
~15-kb BamHI fragment in the spacer, all but one of these
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displayed a complete bubble arc. Thus, by extension, many
fragments in the 4- to 18-kb range (Fig. 3B) might be expected
to contain several sites firing with different efficiencies, with the
result that 20 or more initiation sites reside within the spacer.

We specifically asked whether the dramatic peaks of small
nascent strands detected by the PCR approach in the ori-8 and
ori-B' regions correspond to fixed initiation sites that are sur-
rounded by silent regions. In fact, when the three fragments
that isolated ori-B, ori-B’, and the region between them were
examined with 2-D gels, bubbles were detected in all three
fragments, including the one encompassing the valley and a
small part of the ori-B peak. Presumably, the replication bub-
bles we detect in fragment 2 of the BarmHI/HindIII digest arise
from the ori-B shoulder. Thus, our data are most consistent
with a model in which the ori- and ori-B’ peaks each represent
a distribution of initiation sites around a central locus, much
like the distribution of nascent strand start sites in Escherichia
coli oriC (32) (Fig. 2C and 4C), rather than the very fixed
initiation sites identified in simian virus 40 (22) and yeast
ARSI (2) (Fig. 2A and 4A).

We next wanted to determine the relative frequencies of
initiation at different sites within the spacer, using a modifica-
tion of the ELFH assay. To ensure that we could isolate origin-
containing fragments in the same size range (~800 nt) as that
analyzed in the PCR-based nascent strand abundance assay, it
was necessary to arrest replication forks very close to their start
sites. To accomplish this, we took advantage of the interesting
properties of mimosine, which, by the criterion of the neutral-
neutral 2-D gel approach, is an extremely effective inhibitor of
DNA replication when delivered to cells as they approach the
G,/S boundary (42). We have shown that the drug can be
cross-linked to serine hydroxymethyl transferase, which cata-
lyzes the penultimate step in thymidine biosynthesis (38). Oth-
ers have shown that mimosine lowers cellular ANTP pool levels
(6, 20) and that nuclei from mimosine-synchronized cells have
essentially entered the S phase (25) and are capable of synthe-
sizing DNA when supplemented with mammalian S-phase cy-
tosol and the four dNTPs (20).

However, in our view, these observations do not satisfacto-
rily explain why mimosine is so effective at preventing replica-
tion fork movement in vivo. One interesting possibility is that,
because mimosine depletes cellular ANTP pool levels, it signals
a p53-independent G,/S phase checkpoint that was recently
identified in CHO cells (35). Thus, in vivo, mimosine may
actually prevent replication forks from progressing by some
regulatory loop activated by the checkpoint; in vitro, the check-
point would presumably be nonfunctional and only the addi-
tion of deoxyribonucleotides would be required to overcome
mimosine arrest. In this regard, mimosine has also been shown
to be clastogenic when delivered to cells in S phase (27), and a
recent report suggests that it causes single-stranded breaks
even when present during G, (41). Therefore, the proposed
single-strand breaks that might result from the level of mi-
mosine utilized here (fewer than one break per 600 kb [41, 59])
could be indirectly responsible for activating a G,/S check-
point. However, this proposal does not simply explain why
hydroxyurea and aphidicolin are much more leaky replication
inhibitors (references 37 and 47 and the present study), since
hydroxyurea also depletes cellular dNTP pools (52) and
aphidicolin has been shown to destabilize replication forks (23,
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29, 53). It should also be pointed out that even if mimosine
were to elicit single-strand breaks in the region under investi-
gation, we have previously shown that broken bubbles and
single forks trace very different patterns on 2-D gels than those
detected for bona fide replication bubbles and forks (28).
Clearly, there are caveats associated with the use of inhibitors
to enrich for S-phase cells in these and other experiments.
However, we have demonstrated the presence of complete
bubbles arcs in many different fragments from the DHFR
intergenic spacer in unsynchronized cells and, as shown here
and previously, in cells synchronized with aphidicolin (refer-
ences 11, 15, and 51; P. A. Dijkwel, unpublished observations).
Thus, we consider it likely that the general patterns observed
here reflect the in vivo situation.

Regardless of how mimosine prevents DNA replication, the
observation that inhibition is overcome in vitro by adding
dNTPs (20) suggested a mechanism for studying replication
forks from the moment they leave initiation sites. This allowed
us to synthesize radiolabeled origin-containing DNA less than
~5,000 nt in length and from this population to isolate DNA in
the size range of 300 to 1,000 nt. This fraction approximates
the size of the nascent DNA analyzed by the PCR-based nas-
cent strand abundance assay (31). (The use of aphidicolin as a
synchronizing agent here would have allowed many of the
small bubbles to mature away from their origins [Fig. 6 and
references 37 and 42, thus significantly lowering the amount of
small nascent DNA recovered in this approach.)

When this sized nascent DNA was hybridized to a series of
probes from the intergenic region, the resulting hybridization
pattern afforded a much higher resolution picture than is ob-
tained when the whole (unsized) preparation was used as the
probe (Fig. 7 B and C) (19, 57). The data also suggested that
the sized fraction is not contaminated significantly by Okazaki
fragments or other small broken DNA, since no hybridization
was detected to fragments in the DHFR gene (compare to
unsized labeled DNA) (Fig. 7A). As expected, there are sharp
peaks over ori- and ori-y, but also a shoulder that accommo-
dates ori-B'. Thus, this high-resolution ELFH assay agrees very
well with results of the PCR-based nascent strand abundance
assay, as well as with the 2-D gel analysis of this region (Fig.
30).

With the exception of one clone in the series, significant
hybridization occurred to every intergenic fragment analyzed
in these experiments. It is important to realize that since the
labeled nascent DNA is no longer than 1,000 nt and that, with
the exception of clones 3 and 4, the fragments tested are more
than 1000 bp apart, initiation must occur at each of these
locations. Therefore, there must be at least 14 individual start
sites within the spacer. This contrasts with the impression re-
ceived from studying the small nascent strand abundance curve
shown in Fig. 1A and 7D (i.e., that ori-B and ori-B’ correspond
to two fixed sites from which most initiation occurs). In fact,
probes 19, 27, and 38 each detect distinct initiation sites or
regions, two of which correspond to the ori-B and ori-B’ peaks
detected by PCR. Thus, there is at least one additional site in
the region bracketed by probe 27 that was not uncovered by
the PCR-based nascent strand abundance assay. Presumably,
an analysis of more, very closely spaced clones or primer pairs
would reveal more of the fine structure of this complex origin
in the PCR approach and in the ELFH experiments described
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here. An important conclusion is that only ~21% of the total
hybridization to all clones tested was targeted to probe 38,
which contains ori-B. Were it possible to have analyzed many
additional clones scattered between those analyzed (Fig. 7C)
and had many of these also been positive for initiation, esti-
mates of the percentage occurring at ori-B would be greatly
reduced. Therefore, ori-B is a prominent site but does not
account for the 80% of initiations suggested to occur at this
site, based on the Okazaki template bias assay (4). This result
is consistent with earlier studies that determined leading-
strand template bias, in which it was not possible to detect a
significant bias with probes situated close to the ori-B-ori-p’
region (21).

Importantly, the only fragment that did not display a detect-
able bubble arc on 2-D gels was the 1.0-kb Pvull fragment,
which was also the only clone that failed to hybridize signifi-
cantly to radiolabeled origin-containing DNA in the size range
of 300 to 1,000 nt in the modified ELFH assay. This result
suggests that when both methods are adjusted to afford ap-
proximately the same resolution (a few kilobases or less), the
results of the two approaches are very similar.

In the results shown in Fig. 7D, we incorporated the data
from four different approaches into one graph for the purposes
of comparison: (i) an early intrinsic labeling study (36), (ii) an
early ELFH assay using aphidicolin-synchronized cells, (iii) the
PCR-based nascent strand abundance assay (31), and (iv) the
high-resolution ELFH experiment described here. Each curve
has been arbitrarily expanded so that the signals at ori-B are
equal. In our opinion, all of this data is very consistent. It is not
difficult to appreciate why the lack of probes in the ori-y region
in the earlier ELFH study (19) would give the impression that
most initiations occur at the ori-B locus. However, when the
resolution is increased and a more extensive part of the spacer
is examined, as in the higher-resolution ELFH study presented
here, a more comprehensive picture of initiation in the region
is obtained. Remarkably, the shape of the curve obtained with
the 300- to 1,000-nt probe in the ELFH assay (Fig. 7D) is very
similar to data obtained almost 12 years ago by intrinsically
labeling replicating DNA as cells entered the S period and
analyzing restriction fragments in the 1- to 2.5-kb range in the
intergenic spacer by a modified in-gel renaturation method
(36). With the exception of regions in which fragments were
not examined in the older study (e.g., near probe 40 and to the
left of probe 38) (36), the patterns are remarkably similar.
Thus, when the size of the nascent DNA analyzed is reduced to
a few kilobases or less, two things are apparent: (i) replication
initiates at many positions throughout the spacer, and (ii) re-
gions (sites?) differ markedly in their efficiency of utilization.

We believe that all of the data that has been collected on this
locus can now be reconciled with a general model in which
potential sites with different efficiencies are distributed at in-
tervals of a few kilobases or less throughout the intergenic
region. This does not exclude the possibility that individual
sites such as ori-B and ori-B’ each contain a genetic element
recognized by sequence-specific trans-acting proteins that fa-
cilitate initiation in their immediate environments (i.e., such as
simian virus 40 T antigen [51] or E. coli dnaA protein [33]).
Indeed, a recent genetic assay analyzed the results of selected
mutations on the ability of a small ori-B-containing fragment to
serve as a replicator for that fragment when inserted at ectopic
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chromosomal positions (1). It was found that some small de-
letions do, in fact, down-regulate initiation by as much as 50%
in the immediate environment of ori-f by the criterion of the
nascent strand abundance assay.

However, it is important to point out that ori-B does not
contain sequences that are required for initiation at sites dis-
tant from itself in the intergenic spacer: when a 4.5-kb frag-
ment containing ori-3 was selectively deleted in loco from the
spacer by homologous recombination, initiation was basically
unchanged in the remainder of the intergenic region, and all
copies of the locus replicated at approximately the same time
during the S period as in the wild-type control (30). If ori-B
corresponds to a local replicator and if such replicators are
distributed as frequently throughout the intergenic spacer as
preferred nascent strand start sites appear to be, then there
must be enormous numbers of such sites in the mammalian
genome. So far, there are no obvious sequence motifs or com-
binations thereof shared by ori-B, ori-B’, and ori-y that could
correspond to specific protein binding sites (see reference 16
for analysis of other candidate origins; P. J. Mosca, H.-B. Lin,
and L. D. Mesner, unpublished observations). Perhaps future
sequence analysis of many such preferred sites will reveal re-
laxed motifs that attract critical initiation proteins.

Whether or not some of these sites correspond to classic
genetic replicators is almost a semantic question at this point,
since each appears to control initiation only in its immediate
environment and then only very inefficiently, rendering it dif-
ficult to define the boundaries of any given replicon. Efficien-
cies in some cases could result from interference by neighbor-
ing active start sites, as has been shown for closely spaced yeast
ARS elements (3). It does seem likely, however, that whether
or not individual start sites are called replicators, the base
composition and/or sequence of some regions (e.g., ori-B, ori-
B’, and ori-y) will attract initiation complexes more efficiently
than other regions and that changes in these sequences will
affect their abilities to load these complexes. The chromatin
environment will also undoubtedly play a role in the efficiency
of initiation site usage, as was pointed out in a recent review
(18, 46). In this regard, it is interesting that the center of the
regions that we previously termed ori-B and ori-y are almost
precisely centered between the 3’ ends of the two genes and
the silent region lying upstream from the MAR. Thus, it is
conceivable that usage of inchoate sites will be determined not
only by sequence but also by local transcriptional activity
and/or chromatin architecture.

Will this polydispersed initiation mode be found in other
higher eukaryotes? Broad replication initiation zones have also
been identified in the ribosomal DNA locus in Xenopus (26),
humans (40), and Chinese hamsters (34); the rhodopsin locus
in Chinese hamsters (13); and the a-polymerase and histone
loci in Drosophila melanogaster (48-50). The only system that
appears to contain a very fixed, solo initiation site is the lamin
B2 origin in human cells, which was defined by the PCR-based
nascent strand abundance assay (17) and by replication initia-
tion point mapping (1). This situation is unusual, however,
since the intergenic region between the two local transcription
units is only ~500 bp in length. Thus, if preferred sites or
regions are distributed at kilobase intervals or less on average
and if active genes are not used as templates for initiation, then
only one such site would be isolated in the spacer between the
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two genes in the lamin B2 locus. The same situation may apply
to oriGNAI3, which has been localized within a 1.7-kb region
in the Chinese hamster genome (53a). In all of the cases in
which initiation is distributed throughout broad zones, it will
be extremely interesting to understand how the homologues of
yeast initiation proteins, which recognize very fixed sites in the
yeast genome, are distributed in mammalian genomes.
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