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Previous studies have shown that mammalian cells contain replicator sequences, which can determine where
DNA replication initiates. However, the specific sequences that confer replicator activity were not identified.
Here we report a detailed analysis of replicator sequences that dictate initiation of DNA replication from the
human �-globin locus. This analysis suggests that the �-globin replication initiation region contains two
adjacent, redundant replicators. Each replicator was capable of initiating DNA replication independently at
ectopic sites. Within each of these two replicators, we identified short, discrete, nonredundant sequences, which
cooperatively determine replicator activity. Experiments with somatic cell hybrids further demonstrated that
the requirements for initiation at ectopic sites were similar to the requirements for initiation within native
human chromosomes. The replicator clustering and redundancy exemplified in the human �-globin locus may
account for the extreme difficulty in identifying replicator sequences in mammalian cells and suggest that
mammalian replication initiation sites may be determined by cooperative sequence modules.

The initiation of DNA replication is a critical step in cell
division. However, little is known about the cellular events that
transmit signals from the cell cycle machinery to the DNA
sequences at which DNA replication initiates. The replicon
model of Jacob, Brenner, and Cuzin (28) proposed that all cells
regulate DNA replication through the interaction of cis-acting
DNA sequences called replicators with trans-acting initiation
factors called initiators. Replicators are defined genetically as
DNA sequences that contain information that allows them to
confer initiation of DNA replication. Replication origins, or
replication initiation sites, are determined biochemically and
mark the regions from which replication forks emanate. Rep-
licators often colocalize with chromosomal initiation sites in
bacteria and in yeast (14). In mammalian cells, DNA se-
quences meeting the biochemical criteria of replication origins
typically do not replicate extrachromosomally, unless they are
linked to viral replicons or nuclear retention signals (14). Var-
ious biochemical strategies designed to identify initiation re-
gions (IRs) in mammalian cells have sometimes generated
conflicting data (8, 14). This led to controversy regarding
whether replicators exist in mammals and whether initiation of
replication in mammalian cells necessitates specific DNA se-
quences.

Mapping of replication initiation profiles in �-globin loci
provided important clues regarding the roles of specific DNA
sequences in directing initiation. The human �-globin locus
resides on chromosome 11 and includes five genes that encode
the �-subunit of hemoglobin. Kitsberg et al. (35) demonstrated
that replication at this locus initiated from a single IR located
between the two adult �-like globin genes. The naturally oc-

curring Lepore deletion, which removed the IR, resulted in
passive replication of the locus from an outside origin. These
data suggested that replication required genetic information
uniquely supplied by the deleted region. Gene transfer exper-
iments, designed to circumvent the need for extrachromosomal
replication assays (1), demonstrated that the IR can initiate
DNA replication when transferred to genomic regions that
lack inherent replicator activity. To control for position effects
that may affect initiation capacity, these experiments were per-
formed at fixed chromosomal locations using recombinase-
mediated gene transfer (1). The IR was also used in human
artificial chromosomes that can replicate extrachromosomally
in human cells (25). These observations suggested that the
initiation of DNA replication in mammalian cells requires spe-
cific replicator sequences and that the �-globin IR is such a
replicator. Similar gene transfer experiments have recently
identified mammalian replicators in other loci. For example,
the replication IR from the human myc locus can initiate DNA
replication at ectopic sites (30, 39), and one of the redundant
replication origins residing within an expanded replication IR
in the Chinese hamster dihydrofolate reductase (DHFR) locus
(17) exhibits replicator activity (5).

The next challenge lies in determining which sequences are
essential for replicator activity. Replication initiation sites, in-
cluding the �-globin replicator, share some common features
(22), but unlike genomic replicators in budding yeast, they do
not exhibit a clear consensus sequence. These initiation sites
tend to contain AT-rich regions, asymmetric purine:pyrimidine
stretches, matrix/scaffolding attachment regions, potential cru-
ciform structures, and regions that resemble yeast origin rec-
ognition complex (ORC) binding sites (8, 9, 44). Such se-
quence features are present within the �-globin IR; however,
similar regions are also found in sequence elements that do not
initiate DNA replication. The relevance of these elements to
replicator activity is unclear.
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We used the gene transfer approach to identify sequence
features that are required for initiation of DNA replication
from the globin IR to initiate DNA replication at constant
ectopic chromosomal sites. A limited deletion analysis sug-
gested that the �-globin replicator includes a core element that
is essential, but not sufficient, for initiation of DNA replication
(1). However, the specific sequences that confer the ability to
initiate replication were not determined. Here we report a
detailed analysis of the human �-globin replication IR. Using
ectopic initiation assays, our data revealed that this region
contained two redundant, independent, nonoverlapping repli-
cators, each of which was sufficient to initiate replication at
ectopic sites. Within each replicator, initiation of DNA repli-
cation required cooperation between at least two unique, non-
redundant sequences. IR deletions that did not allow initiation
at ectopic sites also failed to initiate replication within the
intact native globin locus. These observations may account for
the extreme difficulty of identifying replicator sequences in
mammalian cells and suggest that mammalian replication ini-
tiation sites are determined by specific cooperative sequence
modules.

MATERIALS AND METHODS

Cells and culture conditions. Simian CV-1 E25B4 (B4) cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10% fetal calf serum and
antibiotics as needed. DNA fragments to be tested for replicator activity were
inserted downstream of the FLP recombination target (FRT) site in the shuttle
vector pSFV (2). We used site-specific recombination to insert the replicator
candidates into the B4 cell line. Insertion of the putative replicator fragments
disrupted transcription from the lacZ marker, as described previously (1). Col-
onies were selected for hygromycin resistance and screened for insertion at the
B4 site by staining for �-galactosidase activity, followed by PCR and hybridiza-
tion analyses to verify that single copies of clones had been inserted.

Chicken DT40 cells harboring human chromosome 11 have been described
previously (16). Homologous recombination was used to replace sequences
within the �-globin locus with the neomycin marker flanked by LoxP sites as
described previously (16). The intervening neomycin marker was excised by
CRE-mediated recombination, and the structure of the recombinants was veri-
fied by Southern hybridization analyses. The region between the PmeI and MfeI
sites (coordinates, 61111 to 62805) was deleted in the clone designated �IRC;
the region between the SnaBI and BspMI sites (coordinates, 61872 to 62267) was
deleted in the clone designated �IRM, and the region between two PmlI sites 5�
of the IR (coordinates, 46122 to 55216) was deleted in the clone designated �L.
All coordinates are for the compiled human �-globin locus (GenBank sequence
accession no. U01317.1).

Replication initiation analyses. The probes and primers used in this study are
listed in Table 1. The IR fragments tested for replicator activities are listed in
Table 2. Genomic DNA and nascent-strand DNA were prepared as described
previously (4). Briefly, DNA was collected from asynchronous cultures and
denatured by boiling followed by rapid cooling, and short DNA strands were size
fractionated on neutral sucrose gradients. DNA strands ranging in size from 0.6
to 2.5 kb were collected and treated with � exonuclease, as described previously
(7, 36). Nascent strands were further size fractionated by gel electrophoresis and
amplified by real-time PCR in an ABI 7900 thermocycler using a series of
probe-primer combinations surrounding the inserted replicator and adjacent
sequences. The amount of DNA in each sample was quantified by pico-green
analysis (Molecular Probes, Eugene, Ore.). Genomic DNA that was not treated
with exonuclease was used as a standard for calculating the number of molecules
in the template. Genomic DNA from simian CV-1 cells was used as a nontem-
plate control to verify that primers used in the study were specific for the inserted
DNA. The LacZ primer-probe combination, which lies nearly 5 kb away from the
inserted replicator candidates, was used as a standard control for sequences that
did not initiate DNA replication (1). Data from three PCRs for each primer-
probe combination were used to calculate the amount of sequence-specific nas-
cent strands, as described previously (4). All the experiments were performed at
least three times, and a representative PCR analysis from a single experiment is
shown.
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Mutagenesis. The QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, Calif.) was used to construct replicator mutants. Briefly, primer annealing
was followed by extension with PfuTurbo DNA polymerase and incubation with
DpnI, which digests the dam-methylated parental DNA template and selects for
mutation-containing newly synthesized DNA. All mutants were verified by DNA
sequencing (National Cancer Institute core sequencing facility).

RESULTS

The IR is composed of two independent replicators. In a
previous study, we suggested that the IR contains a central
sequence of 2.3 kb, spanning from the promoter through the
second intron of the �-globin coding sequence, and that this
region is essential, but not sufficient, for initiation to occur.
Initiation of DNA replication required interaction of this cen-
tral sequence with other elements residing on either side of the
IR. These data could imply that the central region contains
unique information required for initiation, which could be
complemented by redundant information at each of the two
adjacent regions. Alternatively, the data could be interpreted
to suggest that the IR contains two independent, redundant
replicators that are both disrupted when the central region is
deleted. To distinguish between these two hypotheses, we ex-
amined whether it is possible to dissect the IR into two DNA
fragments that can direct independent initiation at ectopic
sites.

We used the nascent-strand abundance assay to determine
whether initiation of DNA replication occurred from a series
of clones inserted at a fixed site in the E25B4 simian cells (B4
site), as described previously (1). This method involves isola-
tion of nascent DNA strands, which are small (600 to 2,500
bases), RNA-primed DNA fragments, from cells containing
replicator candidates (see Materials and Methods for details).
Insertion of all the putative replicator candidates into a fixed
site in the simian genome was performed using site-specific
recombination to neutralize position effects, which are known
to affect initiation capacity. To measure whether DNA repli-
cation initiated within the inserted DNA fragments, we probed
the isolated nascent DNA strands for sequences derived from
the inserted replicator. To facilitate the analysis of initiation of
DNA replication from multiple clones inserted at ectopic sites,
we modified our previous procedure to incorporate real-time
PCR for measuring nascent-strand abundance. A high abun-

dance of sequences from the inserted sequence, relative to
distal fragments that do not initiate replication, indicated that
replication initiated within the inserted fragment. This method
allows rapid analysis of multiple clones in a consistent and
reliable manner (4). It is important to note that probe abun-
dance and amplification efficiency can vary up to twofold be-
tween independent nascent-strand preparations derived from
the same cell line. This sample variation limits the use of the
nascent-strand abundance method in fine mapping of initiation
sites and does not allow detection of less-than-twofold varia-
tions in origin usage. Nevertheless, the method is very sensitive
and reproducible in determining whether replication initiated
from a specific known sequence. Combined with genetic anal-
ysis, this is therefore the method of choice for determining
whether a fragmented or altered replicator retained its ability
to initiate replication. An example of the nascent-strand abun-
dance assay coupled with real-time PCR analysis is shown in
Fig. 1.

A series of nonoverlapping fragments of the IR were in-
serted into a fixed site within the simian genome, using site-
specific recombination. Figure 2 shows a nascent-strand abun-
dance assay with such simian cells containing two fragments
that included a portion of the IR central core region. This
region was previously determined to be necessary, but not
sufficient, for initiation of DNA replication (Fig. 2A). The 5�
fragment, running from the HindIII site at position 59590 to
the NcoI site at position 62187, contained a portion of the
central core region and a region located 5� to the central region
that was unable to initiate replication but could complement
the entire 2.3-kb central region in facilitating initiation. This
fragment includes the promoter of the �-globin gene. Simi-
larly, the 3� fragment from the NcoI site at position 62188 to
the XbaI site at position 65422 contained the complementary
portion of the core and a sequence located 3� to the central
region, which could complement the 2.3-kb central region in
facilitating initiation. This fragment includes the large intron of
the �-globin gene.

We performed real-time PCR on a preparation of newly
replicated DNA strands to determine whether initiation of
DNA replication occurred within the inserted fragments. We
used a series of primers located within the replicator frag-
ments, as well as primers amplifying sequences from the hy-
gromycin resistance gene (hyg) and the lacZ marker, which is
located 5 kb away from the inserted fragments and serves as a
negative control. Sequences from the African green monkey
�-globin region (CV-1 bG) served as positive controls. (Prim-
ers from the �-globin locus are labeled “bG” followed by a
number that designates the map location of the amplified se-
quence in kilobases [Fig. 2B to D]. For primer and probe
sequences, see Table 1). Figure 2B to D shows analyses of
nascent strands derived from cells harboring either the entire,
previously identified IR or each of the two fragments described
above. Sequences from each of these fragments were abundant
in newly replicated, short exonuclease-resistant DNA strands
and exhibited amplification similar to that of the entire IR.
These data suggest that each of the two nonoverlapping frag-
ments was able to confer initiation at an ectopic location to the
same extent as the entire IR. Hence, two redundant elements
within the human �-globin IR contain information that is re-
quired for replicator activity. Of these two newly identified

TABLE 2. Fragments from the globin IR

Name Positiona Restriction sites

bGRep-P 59590–62187 HindIII-Ncol
bGRep-I 62188–65422 NcoI-XbaI
�B 59590–59882, 60677–62187 HIII-BI, BI-NcoI
�H 59590–60696, 61323–62187 HIII-HII, HII-NcoI
�S 59590–61503, 61870–62187 HIII-Sphl, SnaBl-Ncol
�S-N 59590–61870 HIII-SnaBl
S-N 61870–62187 SnaBl-Ncol
�AT 61557–61620
LI(AT) 61557–61620
�AG 62074–62118
�CCAAT 62061–62065
�NP 62611–67378 PmII-HIII
�NE 63532–65422 EcoRI-Xbal
�NS 63753–65422 Swal-XbaI
�P 626117–64302, 64561–67378 PmII-Pstl, Pstl-HIII

a GenBank sequence accession no. U01317.1.
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replicators, the upstream sequence, which contains the pro-
moter of the �-like �-globin gene, was labeled �-globin repli-
cator P (bGRep-P), whereas the adjacent downstream se-
quence, which includes the large intron within the �-like
�-globin gene, was labeled �-globin replicator I (bGRep-I).

It should be noted that sequences derived from the hygro-
mycin resistance marker were abundant in nascent strands
from cells containing Rep-P, whereas these sequences were not
abundant in nascent strands from cells containing Rep-I (for
example, compare Fig. 2C with 2B and 2D). Since nascent
strands collected in all experiments were of uniform size, these
consistent variations indicate the occurrence of initiation
events within the region extending from the center to the 3�
end of Rep-P, resulting in inclusion of sequences from the

hygromycin resistance marker in nascent strands. The low
abundance of hyg sequences in nascent strands from cells con-
taining Rep-I suggests that initiation events are not frequent at
the 3� end of this replicator.

Activity requirements within the two replicators. In order to
determine which sequences are essential for the initiation of
DNA replication, we created a series of cell lines harboring
fragments from each of the replicators or containing point
mutations in sequences we wished to test for replicator activity.
All these mutants were inserted into a constant site in E25B4
cells (B4 site) and tested for replicator activity using the na-
scent-strand abundance assay.

An evolutionarily conserved AT-rich sequence was not re-
quired for initiation from replicator P. Evolutionary analyses

FIG. 1. Replication initiation assays. (A) Schematic illustration of the methodology used for nascent-strand abundance assay. DNA strands are
depicted as solid gray lines, and 5� primer RNAs are shown as solid black boxes. Newly replicated origin-proximal DNA was selected by size (600
to 2,500 bp) and by resistance to lambda exonuclease (an enzyme that digests DNA with a 5� DNA tail but not DNA with a 5� RNA tail). Nascent
strands isolated in this way were then subjected to real-time PCR with primers encompassing the locus of interest. (B) An example of real-time
PCR output. Standards of genomic DNA at fixed concentrations were used in a PCR along with an unknown sample. The abundance of the PCR
products in nascent DNA was calculated based on the cycle in which fluorescence from the real-time PCR crossed the manually set threshold. (C) A
calibration curve based on the data shown in panel B. (D to F) An example of data processing. (D) PCR amplification of three independent
preparations of nascent strands from CV-1 E25B4 cells containing the �-globin IR at the B4 site. Histogram bars show the average amplification
efficiency of PCR products from a series of probes (for probe sequences and locations, see Table 1). Error bars indicate standard deviations.
(E) The same data shown in panel D, represented as the ratio of the abundance of specific sequences to the abundance of sequences amplified
by lacZ primers. (F) A histogram depicting the average abundance of specific sequences in nascent strands, represented as the average of the
measurements shown in panel E from three independent nascent-strand preparations. Error bars indicate the upper and lower ranges of the
measured ratios.
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had identified a conserved, AT-rich, alternate purine-pyrimi-
dine sequence within the Rep-P region (21). Since this region
was not essential for transcription, it was suggested that this
conserved sequence might play a role in replication initiation.
To test this hypothesis, we created a cell line harboring a
modified Rep-P replicator in which the AT-rich sequence AT
GCATATATATGTATATGTATGTGTGTATATATACAC
ATATATATATATATTTTTTTTCTTTT was deleted. Then
we created another cell line in which a non-AT rich sequence,
TCAGTTACGCTAGGGATAACAGGGTAATATAGCCC
GGGCATATGAGCCTGATATCTGATCACT, replaced the
AT-rich sequence above. As shown in Fig. 3, fragments har-

boring the deletion of the AT-rich sequence [�(AT)] initiated
DNA replication at the ectopic site, similar to results for the
wild-type sequences. The deletion/linker insertion [L1(AT)]
exhibited a similar behavior. These data suggest that the evo-
lutionarily conserved AT-rich sequence was not essential for
replicator activity.

Two separate sequence elements are required for initiation
from replicator P. We next created a series of deletions in
Rep-P in order to identify regions within this replicator that
dictate initiation of DNA replication. An analysis of a series of
such deletions is shown in Fig. 4. When the entire Rep-P is
inserted, sequences from this replicator (wild type) are abun-

FIG. 2. Identification of two nonoverlapping, independent replicators within the human �-globin IR. (A) A schematic representation of the IR
from the human globin locus. Replication initiates from the region between the two adult �-globin genes (top line). The IR (IR) encompasses the
promoter and the majority of the �-like-globin gene (second line); preliminary analysis identified a core central region within the IR, which was
essential but not sufficient for initiation (third line) (1). The present analysis divided the IR into two fragments designated bGRep-P and bGRep-I
(bottom line). The gray boxes on the top line represent the globin genes; white boxes in the second line represent exons, while the dashed line
represents the direction of transcription. (B to D) DNA fragments originating from the human �-globin IR were inserted into the FRT site in CV-1
E25B4 cells as described. The abundance of IR-derived DNA sequences in short, exonuclease-resistant, newly replicated DNA was determined
by real-time quantitative PCR and quantified as shown in panel F. A dissection of the locus at the NcoI site (coordinate 62187) preserved the ability
to initiate DNA replication in both fragments when each fragment was inserted at the ectopic site, suggesting that both fragments can function
as independent nonoverlapping replicators. Real-time PCR analysis of the entire IR (B), analysis of bGRep-P, (C), and analysis of bGRep-I
(D) are shown. Data are represented as the number of molecules amplified from RNA-primed nascent strands divided by the number of molecules
amplified from the same preparation by the lacZ primers. Each histogram bar depicts the average of three independent measurements. Error bars
represent the range of measured ratios.

VOL. 24, 2004 THE �-GLOBIN IR CONTAINS TWO REPLICATORS 3377



dant in nascent strands. A deletion of 795 bp between the two
BamHI sites (�B) dramatically diminished the ability of the
fragment to initiate DNA replication, while a deletion of 627
bp between the two HincII sites (�H) did not affect initiation
of DNA replication. Similarly, a deletion of 348 bp between the
SphI site and the SnaBI site (�S) resulted in a slightly higher
abundance of replicator sequences in nascent strands. How-
ever, this increase was within normal sample variation (the

ratio between the amplification of replicator markers, such as
the bG61.3 primers, and that of the distal lacZ marker was 14.2
for the wild-type insert versus 16.24 for the �S insert) and
suggested that this deletion had no effect on replicator activity.
In contrast, a deletion of 314 bp between the SnaBI site and
the NcoI site (�S-N) dramatically diminished initiation of rep-
lication. The 314 bp between the SnaBI site and the NcoI site
(S-N) could not initiate DNA replication when inserted inde-

FIG. 3. An evolutionarily conserved alternate AT-rich stretch is not essential for replicator activity within the �-globin Rep-P replicator.
(A) Insertion of the IR Rep-P fragment into an FRT-containing acceptor site in the simian genome using site-specific recombination. The insertion
vector, used to clone putative replicator candidates, contains an FRT and a hygromycin resistance marker (hyg). The acceptor site has an identical
FRT sequence inserted into the simian genome. Transfection of the vector into cells containing the target in the presence of excess FLP
recombinase leads to frequent integrations of the entire insertion vector into the target. Integration disrupts the expression of the lacZ marker.
Recombinant clones are selected based on hygromycin resistance and lack of lacZ expression, and Southern hybridization and PCR analyses are
then used to verify that recombinant colonies contained single copies of the insertion vector in the acceptor sites. The filled grey arrows represent
FRT sites; the double-headed arrow represents the location of the probe used in panel B; and the arrows designated P1 to P6 represent the
locations of the primers used in panel C. (B) Analysis of the structure of recombinant clones using Southern hybridization. Lanes 1, 4, and 7 contain
DNA from a colony with a single-copy integration of Rep-P at the target site; lanes 2, 5, and 8 contain DNA from a second colony containing the
same insert exhibiting a similar structure; lanes 3, 6, and 9 contain DNA from a colony that exhibits a rearrangement of the inserted Rep-P
fragment. DNAs were digested with HindIII (lanes 1 to 3), NotI (lanes 4 to 6), and AspI (lanes 7 to 9) and probed with a NotI fragment from the
�-globin locus (double-headed arrow in panel A). Lane M shows molecular size markers ranging from 0.5 to 12.2 kb (Invitrogen, Ready-load 1
kb ladder). (C) PCR analysis of recombinant clones containing Rep-P. Lanes 1, 4, and 7 show the analysis of DNA from a colony with a single
copy of Rep-P integrated at the target site, lanes 2, 5, and 8 show the analysis of DNA from a similar colony, and lanes 3, 6, and 9 show the analysis
of DNA from a colony exhibiting integration at another genomic site. Lanes 1 to 3 show amplification products using primer pair P1 and P2; lanes
4 to 6 show amplification products using primer pair P3 and P4, and lanes 7 to 9 show amplification products using primer pair P5 and P6.
Integration into the acceptor site will prevent amplification using primer pairs P1 and P2 but allow amplification using primer pairs P3 and P4 and
P5 and P6. (D) DNA fragments containing Rep-P were mutated in vitro as indicated, inserted into the FRT site in CV-1 E25B4 cells, and tested
for initiation activity as described in the legends to Fig. 1 and 2. The wild-type (WT) histogram bars show nascent-strand abundance data from the
unaltered Rep-P. The B4 bar represents the nascent-strand abundance of a hygromycin marker at the FRT site in the absence of sequences from
the �-globin replicator. Deletion of the AT-rich region, or replacement of this region with a non-AT-rich linker, did not affect initiation capacity.
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pendently into the B4 site. Therefore, two regions seemed to
cooperate to initiate DNA replication from Rep-P: a region of
795 bp between the two BamHI sites, designated Rep-P-1, and
a region of 314 bp between the SnaBI site and the NcoI site,
designated Rep-P-2.

A 921-bp region encompassing the large intron is essential
for initiation from replicator I. We next made a series of
deletions in Rep-I, as shown in Fig. 5. Similar to the analysis of
the Rep-P replicator, we found that several deletions had no
effect on replicator capacity. For example, a deletion of 423 bp
between the NcoI site and the PmlI (�NP) site did not affect
initiation. In contrast, a deletion of 1,344 bp between the NcoI
site and the EcoRI site (�NE), as well as a larger deletion of
1,665 bp between the NcoI site and the SwaI site (�NS),
prevented initiation. A PstI fragment that lies 3� to the EcoRI
site (�P) was not required for initiation. Since deletion of the
region between the NcoI site and the PmlI sites initiated rep-
lication at the ectopic site, whereas a larger deletion that also
deleted the PmlI-EcoRI fragment could not initiate, we con-
cluded that a region of 921 bp between the PmlI site and the

EcoRI site was essential for replicator activity. This region,
which was deleted from both the �NE and the �NS constructs,
was designated Rep-I-1. Interestingly, the Rep-I-1 region con-
tains a putative ORC binding site (8) and a putative cell cycle-
dependent DNase-hypersensitive region (9, 10, 18, 19).

A purine:pyrimidine-rich domain was required for initiation
of DNA replication from replicator P. The sequence desig-
nated Rep-P-1 (Fig. 4), which was essential for initiation of
DNA replication from Rep-P, contains an asymmetric, purine:
pyrimidine stretch (purines on one strand and pyrimidines on
the other strand; 78% AG), AGGAGCAGGGAGGGCAGG
AGCCAGGGCTGGGTCAGGG. We used in vitro mutagen-
esis to delete this region from the 5� replicator and inserted a
fragment containing this deletion into the B4 site [Fig. 6,
�(AG)]. The nascent-strand analyses shown in Fig. 6 suggested
that this deletion blocked initiation of DNA replication from
Rep-P, implicating this region as essential for replicator activ-
ity.

Deletion of the CCAAT box of the �-globin promoter had no
effect on initiation. The Rep-P replicator colocalizes with the

FIG. 4. Genomic regions required for replicator activity within Rep-P. DNA fragments originating from bGRep-P (see Fig. 2) were inserted
into the FRT site in CV-1 E25B4 cells and tested for initiation activity using the nascent-strand abundance assay described in the legends to Fig.
1 and 2. Deletion of a 300-bp fragment extending from the SnaBI site to the NcoI site (�S-N, coordinates 61870 to 62187) and deletion of an 800-bp
fragment between the two BamHI sites (�B, coordinates 59882 to 60677) greatly diminished the representation of sequences from the inserted
human �-globin fragment in nascent strands. Other deletions did not affect replicator activity, suggesting that the two 300- and 800-bp sequences
(Rep-P-1 and Rep-P-2, outlined by double arrows) cooperate to confer the ability to initiate DNA replication at the ectopic site. WT, wild type.
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�-globin promoter. Although replication initiates from the re-
gion between the two adult globin genes even in the absence of
transcription, it was interesting to determine whether tran-
scription may have a role in determining initiation of DNA
replication from the independent Rep-P. Therefore, we next
determined whether the CCAAT box, which is essential for
transcription from the �-globin promoter, has a role in initiat-
ing DNA replication from Rep-P. As shown in Fig. 6
[�(CCAAT)], DNA replication initiated from Rep-P regard-
less of the presence or absence of the deletion of the CCAAT
box. Nascent strands amplified from cells containing the
CCAAT deletion fragments apparently exhibited stronger am-
plification than nascent strands from cells containing the wild-
type fragments, but this variation was not significant, since the
ratios between the amplification efficiency of sequences within
the inserted replicators and that of the distal lacZ marker
varied less than twofold. These data suggest that the deletion
of the CCAAT box did not affect initiation efficiency, implying
that the transcription potential of the �-globin promoter does

not correlate with the initiation potential of the Rep-P repli-
cator.

The intact �-globin locus and ectopic sites exhibit similar
requirements for replicator activity. The experiments outlined
above provided new insight into the nature of replicator se-
quences that are required for initiation of DNA replication at
ectopic locations. However, these studies did not establish
whether these sequences are essential for initiation at the na-
tive locus. Although the Lepore deletion does not initiate rep-
lication from a region adjacent to the deleted IR, it remains to
be determined whether this was due to deletion of the IR or to
another defect in the diseased chromosome. We next directly
addressed the question of whether the deletion of putative
replicator sequences will prevent initiation in the context of the
entire �-globin locus. To do this, we exploited the fact that the
DNA replication initiation profile was conserved when the
human chromosome containing the �-globin locus (chromo-
somes 11) was transferred into cells originating from other
vertebrates, such as murine-human and chicken-human so-

FIG. 5. Genomic regions required for replicator activity within Rep-I. DNA fragments originating from Rep-I (see Fig. 2) were inserted into
the FRT site in CV-1 E25B4 cells and tested for initiation activity using the nascent-strand abundance assay as described in the legends to Fig.
1 and 2. Deletion of DNA fragments, including a region extending from the PmlI site to the EcoRI site designated Rep-I-1 and outlined by a double
arrow, did not allow replication. These data suggested that this region was essential for the initiation of DNA replication. WT, wild type.
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matic cell hybrids (3). Figure 7 shows an analysis of initiation
of DNA replication in �-globin loci contained within human
chromosomes in chicken-human somatic cell hybrids. Initia-
tion was measured in hybrids containing the entire human
chromosome 11 and two derivatives in which parts of the IR
were deleted, �IRC and �IRM. Each deletion removed parts
of both the 5� and the 3� replicators, Rep-P and Rep-I, which
were identified as essential through ectopic analyses. As shown
in Fig. 7, the transferred wild-type human chromosome initi-
ated replication. In contrast, replication failed to initiate in the
region between the two adult genes in the �IRC and �IRM
mutants, in which parts of the two replicators had been de-
leted. As a control, we included a fourth chromosome (�L), in
which an extended region 5� to the IR was removed. This
chromosome initiated DNA replication from the IR, confirm-
ing that the process of creating the deletions did not interfere
with the ability to initiate DNA replication.

DISCUSSION

Replicator activity at ectopic sites and native loci. We mea-
sured replicator activity as defined by intrachromosomal initi-

ation at ectopic sites. This approach is based on earlier obser-
vations suggesting that replication origins included within
lambda phages and cosmid clones can initiate replication when
integrated into the mammalian genome (12, 13, 23), on our
previous observation that the human �-globin IR can initiate
replication at ectopic sites (1), and on subsequent ectopic ini-
tiations observed for the DHFR (5) and the c-myc (30, 39) loci.
These studies indicate that replicator activity is a feature of
mammalian replication initiation sites and suggest that ectopic
initiation assays can be used to identify DNA sequences that
dictate the initiation of DNA replication. The ectopic initiation
analyses reported here identified two redundant replicators
within the human �-globin IR and demonstrated that initiation
activity within these replicators was dictated by short se-
quences. Such short sequences could be mutated to produce
nonfunctional replicators. Analyses using intact human chro-
mosomes in human-chicken hybrids further revealed that de-
letions that produced nonfunctional replicators at the simian
ectopic sites failed to initiate replication in the native chromo-
some. These observations demonstrate that the same se-
quences dictate initiation of DNA replication at both ectopic
and native loci and validate the use of ectopic replicator assays

FIG. 6. An asymmetric purine:pyrimidine stretch is required for replicator activity within Rep-P. DNA fragments containing Rep-P were
mutated in vitro as indicated, inserted into the FRT site in CV-1 E25B4 cells, and tested for initiation activity as described in the legends to Fig.
1 and 2. Deletion of the CAAT box did not affect initiation capacity, whereas a deletion of the asymmetric purine:pyrimidine stretch (AG) blocked
initiation from Rep-P sequences at the ectopic site. WT, wild type.
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to study the sequence requirements for initiation in mamma-
lian cells. However, our data also imply that replicator cluster-
ing can mask the sequence requirements for replication initi-
ation and complicate the interpretation of ectopic or in situ
initiation data. For example, deletion of sequences essential
for initiation in the context of a single replicator will not pro-
hibit initiation in the context of the entire globin IR, since the
other replicator stays intact. Replication clustering may, there-

fore, underlie the apparent lack of sequence specificity ob-
served in some replication IRs in mammalian cells.

While the studies presented here helped identify DNA se-
quence elements required for initiation, they did not deter-
mine the minimal requirement for replicator function. More-
over, studies at native loci suggest that sequences required for
replicator activity may localize at a considerable distance from
replication origins. For example, in the human �-globin locus,

FIG. 7. Requirements for replicator activity within the human �-globin locus in the context of an intact human chromosome 11. The entire
human chromosome 11 was transferred to the chicken DT40 cell line, as described previously (16). The indicated regions were deleted from the
human �-globin locus: �IRC, deletion of a 1.7-kb fragment between the PmeI and MfeI sites; �IRM, deletion of a 500-bp fragment between the
SnaBI and BspMI sites; and �L, deletion of a fragment between two PmlI sites 5� of the IR. (A) Illustration of the homologous recombination
followed by CRE-mediated excision of the IR fragments (for details, see reference 16). The top line shows a schematic illustration of the entire
�-globin locus; the �-like globin genes are shown as shaded boxes. The second line shows a magnification of the IR region between the � and the
� genes. The third line shows the structure of a recombinant in which a neomycin resistance gene (neo) flanked by LoxP sites (grey arrows) replaced
a part of the IR by homologous recombination. The fourth line shows the structure of a chromosome created by Cre-mediated excision, which
deleted a part of the IR, leaving a LoxP site. Double-headed arrows designated P or I represent the location of probes from the human �-globin
locus that straddle the inserted LoxP sites. These probes were used in the hybridization experiments shown in panel B. Sites marked by the letter
H represent HindIII restriction sites. (B) Southern blot analysis of the structure of �IRC. Genomic DNA (10 �g) was digested with HindIII,
fractionated on a 0.6% agarose gel, immobilized on a nylon membrane, and hybridized with probes designated I and P as indicated. Lanes 1 contain
DNA from a homologous recombinant (third line from the top in panel A); lanes 2 to 5 contain DNA from three different clones resulting from
CRE-mediated deletion. Lane 3 contains DNA from the chosen clone �IRC. M, molecular size markers derived from 32P-labeled HindIII digestion
of bacteriophage � DNA ranging from 2.3 to 23 kb. The insertion of the neo marker into the globin locus introduced a HindIII site. The two probes,
P and I, identified two separate HindIII fragments in the homologous recombinant (4.3 kb and 5.1 kb). After excision, one of the HindIII sites
was eliminated and both probes identified a 7.4-kb fragment. Excision was also verified by lack of hybridization to a probe containing the neomycin
gene (data not shown). (C) Initiation of DNA replication was measured by the nascent-strand abundance assay as described in the legends to Fig.
1 and 2, using primers from the human �-globin locus except for the CKNLYSC and the CKNLYSNG primers, which were derived from the
chicken lysozyme locus (see Table 1 for sequence information). The primer pair CKNLYSNG, which is not abundant in nascent strands from
chicken cells (45), served as a standard. Primer locations are illustrated below the histograms. The �IRC and �IRM chromosomes did not initiate
DNA replication, whereas the unaltered chromosomes and the �L chromosomes initiated DNA replication from the IR. WT, wild type.
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deletion of the locus control region and upstream sequences in
Hispanic thalassemia prevents replication initiation from the
IR (2). By contrast, as shown here and in previous studies (1),
the IR and fragments of the IR can initiate replication at
simian ectopic sites in the absence of the LCR. These data
suggest that other sequences may substitute for the LCR in
providing an environment permissive for initiation. Similarly,
distal sequences are required for initiation of DNA replication
in the Chinese hamster DHFR locus (29, 42). Therefore, it is
important to note that while the ectopic assays reported here
were useful for identification of sequences required for repli-
cator function, the question of whether specific combinations
of these essential sequences are sufficient for initiation of DNA
replication awaits further studies.

Sequence requirements for initiation of DNA replication in
the human �-globin locus. Unraveling the two replicators al-
lowed us to determine which of the sequence elements abun-
dant in replication origins were critical for dictating replicator
activity within the globin IR. As summarized in Fig. 8, DNA
sequences essential for initiation from Rep-P and Rep-I con-
tain some AT-rich stretches and a region of asymmetric pu-
rines:pyrimidines, which was essential for initiation in Rep-P.
However, the distances between these sequence features are
not conserved, and the regions essential for replicator activities
do not share significant sequence homology beyond the AT-

rich region and the asymmetric purine:primidine stretches.
Moreover, these essential regions do not exhibit easily identi-
fiable homology to other mammalian replicators and replica-
tion origins identified to date (8). These observations may
imply that although replicator activity is determined geneti-
cally, the sequence requirements for initiation are unique for
each replicator. Alternatively, the data may suggest that repli-
cator activity is determined by a combination of sequence
features, such as AT-rich and asymmetric purine:pyrmidine
elements, irrespective of distance or adjoining sequences. The
studies presented here suggest that a combination of AT-rich
and asymmetric purine:pyrimidine sequences have a role in
facilitating initiation but had not determined whether these
sequences were the sole requirements for initiation at ectopic
sites. As shown in Fig. 8, our data do not support a role for
other sequence features commonly observed in replication or-
igins, such as palindromes, cruciforms, and bent-DNA regions,
in determining initiation activity within the �-globin replica-
tors.

The role of AT-rich sequences. In budding yeast (Saccharo-
myces cerevisiae), most replicators are comprised of a clearly
identified ORC binding site, which is very AT rich, and certain
auxiliary sequences (8, 32). However, in some cases, multiple
copies of less than perfect ORC binding sites can be sufficient
for initiation (52). In other organisms, including other yeast

FIG. 8. Summary of sequence features implicated in replication IRs and their locations within the two �-globin replicators. Diamond shapes
indicate the locations of sequence features within the �-globin IR relative to the locations of the two replicators, bGRep-P and bGRep-I, and the
essential regions within the replicators. Sequences whose roles in initiating DNA replication were tested directly by in vitro mutagenesis are
depicted as shaded diamonds and designated essential or not essential.
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species, such as Schizosaccharomyces pombe, the requirements
for initiation are not as well characterized, and the common
features that seem to be present in replication initiation sites
are mainly AT-rich tracts (8, 17, 33, 34, 39, 41–43, 47, 55, 56).
This specificity reflects the affinity of the fission yeast ORC4,
which contains AT hooks, to AT-rich sequences (37). At the
molecular level, two AT-rich ORC binding sites cooperate for
efficient formation of preinitiation complexes and initiation of
DNA replication (50). Mammalian ORC can initiate replica-
tion in a sequence-independent manner in Xenopus egg ex-
tracts and does not exhibit sequence specificity beyond a strong
preference for AT-rich sequences (53). Two of the regions
essential for replicator activity, Rep-P-1 in Rep-P and Rep-I-1
in Rep-I, contain long series of AT-rich nucleotide stretches.
These elements are necessary but not sufficient for initiation
(Fig. 8) (1) and may represent preferred ORC binding sites or
function as DNA-unwinding elements (26, 38). Our data also
reveal that an evolutionarily conserved alternate (AT) se-
quence, which was speculated to play a role in replicator ac-
tivity (21), was not essential for initiation at Rep-P.

The requirement for an asymmetric purine:pyrimidine se-
quence. Analysis of the 5� replicator, Rep-P, revealed that
replicator activity depended on the purine:pyrimidine (AG-
rich) tract at position 62074. This element was essential, but
not sufficient, for replicator activity. An identical element is not
present in Rep-I. However, a different AG-rich region (�80%
AG) is present in Rep-I-1 (Fig. 8) which is necessary for ini-
tiation (starting at position 62695 in the globin locus [GenBank
accession no. U01317.1]). This sequence lies just upstream of
the AT-rich stretch. Similar, but not identical, AG-rich
stretches (�75% AG) are present in Chinese hamster DHFR
Ori-� and in the human Lamin B replication origins (starting
at positions 4294 in the sequence under GenBank sequence
accession no. 1731964 and 4277 in the sequence under Gen-
Bank sequence accession no. 186920, respectively). Functional
analyses of these replication origins will be required to assess
whether these other AG-rich sequences are indeed essential
for initiation of DNA replication.

Role of transcriptional regulatory elements. Replication ini-
tiation sites are preferentially localized to intergenic regions in
yeast (11), and some mammalian replication IRs were also
mapped in intergenic (24, 55) or promoter (6, 8, 35) regions
(for a review, see references 8 and 22). The onset of transcrip-
tion coincides with specification of replication origins in Xeno-
pus development (27), and the transcription status of develop-
mentally regulated loci may influence origin choice in flies (40)
and mammals (56). Transcriptional regulatory elements may
act as replication enhancers in viral systems (15), while tran-
scription may inhibit plasmid replication in bacteria (49) and in
yeast (48), and protection from transcription dictates the po-
sitions of initiation sites in yeast chromosomes (11, 48). Here,
we found that although Rep-P colocalizes with the promoter of
the �-like �-globin gene, deletion of the transcriptional regu-
latory CCAAT element did not affect the ability to initiate
DNA replication. Moreover, Rep-I is located within the �-glo-
bin transcription unit. These observations, along with previous
data for the CAD (31), RPS14 (51), and lamin B (6, 8, 35)
replication origins, suggest that replicator activity in mamma-
lian cells can localize in transcribed regions. These data are
consistent with the observation that replication initiates from

the human �-globin IR regardless of the transcriptional status
of the locus and the identity of the gene that is being tran-
scribed (3, 35).

Redundant modular replicators in the initiation of DNA
replication. Redundancy in replication initiation sites seems to
be a prevalent feature in eukaryotes. In S. cerevisiae, most
initiation sites are defined by distinct replicator sequences,
which consist of well-defined sequence modules (8). However,
some complex replication initiation sites contain redundant
replicators (52). A similar clustering of replicators is observed
in the replication initiation site of S. pombe ura4, which is
adjacent to a “replication enhancer” that contains short
stretches of AT-rich sequences (34). These enhancer se-
quences exhibit functional redundancy with sequences from
within the replication origin. In mammalian cells, replication
within the Chinese hamster DHFR gene initiates from a broad
zone of potential initiation sites, in which some regions initiate
replication at higher frequencies than others (17, 36). One of
these frequent initiation sites, Ori-�, can act as a replicator in
ectopic assays (5). However, unlike the case with the �-globin
IR (35), deletion of Ori-� and other initiation sites from the
native locus does not lead to loss of initiation activity in the
remaining region (29, 42). At the human c-myc IR, each of a
series of deletions decreases the initiation potential of the
replicator at an ectopic site (39), suggesting that this initiation
site also contains multiple elements essential for initiation. The
human �-globin IR is an example of a replication origin that
displays replicator activity both at ectopic sites and within the
native locus. Here, we show that the IR is composed of two
elements that can each satisfy the criteria for a replicator.
Within these replicators, initiation requires cooperation be-
tween nonredundant sequence elements. Our data suggest that
the two replicators that comprise the IR are truly redundant, in
that each can direct initiation of DNA replication regardless of
the presence of the other replicator. These data are consistent
with previous analyses of replication fork direction. These
studies observed replication forks emanating from the IR lo-
cated between the two adult �-like globin genes but did not
detect a strong preference for any direction within the IR (3,
35). Sequences from both replicators are represented in nas-
cent strands, in agreement with previous observations in ec-
topic (1) and native (3) loci. Hence, unlike situations in yeast,
in which initiation from some replicators inhibits initiation
from adjacent potential replicators (20, 54), replication ini-
tiates from both replicators at the �-globin IR.

One possible role for the existence of redundant replicators
in mammalian cells may be the need to modulate initiation site
preferences to coordinate replication with transcription and
chromatin remodeling. Examples for such preferences include
the specification of initiation sites after mid-blastula in the
developing Xenopus laevis embryo, in which replication ini-
tiates from random sites earlier in development (27), and the
replication of puff II/9A of Sciara coprophila (40), which ini-
tiates from an 8-kb initiation zone in mitotic embryonic cells
but specifies a contracted 1.2- to 2-kb replication origin during
the amplification stage of fly development. Origin usage also
changes during mammalian B-cell development, where a shift
in replication timing of the IgH region is accompanied by the
activation of a novel replication origin (55). Other examples in
which replication origin usage was altered in a tissue-specific
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manner have also been reported (8). In all these cases, altered
origin preferences correspond to significant changes in tran-
scriptional activity. Although the �-globin locus undergoes sig-
nificant chromatin remodeling and transcriptional activation
during erythroid differentiation, vertebrate �-globin loci stud-
ied to date did not exhibit alterations in origin usage (3, 4, 35,
46). However, since all the data were obtained with somatic
cell lines, we are unable to exclude a specific role for each of
these replicators at specific times during development. Further
studies are necessary to further investigate this question and to
elucidate the functions of specific sequence modules in the
initiation of DNA replication.
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