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Chromatin structure is believed to exert a strong effect on replication origin function. We have studied the
replication of the chicken �-globin locus, whose chromatin structure has been extensively characterized. This
locus is delimited by hypersensitive sites (HSs) that mark the position of insulator elements. A stretch of
condensed chromatin and another HS separate the �-globin domain from an adjacent folate receptor (FR)
gene. We demonstrate here that in erythroid cells that express the FR but not the globin genes, replication
initiates at four sites within the �-globin domain, one at the 5� HS4 insulator and the other three near the �-
and �A-globin genes. Three origins consist of G�C-rich sequences enriched in CpG dinucleotides. The fourth
origin is A�T rich. Together with previous work, these data reveal that the insulator origin has unmethylated
CpGs, hyperacetylated histones H3 and H4, and lysine 4-methylated histone H3. In contrast, opposite modi-
fications are observed at the other G�C-rich origins. We also show that the whole region, including the stretch
of condensed chromatin, replicates early in S phase in these cells. Therefore, different early-firing origins
within the same locus may have opposite patterns of epigenetic modifications. The role of insulator elements
in DNA replication is discussed.

The replicon model (35) hypothesized two essential compo-
nents for replication initiation: the initiator, a trans-acting fac-
tor, and the replicator, a cis-acting element. The initiator
would bind the replicator, and appropriate signals would direct
DNA unwinding and recruitment of additional factors at a
replication origin that, in the simplest case, would coincide
with the replicator. This model has been confirmed in bacteria
and viruses, which use a single origin to duplicate their ge-
nome. In the genomes of eukaryotic cells, replication initiates
at multiple origins that have been more difficult to identify.
Studies with Saccharomyces cerevisiae led to the identification
of replicators, the so-called autonomously replicating se-
quences (ARSs) that share an essential 11-bp ARS consensus
sequence (for reviews see references 49 and 61) and to a single
initiator, the origin recognition complex (ORC) (8, 19). The
discovery that ORC and additional factors required for initia-
tion are highly conserved suggested that the replicon model
might be directly applicable to all eukaryotes (7).

However, no element with properties similar to those of the
yeast ARS consensus sequence has been identified to date in
any other eukaryote. In several eukaryotic systems, any DNA
sequence can function as a replicator (17, 29). In early embryos
of Xenopus and Drosophila melanogaster, replication initiates
with no regard for specific sequences, whereas later in devel-
opment origins are progressively restricted to more specific
sequences (33, 46, 58). In differentiated cells, nevertheless,
there is evidence that defined cis-acting elements are required
for origin function. For example, an 8-kb deletion encompass-

ing the initiation region located between the �- and �-globin
genes abolishes initiation within the human �-globin locus
(39). One interpretation of these variable-sequence require-
ments is that the use of specific replication origins is not
needed to duplicate the genome but rather to coordinate rep-
lication with chromatin remodeling and gene expression. In-
deed, ORC has been implicated in the establishment of tran-
scriptionally repressed domains in S. cerevisiae (25, 48) and in
heterochromatin formation or maintenance in Drosophila (50).

Another feature of metazoan but not yeast origins is that
initiation at a specific sequence sometimes depends on far-
removed sequences (2, 15, 37). For example, initiation at the
human �-globin origin is abolished in the Hispanic deletion,
which removes sequences located �50 kb upstream (2). This
deletion also results in a closed chromatin structure and abo-
lition of transcription of the �-globin locus in erythroid cells
(24). A potential role for these distal sequences is to prevent
inhibition of initiation by a repressive chromatin structure. In
fact, initiation from the human �-globin origin introduced into
ectopic sites does not require these distal elements (3).

Insulator elements, first described to protect gene expres-
sion from inappropriate signals (64), may play a role in DNA
replication. Insulators can block the action of an enhancer on
a promoter if placed between (but not outside) them (enhanc-
er-blocking effect) or can prevent the advance of nearby con-
densed chromatin that might otherwise silence gene expression
(protection against position effects, or barrier effect). Interest-
ingly, studies of Drosophila chorion gene amplification by P-
element-mediated transformation have shown that flanking
the chorion gene replication initiation zone with exogenous
insulators protects replication initiation from position effects
(43, 44).

To address the role of insulators in replication in their nat-
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ural context, we analyzed the replication of the chicken folate
receptor/�-globin region, a 52-kb chromosomal region con-
taining three independent domains separated by well-defined
boundaries marked by DNase I-hypersensitive sites (HSs) (Fig.
1C) (41, 42, 53). The 30-kb chicken �-globin gene cluster
contains four globin genes that are developmentally regulated
and expressed in erythroid cells (23). The �-globin gene cluster
is separated by an upstream (5� HS4) and a downstream (3�
HS) insulator element from an upstream 16-kb region of con-
stitutively condensed chromatin and a downstream olfactory
receptor gene (14, 57). The HSs 5� HS4 and 3� HS mark the
positions of binding sites for the ubiquitous DNA-binding pro-
tein CTCF that are necessary and sufficient for the enhancer-
blocking activity of these insulators (6). In contrast, the CTCF
binding site appears unnecessary for the barrier activity of 5�
HS4 (54). Further upstream of the 16-kb condensed chromatin
region is a folate receptor (FR) gene which is expressed only in
immature erythroid cells before the globin genes are active.
Another hypersensitive site, HSA, sits at the boundary be-
tween the FR gene and the condensed chromatin region (53).
In previous work, several types of chicken cells had been used
to study the correlation between transcription, chromatin
structure, and histone modifications throughout the FR gene,
condensed chromatin stretch, and �-globin cluster (41, 42, 53).
These detailed analyses have made the chicken �-globin locus
very attractive for replication studies.

The 6C2 cell line mimics the CFU-E stage of differentiation,
which precedes the final differentiation step in erythrocytes. At
this stage, the FR gene is expressed but the globin genes are
not. In this work, we identify at least four replication origins
within the �-globin cluster in 6C2 cells. Replication initiates at
the 5� HS4 insulator as well as 5� and 3� of the silent �-globin
gene and over a broader 1.5-kb region that covers the �A-
globin gene and its promoter. We also show that the entire
52-kb region is replicated early in S phase, and therefore the
four origins fire early in S phase. The initiation site located 3�
of the �-globin gene is A�T rich, but the three other replica-
tion origins are G�C-rich, CpG-enriched sequences. The
CpGs are totally unmethylated at the insulator but are partially
methylated at the two other origins. The 5� HS4 insulator is
known to be associated with hyperacetylated histones, but the
origin located 5� of the �-globin gene is associated with hy-
poacetylated histones. Whereas the data confirm that CpG-
and A�T-enriched sequences may define a subset of metazoan
DNA replication origins, we conclude that different active or-
igins within the same locus can show different patterns of
epigenetic modifications. We discuss the possible role of insu-
lator elements in DNA replication.

MATERIALS AND METHODS
Cell culture. 6C2 is a colony-forming unit–erythrocyte (CFU-E)-stage ery-

throid precursor cell line obtained by transformation of bone marrow with
wild-type avian erythroblastosis virus. 6C2 cells were grown as previously de-
scribed (53) and were harvested in exponential phase.

Preparation of short nascent strands. Total genomic DNA was extracted from
108 asynchronously growing 6C2 cells with DNAzol reagent (Gibco-BRL) ac-
cording to the manufacturer’s instructions. DNA was resuspended in a solution
containing 10 mM Tris-HCl (pH 8.0), 1 mM EDTA in the presence of 1 U of
RNase inhibitors (Promega)/�l, denatured by heating for 5 min at 95°C, and size
fractionated on a sucrose gradient as described previously (28). Fractions were
analyzed by electrophoresis on an alkaline 1.2% agarose gel and staining with
SYBR-Gold (Molecular Probe). Fractions containing fragments from 1 to 1.5 kb,

2 to 3 kb, and 4 to 5 kb were pooled, and the DNA was precipitated and treated
with polynucleotide kinase and �-exonuclease as described previously (1).

Quantitative real-time PCR. Quantitative real-time PCR was performed by
using the LightCycler (Roche) detection system with a QuantiTect SYBR Green
PCR kit (Qiagen). Primers were synthesized for each of the 45 target sites to be
amplified (Table 1). For each reaction, amplification of the purified nascent
strands was performed in duplicate. Five fourfold dilutions of BamHI-digested
total genomic DNA and a reaction mixture without template DNA were used as
controls. Amplification was run for 50 cycles in 20 �l with 1 �l of nascent-strand
preparation (1/100 of the 1.0- to 1.5-kb nascent-strand preparation or 1/200 of
the 2.0- to 3.0-kb and 4.0- to 5.0-kb nascent-strand preparation), 10 �l of 2	
QuantiTect SYBR Green PCR Master Mix, 8 �l of H2O, and 1 �l of primers (10
�M each). Primer pair 31 was used as a standard in each PCR experiment.
Subsequent to amplification, a melting curve analysis was performed to analyze
the products and to control the specificity of the reaction. Quantitations were
made by using the second derivative maximum method described in the Light-
Cycler Software.

Replication timing analysis. Approximately 107 exponentially growing cells
were labeled with 50 �M BrdU (Roche) for 1 h. Cells were harvested, washed
twice in phosphate-buffered saline, fixed in 75% ethyl alcohol, and stored at 4°C
overnight. For fluorescent-activated cell sorting, fixed cells were rehydrated at a
concentration of 2.106 cells/ml in cold phosphate-buffered saline with 0.05%
NP-40, propidium iodide (50 �g/ml), and RNase A (0.5 mg/ml). By using an Elite
Beckman Counter cells were separated into seven compartments of the cell cycle
based on propidium iodide staining intensity (DNA content), corresponding to
G1 and S1 to S6. Ten thousand cells from each compartment were sorted into
tubes containing 100 �l of lysis buffer (50 mM Tris-HCl [pH 8], 10 mM EDTA,
100 mM NaCl, 0.5% sodium dodecyl sulfate, 0.2 mg of proteinase K/ml). DNA
was then purified, sonicated to a size range of 1 kb, and denatured by boiling.
Immunopurification of BrdU-labeled DNA was performed as described previ-
ously (16). From each cell cycle fraction DNA equivalent to 500 sorted cells was
used as a template for either multiplex PCR or real-time PCR. Fifty-microliter
reaction mixtures were made with 2.5 U of AmpliTaq Gold Taq polymerase
(Applied Biosystems), which was activated at 95°C for 6 min before PCR was
started. Each cycle consisted of denaturation for 30 s at 95°C, annealing for 1 min
at 55°C, and extension for 15 s at 72°C. Aliquots (10 �l) were taken after 25, 30,
and 35 cycles. For multiplex PCR experiments, amplified products were sepa-
rated on a 2.5% MetaPhor agarose, transferred on nylon membranes, and
probed with fragments radiolabeled by random priming. The blots were exposed
to storage phospho-screens and were visualized by using an FLA-3000 phospho-
fluoroimager (Fuji). Quantitative real-time PCRs were performed as described
above.

DNA methylation analysis. Five micrograms of genomic DNA extracted with
DNAzol from exponentially growing 6C2 cells was digested with 100 U of either
MspI or HpaII for 2 h at 37°C. The digested DNA was extracted with phenol-
chloroform and was precipitated with ethanol. Fifty nanograms of either undi-
gested or MspI-digested or HpaII-digested DNA was used as a template for PCR
with various primer pairs. The PCR protocol was the same as that for replication
timing analysis for 30 cycles. Amplification products were visualized by gel
electrophoresis and ethidium bromide staining. Quantitation by real-time PCR
of MspI- or HpaII-digested DNA was performed as described for nascent
strands. Primer pair 25 amplifies a PCR fragment lacking a CCGG site and was
used as a control for input DNA.

RESULTS

Initiation of replication along the chicken FR/�-globin re-
gion is restricted to specific sites. We mapped replication
origins of the chicken FR/�-globin region by quantifying the
abundance of short nascent strands at various positions along
this region. Genomic DNA from proliferating 6C2 cells was
heat denatured and size fractionated by sucrose gradient cen-
trifugation. DNA in the 1.0- to 1.5-kb and 2.0- to 3.0-kb frac-
tions were collected and treated with �-exonuclease after phos-
phorylation by T4 polynucleotide kinase. This digestion
eliminates nicked DNA but not short nascent strands, which
are protected against �-exonuclease by their RNA primers
(27). Sequences close to replication origins are expected to be
enriched in the 1.0- to 1.5-kb nascent-strand preparation. The
2.0- to 3.0-kb nascent-strand preparation is also expected to be
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FIG. 1. Replication origin mapping of the chicken �-globin locus. (A) Relative enrichments of 1.0- to 1.5-kb and 2.0- to 3.0-kb nascent strands
in the 52-kb FR/�-globin region reveal four sites of initiation of replication in the �-globin locus. Two different preparations of nascent strands
(1.0 to 1.5 kb, gray triangles, and 2.0 to 3.0 kb, black circles) were used to determine the abundance of short RNA-primed DNA chains along the
chromosome by real-time PCR with 36 and 42 different primer pairs, respectively. Each quantification was repeated twice except in the case of the
2.0- to 3.0-kb fraction (four times for primer pairs 5, 6, 16, 21, 24, 27, 32, and 33 and six times for primer pairs 17 and 25). The scale corresponds
to a relative nascent-strand abundance (NS) normalized with respect to primer pair 31 (arbitrarily set as 100%). The abscissa scale is map position
(nucleotide number). The positions of primer pairs 10, 20, 30, and 40 are shown below. (B) Map of histone H3 modifications at the chicken
�-globin/FR locus in 6C2 cells (adapted from reference 41). Normalized data of H3 diacetylation at K9 and K14 (Ac/K9&K14), H3 methylation
at K4 (Me/K4), and H3 methylation at K9 (Me/K9). Note the correlation between diacetylation at K9 and K14 and methylation at K4 and
anticorrelation with methylation at K9. Numbers 1, 2, and 3 above vertical bars correspond to probes reported in Fig. 2, 3, and 4, respectively.
(C) Map of the FR gene, condensed chromatin region, and �-globin domain. DNase I HSs are indicated (HSA, HS1 to -4, HS �A/ε, 3� HS). HSA
is located 1 kb upstream of the FR transcription start site. HS4 maps within the upstream insulator element (INS) of the �-globin locus. The 16-kb
region between HSA and HS4 consists of micrococcal nuclease-resistant chromatin. The embryonic (�- and ε-), hatching (�H-), and adult (�A-)
globin genes are indicated. The �-globin locus is controlled by an LCR consisting of HS1, HS2, HS3, and the strong enhancer HS �A/ε. The HS1
and HS2 sites are not detectable in 6C2 cells. The 3� end of the locus is marked by the 3� HS insulator. Beyond the 3� HS insulator (INS) a gene
coding for an olfactory receptor (COR3�) is indicated.
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enriched in sequences located 1.0 to 1.5 kb away from origins.
The relative abundance of specific sequences within two na-
scent-strand preparations of different sizes was quantified by
real-time PCR by using 42 different primer pairs distributed at
1.0- to 2.0-kb intervals along the 52-kb region (Fig. 1A). We
also used as an exogenous negative control a primer pair that
amplifies a fragment located 4 kb upstream of the 5� matrix
attachment region of the lysozyme locus and reported to lack
initiation activity (51).

The results of all the quantitations are summarized in Fig.
1A. The strongest abundance in the 1.0- to 1.5-kb nascent-
strand preparations (arbitrarily set as 100%) was detected with
a primer pair located just upstream of the �A-globin gene (Fig.
1A, primer pair 31). The relative nascent-strand abundance for
the other primer pairs was therefore normalized with respect
to primer pair 31. This primer pair was used as a standard in
each PCR experiment. For each primer pair two quantitations

were performed, and the average is reported on the graph. The
abundance profile of the 2- to 3-kb nascent-strand preparation
was identically performed, except that six supplementary
primer pairs were used (primer pairs 2, 3, 8, 10, 41, and 42) and
more than two quantitations were made with several primer
pairs (see the legend to Fig. 1). The two profiles showed four
discrete peaks indicative of replication initiation sites located
inside the �-globin locus (Fig. 1A). One corresponded to the 5�
insulator HS4 (primer pair 17). Two initiation sites were ob-
served upstream and downstream of the �-globin gene (primer
pairs 24 and 27). Finally, a fourth initiation region was ob-
served over the �A-globin gene and promoter region (primer
pairs 31, 32, and 33). The relative abundance of 1.0- to 1.5-kb
nascent strands was 
4% over the condensed chromatin re-
gion and the FR gene, 
6% over the locus control region
(LCR), and 3% at the negative control fragment from the
lysozyme locus (primer pair LYS), arguing against initiation in

TABLE 1. List of primer sequences

Primer pair Sequence (5� to 3�) Map position Primer pair Sequence (5� to 3�) Map position

1 TGAGCTGCTGACTCTGCCCA 80
CATGTCCTCATGGCCAACAC 382

2 CAATGCAGCTCTGGCAGTCT 1904
GTTACTCGTGTCCCTGCATG 2075

3 CAGCAAGATGGTGTTGAAGG 4016
CAGTGGTGTGGGTAATTGGA 4322

4 GCCTCCTGACACAGCAGAGC 5217
GCAGGTTTGAGGCAAGTTAG 5512

5 CTGAATGGTCTTTGTGGTCCC 6064
CTTGCTGTGGGAGACCTGCT 6348

6 TGGGAGATAATTGTTAGCCAC 7499
TATGCTGGGAACAGCTATAC 7651

7 GCCATACCCATTCACTCCAT 8166
AATGGGACACGCAGTCCCAG 8391

8 GCATCCTTCATCCAGCTG 9380
CAGTGAGCAGACTGTGAAGC 9533

9 CTGTGGTCTGGTTTGTTTGG 11649
CAGCCTCTCCACTCATGCAC 11956

10 CTGAGCTGTGACAGTGCC 13489
AATGGTCTTTGCCTGGGTCA 13652

11 TGGCACCGATGGGATCACAT 15895
CACTGATACTGCAGCCTCTT 16189

12 GGTGTTCAATAATCAGACTGTC 16535
TCACATTTCAGCTGGCGCTC 16824

13 TCTCACTGTGCAGATGATGG 17905
CATGGTGTCATCACAGCATC 18159

14 GGATCCTGAAGCTGTTTGGC 19230
CCTGCCTCGTGTCTTCTGG 19488

15 ACGGGATGGTGAAGGCACAG 20165
TTAGCTCCCATTCCCCCACA 20472

16 CCTTGTTGCCAGCTGTTAGCA 20649
ACTGTTAGACAAACATCTCCGTG 20800

17 CCAAAGTGAAATCATGAAGGC 21298
GACCTTCCAGGAAAGCCTG 21538

18 GGACGTGGACATGCAGGTG 22200
CCAGCCTTCATGATTTGACG 22508

19 TGGGCAGTTTTCTAAGGGAA 24240
GTGCTGGCAGGGCATTCCAA 24554

20 CAGCTCTGAGCACAGCACTG 26910
CAGGGAATTCCTTCTGGGG 27216

21 CTGTCTGAATATCCTGGCTC 28642
GTGATTCAATGTCAGGCACT 29021

22 GTGAGAGGGGCACTCCAGG 30441
GCAGTGCTCCGATAATGCC 30739

23 TGCACAGGGGCACCATTTTG 31444
CCTTGCATAAGGACAGCAGG 31610

24 GAAGGGTGAGGGAAGTGCC 31941
TCAGTGTGCACAAGGTGTGG 32211

25 (external) GAACACCTACGCCAAGCTGT 32738
GTCAGTTCCATGTCTGCCTG 33060

5� half TGCTGCACCTTGTTCCACAC 32925
3� half CAGCAGATGAAGGAGGGAAG 32919
26 TTACCCCATTGCTCCCCTTC 33317

ACAGCCCTGAGCCCTCTTTC 33600
27 GACGGTCAGGTTTGCCAAAG 33620

TCCTGAGGATACGTTTTTCAG 33887
28 CTGGGAGCAAAGACACTGAC 34701

TGGTCACTCTGATTGCAGCA 34869
29 GATACGCACTGAGCTCTCGT 36700

CACCCATGATCTCGTAGCCA 37000
30 GAACAAGTCATTGCACAACGG 38690

GGCAGTGAAACCAAGTGCTC 38994
31 TGGTGTGGCCACGGATCTG 40040

GTGATGAGCTGCTTCTCCTC 40333
32 CATAGAGCAAGGGACGGTG 41070

TACTGTGGGAAGAGTAGCTC 41231
33 AGCGCTTTGTGCTCAGTGG 41835

GTTTATCTGCAACCTGCCCCC 42112
34 TCCCCTGACTCACTGCTGG 42570

TACCCTTTTCCTTCCGGCTG 42857
35 GCAGCTCCGCTCCAAGCTCT 44490

GGCTGGAGAGGTTCCCAAAG 44810
36 TCCAAGCAGCACTAACCCTG 45900

ACGTTGACCAGCTTCTGCCA 46039
37 GCTGAATGCTGTGCCTCTGG 47020

CCATCAACCTGCTAGAGAAG 47318
38 CCCAGATTTGCTTCATCAGGAG 48560

GAGATGTGATAACAGACTGCCA 48758
39 CACTTCTGCTCTACAAGGCC 49950

ACTGACATGGAAACACACGG 50103
40 GCAGTGCAGACCCATCCCT 51170

TCTTTCTGTGCGTCATCAGC 51455
41 CCAAGCAAGTCCAGACAGAG 52817

GCAAGCCTACATTCCTCCC 52996
42 TCATGAACTCCCAGTACCAG 54424

TGCACACTGATCAGTAGGTC 54567
LYS CGGGTATCATTAGTGCCGAG

CTGCCAGTATATCCTGGCAAA
MIT CATCCCATGCATAACTCCTG

GTAGTCCAGGCTTCACTTGA
AM AGGCTTCTCTCCCGTAAATG

CAAGCTGCAAGAAAGAGCTC
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these regions. Taking the relative abundance of primer pair 1
as background, the enrichment in nascent-strand abundance
observed at the 5� HS4 insulator, the �-globin gene and the
�A-globin promoter are 30-, 35-, and 50-fold, respectively.
These values are quite high compared to those of similar stud-
ies at other loci and suggest that origins located in the chicken
�-globin locus may be active during a large fraction of the cell
cycle. The different abundance of nascent strands at the four
origins may be due to differences in origin efficiency or in fork
speed or both.

Our results are reminiscent of the human (39) and murine
(4) �-globin loci inasmuch as in all cases initiation was detected
within or close to the globin genes but not at the LCR. The
distribution of initiation sites in the chicken locus is somewhat
intermediary between the sharply defined sites found in the
human locus and the dispersed initiation zone found for the
murine locus. The location of an initiation region over the
chicken �A gene was reminiscent of the location of the initia-
tion site between the human �- and �-globin genes. However,
initiation in the chicken locus also occurs at the 5� HS4 insu-
lator, whose functional equivalents in the mouse and human
loci (22) were not reported to show origin activity.

The replication origins of the chicken �-globin locus are
associated with either hyper- or hypoacetylated histones. A
close comparison of the abundance profiles of nascent strands
of different sizes allowed us to refine the mapping of replica-
tion initiation sites. An enlargement of the region containing
the 5� HS4 insulator and quantitations of 1.0- to 1.5-kb and 2.0-
to 3.0-kb nascent strands are shown in Fig. 2. With 1.0- to
1.5-kb nascent strands (gray triangles), only primer pair 17
showed a significant enrichment above the background level.
Thus, bubbles up to 1.5 kb in length do not significantly overlap
primer pairs 16 and 18. We have drawn on panel B the leftmost
and rightmost possible positions of 1.25-kb bubbles that would
not completely encompass probes 16 and 18. The centers of
these two bubbles define the boundaries of a 400-bp segment
where the origin has to be located. This region is centered on
the 5� end of the HS4 core insulator region. The analysis of the
longer 2.0- to 3.0-kb nascent strands (black circles) confirmed
this positioning. As expected, primer pairs located less than 1.5
kb away on either side of this potential zone of initiation
showed significant enrichments (probes 15, 16, and 18),
whereas more distal probes (14 and 19) were not enriched. The
amplified probes used in previous studies (41, 42; see also Fig.
1B) to characterize the modifications of histone tails in this
region are reported on the graph (small black bars). In these
studies, the authors immunoprecipitated mono- and dinucleo-
somes and thus probed a region of about 500 bp centered on
the primer pair used. These regions are represented above the
probes (long black bars). The site of initiation coincides with a
region containing histone H3 hyperacetylated on K9 and K14
and methylated on K4 (Fig. 1B, bars numbered 1) as well as
hyperacetylated histone H4 (41, 42).

The region surrounding the �-globin gene and the two peaks
of nascent-strand abundance detected 5� and 3� of the gene
with both nascent-strand preparations are shown in Fig. 3. The
narrowness of the peaks found with the 1.0- to 1.5-kb nascent-
strand preparation allowed us to very precisely define two sites
of initiation (Fig. 3B, black vertical arrows). The profile ob-
tained with the 2.0- to 3.0-kb nascent strands revealed a pro-

gression of replication forks 5� of the leftmost initiation site
(primer pair 23) and on both sides of the rightmost initiation
site (primer pairs 26 and 28). Surprisingly, only a faint increase
in the amount of 2.0- to 3.0-kb nascent strands was observed
with primer pair 25. This suggested either that none of the
forks had sufficiently progressed to replicate this region or that
the two small bubbles initiated 5� and 3� of the �-globin gene
fused at the time they reached this region, so that the smallest
nascent strands containing this probe were already larger than
2.0 to 3.0 kb. To resolve this issue, we quantified the abun-
dance of 4.0- to 5.0-kb nascent strands (Fig. 3, white circles).
Again, only a very low abundance of nascent strands was de-
tected with primer pair 25. This result suggested that replica-
tion forks oriented in both directions pause or progress very
slowly in this region. To map the pausing region more pre-
cisely, we quantified the abundance of the 4.0- to 5.0-kb nas-
cent strands with two primer pairs that amplified the 5� and 3�
halves, respectively, of the fragment amplified by primer pair
25. Both of them also gave a low enrichment (Fig. 3, black
triangles), suggesting that forks can pause at several positions
between primer pairs 24 and 26.

The small and long black bars reported on the graph again
indicate the PCR probes used to characterize the modifications
of histone tails and the corresponding 500-bp detection zones,
respectively (41). One detection zone includes probe 24 and
the associated replication initiation site. No enrichment was
detected in this region after immunoprecipitation of mono-
and dinucleosomes with antibodies directed against acetylated
H3-K9, H3-K14, methylated H3-K4 (Fig. 1B, bars numbered
2), or acetylated H4-K5, H4-K8, and H4-K12 (41, 42). In con-
trast, some enrichment in methylated H3-K9 (Fig. 1B, bars
numbered 2), a modification characteristic of condensed chro-
matin, was detected. We conclude that the replication initia-
tion site located upstream of the �-globin gene is associated
with hypoacetylated histones. The downstream initiation site is
also located very close to a region containing hypoacetylated
histones (Fig. 1B and 3).

Finally, the region surrounding the �A-globin gene and con-
taining the fourth initiation region is represented in Fig. 4. An
enrichment of both the 1.0- to 1.5-kb and the 2.0- to 3.0-kb
nascent strands was detected with primer pairs 31, 32, and 33
but not with primer pairs 29, 30, and 34 (Fig. 4). We conclude
that the 1.5-kb region located between map positions 40.0 and
41.5 kb contains at least two closely spaced initiation sites. In
contrast with the observation made with the two origins sur-
rounding the �-globin gene, the strong enrichment found with
primer pair 32 favored a model in which replication forks
progress bidirectionally in this region. The closest region
mapped for histone modifications is centered around map po-
sition 39.9 kb (Fig. 1B, bars numbered 3, and Fig. 4). Again,
this chromosomal region has properties of condensed chroma-
tin.

Origins colocalize with either methylated or unmethylated
CpG-rich sequences. We have analyzed the G�C richness and
the density of CpG and GpC dinucleotides over the entire
region mapped for origin activity (Fig. 5). The core insulator
origin, the �A origin, and the 5� � origin are located in regions
that are 77, 74, and 69% G�C rich, respectively. The nucleo-
tide sequence of the core insulator is enriched in CpG dinucle-
otides and has been shown previously to lack CpG methylation.
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Although these properties are typical of CpG islands, the lack
of detectable promoter activity and nearby transcripts suggest
it is not a standard CpG island, because these structures are
normally associated with genes (13). The promoter regions of
the �A- and �-globin genes also contain a high density of CpGs.
No other comparably G�C-rich region of the locus shows a
similar CpG enrichment. This is reminiscent of the suggestion
that G�C-rich, CpG-enriched sequences define a subset of
mammalian DNA replication origins (5). A�T-rich sequences
have also been proposed to be important functional compo-
nents of replication origins in various species (11). In the
chicken �-globin locus, initiation sites 1, 2, and 4 are not
themselves A�T rich, but A�T-rich sequences can be found 1
to 2 kb upstream or downstream. Interestingly, initiation site 3
is located in an A�T-rich sequence (Fig. 5, black arrow labeled
AT). Previous studies with chicken erythrocytes as well as with
the 6C2 cell line showed that CpGs within and just upstream of
the core insulator region are unmethylated (13). We further
explored the methylation status of the chicken FR/�-globin
region and in particular its replication origins. Genomic DNA

extracted from 6C2 cells was digested with either MspI or
HpaII (Fig. 6A). Both enzymes recognize the CCGG sequence,
but HpaII is inhibited when the internal cytosine is methylated,
whereas MspI is insensitive to methylation. Undigested, MspI-
digested, or HpaII-digested genomic DNA was used as tem-
plate for amplification of fragments containing at least one
CCGG site. Methylated sites are protected against HpaII di-
gestion, and thus only genomic fragments that are methylated
at CCGG sites can be amplified by PCR. The upper part of Fig.
6A is a control experiment confirming the status of sites pre-
viously shown to be methylated (primer pairs 7 and 14, con-
densed chromatin region) or unmethylated (primer pair 5,
HSA, and 17, core insulator) in the 6C2 cell line (53). Analysis
of the same samples with primer pairs located throughout the
�-globin locus showed that this region contains mainly meth-
ylated sites. In particular, the use of primer pairs 24 and 31
showed that the two GC-rich origins of replication contain
methylated CpGs. Precise quantitations of undigested CCGG
sites were made by real-time PCR with primer pairs 17, 24, 27,
31, and 34 and are indicated by numbers below the gels in Fig.

FIG. 2. The leftmost initiation site colocalizes with the 5� boundary of the �-globin locus. (A) A blow-up of the graph shown in Fig. 1A around
the 5� boundary of the chicken �-globin locus. The short and long horizontal black bars indicate the amplified PCR products used previously (41)
to characterize histone tail modifications and the corresponding detection zones (3 nucleosomes), respectively. (B) The map shows the 1.2-kb
insulator, the 250-bp core insulator region, the position of HS4, and PCR fragments used to quantify nascent strands shown in panel A. An
interpretation of the profiles obtained with the two nascent-strand sizes is drawn below. The leftmost and rightmost possible positions of 1.25-kb
bubbles that do not span probes 16 and 18 are indicated. The centers of these two bubbles define the ends of a 400-bp segment (black horizontal
bar) where the origin has to be located. The predicted extent of bidirectional progression of the replication forks from the center of this segment
up to a bubble size of 2.5 kb is indicated on the bottom line.
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6A. Overall these results show that the extent of CpG meth-
ylation at CpG-enriched origins can vary from unmethylated to
highly methylated.

The whole FR/�-globin region is replicated early in S phase.
Studies with animal cells have suggested a striking correlation
between replication timing and gene expression (reference 59
and references therein). In general, loci that are expressed in a
tissue-specific manner replicate early in S phase in expressing
cells but later in S phase in nonexpressing cells (30). In the 6C2
cell line, which mimics the CFU-E stage of erythropoiesis, the
FR gene is transcribed and the �-globin locus is silent. More-
over, the two loci are separated by a 16-kb region of condensed
chromatin enriched in histone modifications typical of inactive,
late-replicating chromatin.

To analyze the replication timing of this region in 6C2 cells,
we used an assay that determines the relative abundance of
specific sequences in nascent DNA synthesized during differ-
ent windows of the cell cycle. An exponentially growing culture
was labeled with BrdU for 1 h, and cells were sorted by fluo-
rescence-activated cell sorting on the basis of DNA content
into six different compartments within S phase and one in G1

as a control. The cell cycle profile of the culture and the sort
gates corresponding to G1 and S1 to S6 are shown in Fig. 7A.
DNA was prepared from equal numbers of cells from each cell
cycle compartment, and BrdU-labeled DNA was purified by
immunoaffinity chromatography with anti-BrdU antibodies
and was used as a template for multiplex PCRs with primer
pairs specific for different parts of the 52-kb region or the

FIG. 3. Two sites of initiation surround the �-globin gene. (A) A blow-up of the graph shown in Fig. 1A around the �-globin gene. In addition
to the 1.0- to 1.5-kb (gray triangles) and 2.0- to 3.0-kb (black circles) nascent strands (NS), quantitations of a 4.0- to 5.0-kb nascent-strand
preparation are shown (white circles, dotted line). The two black triangles show quantitations of the same 4.0- to 5.0-kb nascent-strand preparation
with two PCR primer pairs that amplify the 5� and 3� halves of fragment 25. The short and long horizontal black bars indicate the amplified PCR
products used previously (41) to characterize histone tail modifications and the corresponding detection zones (3 nucleosomes). (B) Map of the
�-globin gene, upstream HS1, HS2, and the PCR fragments used in panel A. An interpretation of the profiles obtained is drawn at the bottom.
Two small bubbles are initiated at position 32.2 and 34.2 kb either on the same molecule of DNA or on different molecules. The progression of
replication forks inside the �-globin gene is slowed or blocked so that the region amplified by primer pair 25 is underrepresented in short (
5 kb)
nascent strands.
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lysosyme locus and primer pair 14 as a reference. After 25
amplification cycles (conditions shown by comparison with 30
and 35 cycles to be well below the plateau phase), PCR prod-
ucts were resolved on agarose gels and were analyzed by
Southern blot and hybridization with various pairs of probes
(Fig. 7C). Whenever coamplification resulted in a strong ad-
vantage of one primer pair, the Southern blot was probed
sequentially rather than simultaneously with the two probes
(Fig. 7C, rightmost blots).

The analysis was performed with primer pairs located in the
FR gene (pair 3), in the condensed chromatin region (pairs 9
and 14), between the two major �-globin cluster origins (pair
29), or downstream of the �-globin cluster (pairs 37 and 41). In

each case the strongest signal was clearly in fractions 1 and 2,
suggesting that the entire region (including sequences down-
stream of the 3� HS boundary) is replicated early in S phase
(Fig. 7C). We believe that the much weaker signal in fractions
S3 to S6 represents background rather than late replication of
the locus in a minor fraction of the cell cycles, because a
comparable signal was observed in G1 cells. In 6C2 cells S
phase lasts for about 6 h, and thus each fraction of S phase
represents approximately 1 h. These results imply that the
replication origins of this locus fire most of the time within the
first 2 h in S phase.

A control was made with the LYS primer pair, which am-
plifies a region reported to replicate 2 to 3 h after the begin-

FIG. 4. Dispersive initiation within the �A-globin gene. (A) A blow-up of the graph shown in Fig. 1A around the �A-globin gene. The short
and long horizontal black bars indicate the amplified PCR products used previously (41) to characterize histone tail modifications and the
corresponding detection zones (3 nucleosomes), respectively. (B) Map of the position of the �H- and �A-globin genes, HS �A/ε, and PCR fragments
used for quantitations of nascent strands (NS) shown in panel A. Below the map an interpretation of the graph is drawn. Small bubbles initiate
at multiple sites inside a region located between 40.0 and 41.5 kb and progress bidirectionally. The strong abundance of 2.0- to 3.0-kb nascent
strands observed with primer pair 32 result from the simultaneous detection of the 5�-most and 3�-most bubbles with this probe.
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ning of S phase in cell lines that either express or do not
express the lysozyme (51). The LYS pair showed a strong
signal in fractions 2, 3, and 4, consistent with its reported
replication timing. Pair 14 showed a strong signal in the first
two fractions, consistent with the earlier replication timing of
the FR/�-globin region.

A further control was made to ascertain that the data reflect
replication timing and not a variation in the efficiency of im-
munoprecipitation and/or amplification between the different
S-phase fractions. The abundance of mitochondrial DNA in
each fraction was measured by quantitative real-time PCR by
using a specific primer pair (MIT) alongside �-globin (primer
pair 16) and �-amylase gene sequences (primer pair AM).
Mitochondrial genomes are replicated throughout the cell cy-
cle and are therefore expected to show uniform abundance in
all fractions. Indeed, we only observed minor variations in
mitochondrial DNA abundance between fractions (Fig. 7B,
numerical values at the bottom of the graph). The data for
mitochondrial DNA were then used to normalize the data for
primer pairs 16 and AM (Fig. 7B, graph). The results clearly
confirmed that the chicken �-globin locus replicates within the
first two hours of S phase in the 6C2 cell line. In contrast, the
chicken �-amylase locus was found to replicate late in S phase
in the same cells, as previously reported for the homologous
locus in nonexpressing human cells (15). Along with the results
for the lysozyme locus, this control further validates that the
assay can distinguish between replication in early, mid-, and
late S phase.

The fact that the origin located near 5� HS4 is highly en-
riched in acetylated histones (42) raises the possibility that
histone hyperacetylation causes early firing of some replication
origins in chicken cells, as recently reported for S. cerevisiae
origins (63). However, the � and �A origins are either unac-
etylated or located near unacetylated histones yet replicate
early in most cells. We therefore suggest that unacetylated
origins can also fire early in S phase in chicken cells.

DISCUSSION

In this study we find that the replication of the chicken
FR/�-globin region in the 6C2 cell line initiates early in S
phase at three G�C-rich, CpG-enriched discrete sites local-
ized close to the 5� HS4 insulator and the promoters of the �-
and the �A-globin genes. A fourth, A�T-rich initiation site is
also found 3� of the �-globin gene. The CpG dinucleotides are
totally unmethylated at the insulator origin but are partially
methylated at the � and the �A origins. The nucleosomes are
methylated at H3-K4 and are acetylated on histones H3 and
H4 at the insulator origin but not at the other origins. Meth-
ylation at H3-K9 is very low at the insulator origin but is more
abundant and typical of bulk DNA at the other origins (41, 42).

G�C-rich sequences and replication origins. Despite inten-
sive study, no obvious consensus sequence for metazoan DNA
replication origins has been found to date, although there is
evidence that cis-acting elements influence replication initia-
tion in differentiated cells (29). The results reported here show

FIG. 5. Three out of the four replication origins are located at CpG-enriched sequences. The DNA sequence of the entire FR/�-globin region
(with the exception of 1 kb of unsequenced DNA upstream of the �-globin locus) was analyzed by using a Genetics Computer Group program with
a window of 200 nucleotides and a shift of 1 nucleotide. Shown are the percentages of G�C (bottom graph), CpG dinucleotides (middle), and GpC
dinucleotides (top). The horizontal lines mark a G�C content of 70% and a CpG or GpC content of 10%. Black arrows on the top of the lowest
graph indicate the position of either G�C- or A�T-rich replication origins. The �A-globin gene initiation zone is delimited by a horizontal black
bar. The map of the region is shown at the bottom.
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that G�C-rich, CpG-enriched sequences are found at three of
the four origins in the chicken �-globin locus. No A�T-rich
region is associated with these three sites, in contrast with the
requirement for A�T-rich sequences at either S. cerevisiae or
Saccharomyces pombe origins. These observations are consis-
tent with the finding of a replication origin within a CpG island
at the 3� end of the chicken lysozyme gene (52). Several studies
with human cells also suggested a role for CpG islands in DNA
replication initiation. Unmethylated CpG islands are enriched
in a library of short nascent strands prepared from human
erythroleukemic cells (18). More recently, it has been found
that half of ORC-bound human DNA sequences isolated after
protein-DNA cross-linking and immunoprecipitation have a
high G�C content with many CpG dinucleotides (40). Finally,
replication origins located at the promoters of the c-MYC gene,
the hsp70 gene, and the PPV-1 gene also map close to or within
CpG islands (5). The only origin that is not G�C rich in the
chicken �-globin locus is A�T rich. A characterization of ad-
ditional initiation sites would be required to determine if these
distinct sequence features reflect the existence of two distinct
classes of replication origins in higher eukaryotes.

CpG methylation and replication origin activity. A study of
the dihydrofolate reductase (DHFR) locus of Chinese hamster
cells has suggested a potential role for CpG methylation in the
control of mammalian DNA replication origins. Replication of
this locus can initiate at a large number of sites in a 55-kb zone
downstream of the DHFR gene, with two subregions (ori-�
and ori-�) somewhat preferred (reference 20 and references
therein). ori-�, although not particularly G�C rich, was found
to contain a cluster of methylated CpGs, and similar sequence
features were reported for another origin located at the 5� end
of the RPS14 gene in the same cells (56). Cells treated with
5-azacytidine no longer exhibit initiation at ori-�, suggesting
that DNA methylation promotes the initiation process at this
origin. On the other hand, the CpG cluster associated with the
replication origin of the c-MYC gene is not methylated (55),
and other mammalian origins are neither G�C rich nor CpG
enriched (1, 39, 65). Furthermore, a targeted deletion of ori-�
does not prevent initiation in the rest of the DHFR locus
initiation zone (37). The role of CpG methylation in regulating
replication initiation is therefore not completely clear. In the
case of the chicken �-globin locus, the lack of methylation of

FIG. 6. The G�C-rich, CpG-enriched replication origins contain either methylated or unmethylated CpGs. (A) Genomic DNA extracted from
6C2 cells was digested either with MspI or HpaII. Undigested (N), MspI-digested (M), or HpaII-digested DNA (H) was amplified by PCR with
the indicated primer pairs. The upper gels are controls analyzing genomic fragments whose methylation status of CCGG sites is already known
(pairs 5, 7, 14, and 17). Quantitation by real-time PCR of MspI- or HpaII-digested DNA was also made with primer pairs 17, 24, 27, 31, and 34.
Primer pair 25 amplifies a PCR fragment lacking a CCGG site and was used as a control for input DNA. The real-time PCR results and the number
of CCGG sites in the amplified fragment are indicated below the corresponding lanes. Each experiment was repeated at least twice with similar
results. (B) The map shows the positions of fragments amplified by primer pairs used for panel A. INS, insulator.
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the insulator origin as opposed to the methylation of the � and
the �A origins confirms that DNA methylation is not a univer-
sal component of replication origins. Different epigenetic mod-
ifications are probably involved in replication origin control.
DNA methylation may be just one of them but may be dis-
pensable, as illustrated by its association with late replication,
although organisms that lack DNA methylation nevertheless
have a replication timing program.

The chromatin of unmethylated CpG islands has been found
to contain highly acetylated histones H3 and H4 (62), just as
the chicken �-globin insulator does (42). On the other hand,
methylated DNA can be specifically bound by proteins, such as
MeCP2, which in turn recruits histone deacetylase to repress
transcription (36). It remains to be seen whether ORC, or a

factor that facilitates ORC binding, preferentially binds CpG
clusters or G�C-rich sequences and whether DNA methyl-
ation can influence this interaction.

Histone modifications and replication origin specification.
Numerous studies suggest that the packaging of the genome
into nucleosomes and higher-order structures affects the selec-
tion and activation of DNA replication origins (26). Although
histone acetylation destabilizes nucleosomes and is known to
favor the interaction of transcription factors with their target
site (10), the influence of histone acetylation on the binding of
replication initiation factors is unknown. Interestingly, three of
the four origins identified here are located within the under-
acetylated �-globin locus, whereas the fourth origin maps at
the hyperacetylated 5� HS4 insulator. Histone acetylation,

FIG. 7. The entire FR/�-globin region is replicated early in S phase. (A) Histogram of propidium iodide (PI) staining intensity of a population
of asynchronous cells pulse labeled with BrdU and sorted for timing analysis. The gates used to sort cells into a G1 compartment and six different
compartments of S phase are labeled G1 and 1 to 6, respectively. (B) Quantitative real-time PCR of DNA extracted from different compartments
of the cell cycle and immunoprecipitated with anti-BrdU antibodies. Numerical values at the bottom of the graph indicate the relative amounts
of immunoprecipitated DNA detected with a primer pair specific for the D-loop region of the chicken mitochondrion (Oligos MIT). One hundred
was arbitrarily set for fraction 1. Since mitochondrial genomes are replicated throughout the cell cycle, we used these data to control for variations
in DNA recovery and PCR amplification efficiency. The graph shows data (normalized with respect to mitochondrial DNA abundance) obtained
with the same fractions with either a chicken �-globin locus (Oligos 16) or a chicken �-amylase (Oligos AM)-specific primer pair. Each
quantification was repeated twice. Error bars indicate the range of variation between the two values. The absence of an error bar indicates that
these values are equal. (C) Multiplex PCRs made with different primer pairs on DNA extracted from different compartments of the cell cycle and
immunoprecipitated with anti-BrdU antibodies. The PCR products were analyzed by Southern blotting and hybridization with the two cognate
probes simultaneously (leftmost four gels) or consecutively (rightmost two gels). The experiment was performed twice with identical results.
(D) The map shows the positions of fragments amplified by primer pairs used in the experiments depicted in panels B and C. INS, insulator.
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therefore, is not a systematic mark of replication origins. It
should be noted that two replication initiation factors, ORC1
and MCM2, have been shown to interact with the histone
acetyltransferase HBO1, suggesting a direct role for histone
acetyltransferase activity in the process of DNA replication
(12, 34). Whether HBO1 or some other histone acetyltrans-
ferase is recruited by ORC/MCM complexes at the insulator
origin and participates in histone acetylation of this region or
conversely recruits prereplication complexes remains to be de-
termined.

In metazoa, initiation can occur at specific sites or within
broad zones depending on the locus (1, 20). One interesting
point raised by our study is that replication initiates at precise
sites within a globally closed chromatin region. We and others
(21, 32, 45) have suggested that broad initiation zones may
arise from the spreading of multiple MCM complexes away
from a single ORC complex during prereplication complex
formation. It is possible that a condensed chromatin structure
restrains initiation to sharply specific sites either by suppress-
ing weak binding sites for ORC or by limiting the spreading of
the MCM complexes away from ORC. It will be interesting to
determine whether initiation within the �-globin locus be-
comes more dispersive at later differentiation stages, when the
globin genes start to decondense and to be transcribed.

Histone modifications and replication timing. A recent
study has shown that the firing time of S. cerevisiae origins can
be artificially advanced either by global hyperacetylation of the
genome due to the deletion of a histone deacetylase or by local
recruitment of a histone acetyltransferase, suggesting that hi-
stone acetylation is a direct determinant of origin firing time
(63). However, we found that the four origins of the chicken
�-globin locus, whether associated with hyperacetylated or hy-
poacetylated histones H3 and H4, fire early in S phase. Al-
though these results do not exclude that histone acetylation
can induce early firing of some origins, they clearly indicate
that the status of histone acetylation is neither the sole nor a
necessary determinant of origin firing time in chicken cells.
However, it is possible that one of the four origins is a master
origin that triggers initiation at the entire cluster. For example,
the hyperacetylated 5� HS4 origin could be programmed to fire
early, and once poised to replicate it could set up the other
origins to fire simultaneously or shortly following its initiation.
Although speculative, this scenario is consistent with the long-
standing evidence for synchronous replicon clusters in higher
eukaryotes (reviewed in reference 9).

Studies of the human �-globin locus indicate that the LCR
is sufficient for directing replication timing in transgenic mice
(60), although it is not necessary for the ability of this locus to
switch to early replication in erythroid cell hybrids (15), and
that early replication is correlated with an open chromatin
conformation rather than with globin gene expression itself.
Conversely, inactivation of the X chromosome in early embry-
ogenesis is characterized by a transition from early to late
replication that is concomitant with H3-K9 deacetylation and
methylation, whereas other epigenetic modifications occur
subsequently (31, 47).

Except for the active FR gene and the 5� HS4 insulator, the
overall structure of the FR/�-globin region in 6C2 cells is
typical of condensed chromatin. In particular, the high level of
H3-K9 methylation and nuclease resistance observed over the

16-kb stretch that separates the FR gene domain from the
�-globin domain appear typical of heterochromatin, which
usually replicates in late S phase. Nevertheless, the whole FR/
�-globin region replicates early in S phase. This result adds to
the recent evidence that heterochromatin does not necessarily
replicate late in S phase in D. melanogaster (59) and in S.
pombe (37a, 38). Further work is required to establish whether
a specific combination of epigenetic modifications is responsi-
ble for the replication timing of the chicken FR/�-globin do-
mains.

Role of insulators in replication initiation. One replication
origin of the FR/�-globin region is located at the chicken 5�
HS4 �-globin insulator. Might origin activity be required for
insulator function or vice versa, or is this a chance colocaliza-
tion? The lack of replication initiation at the 3� HS boundary
suggests that a CTCF binding site is not sufficient to define a
replication origin and that enhancer-blocking activity does not
require an origin of replication. The barrier activity of the 5�
HS4 insulator was proposed to result from high levels of
H3-K9 acetylation preventing H3-K9 methylation and en-
croachment of condensed chromatin into the �-globin gene
cluster (41). In this regard, the ability of ORC and MCM
proteins to interact with the HBO1 acetyltransferase (12, 34) is
intriguing and may be implied in the recruitment of HAT
activity at the 5� HS4 insulator.

Studies of Drosophila chorion gene amplification (a devel-
opmentally regulated process that results from repeated
rounds of replication initiation within the chorion genes) by
using P-element-mediated transformation have revealed that
amplification is highly subject to position effects but can be
protected by a powerful transcriptional insulator, the suppres-
sor of the Hairy-wing protein-binding site (SHWBS) from the
gypsy transposon (43). By using transgenic constructs sur-
rounded with two SHWBSs, two DNA elements of the chorion
locus (ACE3 and ori-�) were found to be necessary and suf-
ficient for amplification (44). Only ori-� has origin activity,
suggesting that ACE3 function is to activate initiation at ori-�.
The SHWBS insulators showed no origin activity on their own.
Moreover, the SHWBS insulator was found to inhibit amplifi-
cation if located between ACE3 and ori-�. These findings led
to a model in which ACE3 and additional replicators activate
in cis multiple origins within an initiation zone, ori-� being the
most active. Thus, insulators may both protect initiation zones
from position effects and prevent activation of cryptic origins
outside the zone they delimit.

The initiation sites we have mapped in the chicken FR/
condensed chromatin/�-globin region are restricted to within
the �-globin gene cluster. Therefore, they may be controlled by
replicators whose range of action is limited by the 5� HS4 and
the 3� HS insulators. One way to test this model would be to
examine the effect of removing these elements on the replica-
tion of this locus.
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