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ABSTRACT

We previously identified a broad initiation zone of
DNA replication at the chicken lysozyme gene locus.
However, the existence of a highly preferred origin of
bidirectional replication (OBR), often found in initiation

zones, remained elusive. In order to re-examine this
issue we used a competitive PCR assay to determine
the abundance of closely spaced genomic segments
in a 1 kb size fraction of nascent DNA. A sharp peak
of nascent strand abundance occurred at the 3' end
of the gene, where initiation events were 17 times
more frequent than upstream of the gene. This primary
initiation site, active in lysozyme expressing myelo-

monocytic HD11 cells and non-expressing hepatic
DU249 cells, was found to reside within an unusually
located CpG island. While most CpG islands are
found at the 5' end of genes, the lysozyme gene
island extends from the 3' end of the second intron

and includes ~1.2 kb of 3' flanking DNA. As diagnosed
by methylation-sensitive restriction enzymes, the

island is largely non-methylated in HD11 cells, DU249
cells and inactive chicken erythrocytes. Furthermore, a

DNase | hypersensitive site (HS) that is composed of
two subsites separated by ~100 bp, was localised
very close to the segment with the highest initiation

activity. Our results suggest that the non-methylated

CpG island and the HS provide an accessible chromatin
structure for the lysozyme gene origin of replication.

INTRODUCTION

In contrast, when replication intermediates were fractionated
by two-dimensional gel electrophoresis and then identified by
hybridisation with sequence-specific probes, initiation appears
to occur at many sites distributed throughout much larger
regions. In several cases this paradox could be clarified by use
of techniques that allow quantitative determination of the
relative frequency of initiation at densely spaced sites (4,5).
The chicken lysozyme gene locus is one of the best studied
chromatin domains in vertebrates. The gene is flanked by well
characterised regulatory sites (enhancers, silencer, HRE) (6)
and nuclear matrix attachment regions (MARSs) (7). To fill a
gap in our knowledge, we started to study replication of the
lysozyme locus, and as a first step, previously identified a
broad initiation zone of DNA replication (8). Yet unfortunately,
our previous studies failed to reveal a preferred origin of bi-
directional replication (OBR) in the lysozyme initiation zone.
We therefore decided to re-examine this issue and used the
nascent-strand abundance assay to quantitatively determine by
PCR the relative abundance of more densely spaced genomic
sites within the 1.0 kb size fraction of nascent DNA from
chicken myelomonocytic HD11 cells and hepatic DU249 cells.
Furthermore, we concentrated our efforts on the 3' half of the
gene and its 3' flanking DNA, as our previous studies seemed
to indicate that the frequency of initiation is greatest within the
3' located sub-zone (8).

Presently very little is known about the distribution of origins of
DNA replication in relationship to other genomic landmarks.
Origins were found to occur near promoters (3,9), within tran-
scriptional units (10), at the 3' end of genes (3) and in inter-
genic regions (2,4,11). A close correlation of DNA replication
with transcription is demonstrated by the fact that almost all
constitutively expressed (housekeeping) genes replicate within
the first half of S phase in many cell types, while many tissue
specific genes when active replicate in early S phase, but when

Mapping initiation sites for DNA replication in the chromo- inactive in late S phase (12,13). A very prominent landmark
somes of flies, frogs and mammals has revealed at least 2@thin the vertebrate genome is 1-2 kb regions of densely
replication origins (reviewed in 1 and references cited below)spaced CpG dinucleotides, named CpG islands. They are asso-
While these studies agree that DNA synthesis initiates atiated with the 5' end of ~50% of all mammalian genes, where
specific sites but not randomly throughout cellular chromo-they cover the promoter and one or more of the 5' exons
somes, an important feature of replication origins appear§l4,15). While the majority of the methylated CpGs are found
paradoxical. Several studies using labelling of early replicatioin retrotransposons and centromeric satellite DNA, CpG
intermediates with nucleotide precursors conclude that initiatiorslands are free of methylation in all tissues, including those in
occurs from narrow zones encompassing as little as 0.5 kb (2—4jhich the associated genes are silent, with the exception of
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those on the inactive X chromosome (16) and those associatéteparinised (10 ml) blood was diluted with 10 ml IMDM and
with the inactive allele of imprinted genes (17,18). The chromatircentrifuged through 10 ml of Ficoll-Paque (Pharmacia,
encompassing CpG islands is free of histone H1, highlyreiburg, Germany) at 409and £C for 30 min, followed by
acetylated at histones H3 and H4 N-termini, and preferentiallywo washes with phosphate-buffered saline (PBS).
accessible to restriction enzymes (19). These features provide = . . . .

an ‘open’ chromatin configuration. In a recent nascent-strandflation and size fractionation of nascent DNA

abundance analysis of three hamster genes and one humianorder to isolate nascent strand DNA for competitive PCR
gene, that all contain CpG islands at their 5' ends, CpG islandnalysis, 4x 10 HD11 cells grown in complete IMDM over-
DNA but not flanking DNA was found to be present in a shortnight were pulse-labelled with 5-bromodeoxyuridine (BrdUrd,
nascent strand size fraction (20). Furthermore, CpG island-lik20 uM) for 15 min at 37C. High molecular weight DNA was
fragments were enriched in the short nascent DNA fractioiisolated by digestion with proteinase K, extraction with phenol-
from human erythroleukaemic cells, suggesting that initiatiorchloroform and spooled in 70% ethanol. Then, spooled DNA
occurs in CpG islands at a significant frequency. In order tavas dissolved in 5001 of 0.2 N NaOH, layered on two 5-30%
evaluate the generality of this connection, it would be interestingw/v) linear alkaline sucrose gradients containing 0.2 N NaOH
to determine the origin of replication in genomic loci that containand 2 mM EDTA and size-fractionated by centrifugation in a
CpG islands at non-5' end regions. Beckman SW40 rotor at 35 000 r.p.m. for 18 h at@5From

Besides by DNA sequences, origins of replication are determineghch gradient, 12 fractions of 1 ml each were collected, neutralised
by chromatin structure. Initiation of DNA replication is with 0.2 N HCl and 0.1 M Tris—HCI (pH 8.0) and precipitated
strongly inhibited by packaging of DNA into chromatin. This with ethanol. DNA sizes in each fraction were monitored by
effect can be abolished by interaction of specific proteinsglkaline agarose gel electrophoresis and Southern hybridization to
e.g. initiation proteins and some transcription factors, with*?P-labelled, nick-translated genomic DNA usirdindlll-
replication origins (21,22). The origin of simian virus 40 mini- digestedADNA and a 400 bp DNA ladder as size markers.
chromosome and origins daccharomyces cerevisiqmve From each 1 kb size fraction (range, 0.8—1.2 kb) nascent DNA
been shown to be maintained in an open chromatin structuas purified by two cycles of immunoprecipitation exactly as
highly accessible to DNA endonucleases (23-25). Furthermorggscribed by Vassilev and Johnson (9) usingiBéach of an
the chromatin structure at origins in yeasts and origins iranti-BrdUrd monoclonal antibody (2%g/ml; Becton-Dickinson,
human cells is modulated during the cell cycle (23,26,27)Heidelberg, Germany), and dissolved in 200TE [10 mM
Additionally, it has been shown that attachment to the nucleafris—HCI (pH 8.0), 1 mM EDTA].
matrix mediates cell cycle-specific alterations in chromati
structure at the hamster DHFR d@iand oriy (28).

Our present results localise a primary initiation site (OBR) tol he purified nascent DNA was analysed by competitive PCR
a 650 bp region at the 3' end of the lysozyme gene. This OBRt 10 segments of the lysozyme gene locus (Fig. 1). For each
resides within an ~1.8 kb CpG island, which extends from théegment, a primer set, consisting of two external primers
3' end of the second intron and includes ~1.2 kb of 3' flankindPrimers 1 and 2) and two internal primers (primers 3 and 4),
DNA. Furthermore, the OBR is coincident with two closely Was chemically synthesised by MWG-Biotech (Ebersberg,
spaced DNase | hypersensitive sites. These results appear@&rmany). The nucleotide sequences of the primers are given
suggest that the CpG island and the hypersensitive sites establishTable{ 1. Each internal primer carries at its 5 end a 20 nt
an ‘open’ chromatin configuration, which is important for the sequence unrelated to chicken genomic DNA, either 5'-acct-

function of the lysozyme gene 3' end as an OBR. gcagggatccgtcgac-3' (tail 1) or 5'-gtcgacggatccctgcaggt-3' (tail
2). Specific competitors, that have the same sequence as the

genomic segments but in addition the 20 nt sequence in the

MATERIALS AND METHODS middle, were constructed by PCR as described previously
Cell culture and cell svnchronization (8,32). Concentrations of the competitors were determined by

y co-amplification with a known amount of chicken genomic
HD11 cells (29) and DU249 cells (30) were maintained inDNA.
Iscove’s modified Dulbecco’s medium (IMDM), supplemented Competitive PCRs were performed in 0 reaction mix-
with 8% fetal calf serum, 2% chicken serum, 100 U/ml penicillintures containing £ GeneAmp buffer, 1.25 U AmpliTag Gold
and 100ug/ml streptomycin (complete IMDM) at 3€ and  polymerase (Perkin-Elmer, Hamburg, Germany), four deoxy-
5% COQ. For synchronisation, HD11 cells €10) were cultured ribonucleotides (20M each), 1uM primers, 5ul of 1 kb
in 150 mm diameter dishes to 80-90% confluence, then incubatethscent DNA and increasing amounts of specific competitor
for 45 hin IMDM without isoleucine, and finally transferred to DNA. Forty-three cycles of amplification, each consisting of
complete IMDM containing 20ug/ml aphidicolin (Sigma, 1 min at 94C and 1 min at 60C were performed in a Perkin-
Deisenhofen, Germany) for at least 12 h (31). To allow thes&lmer thermal cycler. Amplified DNA fragments were
cells, arrested at the,5 boundary, to enter S phase, they werefractionated on 5% polyacrylamide gels at 150 V for 2 h,
washed twice in complete IMDM to remove aphidicolin, andstained with ethidium bromide and quantified by using an
immediately released into S phase by incubation &C3for  ethidium bromide gel documentation system from Bio-Rad
1 h. For accumulation in gphase, HD11 cells (& 10°)were  (Munich, Germany).
grown in complete IMDM overnight and then deprived of
serum for at least 72 h. To re-entef ghase, these cells were
washed once with IMDM and incubated in complete IMDM To isolate genomic DNA for DNA methylation analysis, HD11
for 3 h. Chicken erythrocytes were collected as follows.and DU249 cells, synchronised HD11 cells and erythrocytes

nOIigonucIeotide primers and competitive PCR

DNA methylation analysis



Table 1.List of primer sequences

Name Sequence (5'to 3')

B/1 AGAGCGATGCTCAGTAAGGC
B/2 ATGCAGCTTGCTTCCTATGC
B/3 GCCAAAGAGTCTGCTGAATG
B/4 CTGCTGGAATCAGGAAACTG
C/1 TCTTCCATGTTGGTGACAGC
Cl2 ATCAATCCATGCCAGTAGCC
C/3 GAGGTCAAGTTACGAACTCA
Cl4 AGCTGGGGTCAATAAGTAAC
D/1 CAGTCGTGGAGTTGTATGCG
D/2 ATACAAGCAGCAATCTGGCC
D/3 ATTTCAAGGAGAATGGATCG
D/4 AAACCAGTACATACCCATAG

111 ACGCATCAGTGGACGGTTTAC
112 CAACACCCACCTCGGAGAG
113 CTACGAGAGAAGCTCGCTGT
114 GACATGTCCGCCTACGTGAA
K/1 GCAACACTTGGCAAACCTCAC
K/2 ACTACACGGCCTTCAGCACAG
K/3 ATCACTGGGGTCAGGACAGT
K/4 GACCGTGTCCCACCTAAAGC
M/1 CCACTAGTGAAGGGGAGGAGA
M/2 AGTGCAGCTGCCAGAATACC
M/3 CTTAATCTAACCAAGGGGGA
M/4 GTGAAACAACACTCATGGTC
N/1 TGAGAGGGGGTTGGGTGTAT
N/2 CGCTCTACGCATTCTGAAACA
N/3 CGTGGCATAGTGCCAGCAGT
N/4 GCCTGCTTGTGACTCTGAGA
0o/1 CATAACAGCGAGCGTGAACTG
0/2 ACGTCGGTGCCCTTGC

0o/3 CGCCACCTACCACGCGTT

o/4 GGGGGTTCCCAGGAGA

P/1 ACGACACTGGCAACATGAGG
P/2 ATTCCAACATCACGCAGACC
P/3 AGTTATCAAGTCCGTGACGC
P/4 ATCGGGGATACAGCCTGGGA
R/1 GCTGCACAGCCGGCCGCTTTG
R/2 CCCGCCCGGCCCCCTTCC
R/3 CGGACCGACGGGAAGGCGTT
R/4 CGTCTCTTTCCGCCGCCAGG
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DNA was spooled from 70% ethanol, washed once with 70%
ethanol and dissolved in 2 ml TE. The sample was then
digested with 5Qug/ml DNase-free RNase A in the presence of
10 mM EDTA and 150 mM NacCl for 3 h at 3T, followed by

a digestion with 0.2 mg/ml proteinase K for 2 h at@7 After
extraction, DNA was then precipitated with ethanol, washed
and dissolved in 200l TE.

For Southern analysis, 3 of purified DNA was digested
with the indicated restriction enzymes, and the resulting DNA
fragments were electrophoretically resolved on 1, 1.4 or 2%
agarose gels containinge ITBE [89 mM Tris (pH 8.0), 89 mM
boric acid and 2 mM EDTA], and transferred onto nylon mem-
branes by the method of Southern (33). Filters were hybridised
to 32P-labelled, nick-translated DNA probes as described
previously (34) and autoradiographed at 2@Qusing inten-
sifying screens.

Mapping of DNase | hypersensitive (HS) sites

Approximately 1 x 10° cells washed twice in PBS were
scraped in 20 ml of buffer A [15 mM NaCl, 60 mM KCl,
15 mM Tris—HCI (pH 7.4), 2 mM EDTA, 0.5 mM EGTA,
0.15 mM spermidine, 0.5 mM spermine, 0.5 M sucrose, 0.5%
Triton X-100 and 1 mM PMSF] (35) with a rubber policeman,
and homogenized in a Dounce homogenizer (type A pestle).
Following centrifugation at 2009 for 10 min at £C, nuclei
were washed twice in 10 ml of the same buffer, twice in 10 ml
of buffer B [15 mM NaCl, 60 mM KCI, 15 mM Tris—HCI
(pH 7.4), 2 mM EDTA, 0.5 mM EGTA, 0.15 mM spermidine,
0.5 mM spermine, 0.35 M sucrose and 1 mM PMSF], and then
suspended in buffer C [15 mM NaCl, 60 mM KCI, 15 mM
Tris—HCI (pH 7.4), 0.2 MM EDTA, 0.2 mM EGTA, 0.15 mM
spermidine, 0.5 mM spermine and 1 mM PMSF] at a nucleic
acid concentration of 1 mg/ml.

To analyse hypersensitive sites, nuclei (249 of nucleic
acids) were treated without DNase | or with 50-150 U/ml of
DNase | in 60Qul buffer C in the presence of 5 mM MggCht
4°C for 10 min. Reactions were stopped by adding }#.6f
0.5 M EDTA. After centrifugation for 10 s at 12 000 r.p.m.,
DNA from digested nuclei was purified as described pre-
viously (34). Following digestion withXba and Hindlll,
DNase | HS sites were mapped by the technique of indirect end
labelling (36) using DNA fragments B4B5 and CeH10 as
probes. Southern hybridization was performed as described
previously (34).

DNA sequencing

DNA fragments to be sequenced were cloned into pBluescript
Il SK+ (Stratagene Europe, Amstersdam, The Netherlands).
DNA sequencing was performed by using a T7 sequenase kit
from USB (Amersham Buchler, Braunschweig, Germany)
with universal sequencing primers according to the instruc-
tions of the manufacturer.

RESULTS

(~4 x 107 cells) were washed twice with PBS, lysed in 3 ml of Identification of an OBR in the chicken lysozyme gene locus

a solution containing 0.3 M NaCl, 50 mM Tris—HCI (pH 8.0), We have previously mapped an initiation zone of DNA
25 mM EDTA, 0.2% (w/v) SDS and 0.2 mg/ml proteinase K. replication at the chicken lysozyme gene locus and presented
Following incubating at 37C for 5 h, the lysate was extracted evidence that it contains a 3' located sub-zone of preferred
three times with Roti Phenol (Roth, Karlsruhe, Germany)initiation (8). In the present study, we wished to determine
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Figure 1. Schematic representation of the chicken lysozyme gene locus and T
the segments analysed. The lysozyme gene, its exons (E), and the dirdction o
transcription are represented by the central box with vertical bars and a

horizontal arrow. The region around the 3' end of the gene is enlarged in the

lower part of the figure. Flanking MARs are shown by open boxes. The relative Competitar 06 1 33 12 06 1 33 12 x 10" malec.
location of the segments analysed is indicated below the map. Segments B, C genemic DNA - I

D, K, M and N in this study are the same sites as lys B, lys C, lys D, lys |, lys  BrdUrd DNA

H and lys G (8), respectively. Primer sequences are provided in ﬂable 1. The (bp)

upper line gives the distances (kb) from the 5' end of the lysozyme gene. Erimere -
R 200 )

using more closely spaced genomic markers, whether this sub

zone harbours an OBR. Employing the competitive PCR-based
nascent strand assay, we measured the abundance of te“empetitor 0.3 1 2653 0.3 1 26 53 x 107 molec
genomic segments (B, N, C, P, M, O, R, I, Dand K) inalkb "o L
size fraction of BrdUrd-labelled, nascent strand DNA. The (bip)
location of these segments is shown in Figure 1. By spanning
~20 kb, they cover the 21 kb lysozyme gene domain (6,7,37). |
Four segments, M, O, R and |, located in the preferred initiation 200 —
zone are spaced by 1140, 55 and 430 bp, respectively. The dis
tances between these probes are small enough to allow detection
of an OBR in this region. The competitive PCR assay was
performed by co-amplification of a fixed amount of the
BrdUrd-labelled nascent strand DNA together with varyingFigure 2. Competitive PCR on the 1 kb nascent strand size fraction. A fixed
known amounts of competitor DNA. The results of a representativ@{)??é’sngo%it:; : g ak;prf(‘)iis;‘;ft‘él ;tg%%dgziﬁsn&a‘ém?v;;nztsnsv egri"for?;fngmﬁa
experiment with segments M, .O' R and | are .Shown in Figure 2 the presence of increasing amounts of specific competit(’)rs using primer sets
The accuracy of this determination was validated by paralley;, o, R and I. PCR products were electrophoretically resolved on 5% poly-
competitive PCR assays of a fixed amount of unlabelledacrylamide gels and stained with ethidium bromide. Marker fragments were a
unfractionated genomic DNA with varying amounts of 100 bp ladder. T and C bands contain target and competitor PCR products,
competitor DNA. We found that the 2 ng genomic DNA Samplerespectlvely. Two heteroduplex DNA bands consisting of either T.C or C.T are

- . indicated by H. The number of molecules of M, O, R and | calculated for the
used contained an average of _GB(DOG COpIe$ (Stanqard error g ul sample of BrdUrd-labelled DNA is shown on the right.
of the mean) for each genomic marker (Fig. 2, right half of
each panel). Consistent with the observations of Kobayashi

etal. (4), not only competitor (C) and target (T) DNA bands

appeared as PCR products, but also heteroduplexes (Hggments O and I, which flank segment R, was (#0150)-fold
between target and competitor DNA amplicons, T.C and C.Tand (6.5+ 0.6)-fold, respectively. Segments M and D, which
that formed during the final cycle of denaturation and renaturationyre 1445 pp upstream and 2539 bp downstream from segment
The amount of this heteroduplex DNA formed was taken intq?, show a (3.2 0.5)- and (1.2 0.2)-fold average enrichment,

account “S‘F‘Q the formu!a given by Kobayashal.(4). Then, respectively. Thus the normalised abundance of nascent DNA
from the ratio of competitor to target DNA and the number of _ . - . oL
exhibits a symmetrical peak centred at segment R, indicating

competitor DNA molecules added, we calculated the numbe:‘gridirectional replication from a site within the ~650 bp region

of copies of each genomic segment in the 1 kb nascent DN . ,
size fraction. In total, we performed three independen{:’ew"een segments O and |. The distance from the 5" end of

measurements for each genomic segment, and average cagment O to the 3' end of segment | measures 1041 bp. Nascent
numbers were normalised to the average copy number &trands were found to be ~1.6- and ~2.6-fold more abundant in
segment B (Fig. 3A). The average abundance of segment Regment R than in the immediate upstream (O) and down-
located at the 3' end of the lysozyme gene, was @ 1.@)-times  stream (I) segment, respectively, suggesting that the centre of
higher than that of segment B. The average enrichment dhe OBR resides in the left half of the 1041 bp region. Altogether,
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that the 1041 bp region (from segment O to segment |) har-
bouring the identified OBR co-localises with the central por-
tion of the CpG island.

The lysozyme CpG island is undermethylated in
myelomonocytic HD11 cells, in hepatic DU249 cells and in
chicken erythrocytes

To assess the methylation status of the CpG island in various
cell lines, we utilised restriction enzymes, whose activity is
inhibited by CpG methylation within their recognition sites. As
probes, purified DNA from lysozyme expressing HD11 cells,
non-expressing hepatic DU249 cells and transcriptionally and
replicationally inactive chicken erythrocytes were digested
with Hpall, Mspl, Avd, Bsddll or Narl, and additionally with
Sad. The recognition sites of these enzymes within the CpG
island are plotted in Figure 4. Digested DNA samples were
analysed by Southern blotting and hybridization with probe
S6S7. Figure 5A shows a Southern analysis of the DNA
samples digested biypall or Msp. Both enzymes recognise
the same sequence, CCGG; however, in contradpadl, that
is inhibited when the internal cytosine is methylatdthpl is
not sensitive to methylation. Although 19 restriction fragments,
from 5 to 343 bp in length, should be generated from fragment
S6S7 by digestion wittMsp, only three bands, 144, 211 and
343 bp in size, were detectable (Fig. 5A, lanes 3, 5, 7 and 9).
The low blotting and hybridization efficiency of the many
smaller fragments probably impeded their detection. The
c P M ORI D K cleavage pattern aftéfpall digestion was very similar to that
by Msp, indicating that most CCGG sites are unmethylated
(lanes 2, 4, 6 and 8). Yet we noticed one differettieell diges-
Figure 3. Mapping of an OBR with earhremicating nascent DNA. The tion produced a 393 bp instead of a 343 bp fragment, indicating

relative abundance of 10 segments (see|Hig. 1 and map at the bottom) Wasat the far right-hand CCGG in fragment S6S7 was methylated in
determined on three different samples of nascent, BrdUrd-labelled DNA with

an average strand length of ~1.0 kb prepared from myelomonocytic HD11 ceI@Xponentla”y groyvmg lel cells (lanes 2 and 3). Identical
(A) and from hepatic DU249 cell8} by competitive PCR. The abundanck o results were obtained with DNA from HD11 cells that were

each segment was normalised to the average of segment B. The mean valgksprived of serum growth factors (Fig. 5A, lanes 4 and 5, and
with standard errors are shown. B, lanes 1 and 2), arrested in @hase (Fig. 5B, lanes 3 and 4), or
synchronised into S phase (Fig. 5B, lanes 5 and 6). Additionally,
the far right-hand CCGG site outside of fragment S6S7 was
these data demonstrate an OBR close to the 3' end of tHeund to be methylated in HD11 cells, but not in DU249 cells
chicken lysozyme gene. and erythrocytes (data not shown). Digestion of DNA from
To determine whether this OBR is also active in lysozymedD11 cells, DU249 cells or erythrocytes with methylation-
non-expressing hepatic DU249 cells, we performed a competitiveensitiveAval generated three fragments, of which the largest
PCR analysis of 1 kb nascent strand DNA from these cells witland the smallest ones had sizes of 692 and 193 bp, respectively
the same 10 pairs of primers. As shown in Figure 3B, thdFig. 5C, lanes 2, 5, 8 and 11). This indicates that the two central
results were very similar to those obtained with nascent strancleavage sites are unmethylated (Fig. 4). However, the middle
DNA from HD11 cells, although segment R was enriched ~10-foldragment cleaved from exponentially growing or arrested
over segment B in nascent strand DNA and the flankingHD11 cell DNA exhibited a size of 424 bp (Fig. 5C, lanes 2
segments O and | showed a 9.5- and 5.2-fold enrichmentnd 5), while the respective fragment cleaved from DU249 cell
respectively. These data are consistent with an active OBBr erythrocyte DNA was 373 bp in length (Fig. 5C, lanes 8 and
close to segment R in DU249 cells. 11). These results and the fact that the far righvil site
(CCCGGQG) in fragment S6S7 also contains the far rigbp
site, confirm our earlier conclusion that the CpG within this
Sequencing of cloned genomic DNA between segments M anebmmon site is methylated. Digestion wiilsddll generated
K revealed that a CpG island (66% GC-rich), ~1.8 kb in lengthfwo fragments, and that witNarl generated three fragments,
is located at the 3' end of the lysozyme gene. The density aff which the two smaller ones were poorly resolved (Fig. 5C,
CpG doublets in the central portion of the island is, on averagdanes 3, 4, 6, 7,9, 10, 12 and 13). This indicates that the respective
~16/100 bp and on its flanks ~7/100 bp, while this density is asleavage sites were unmethylated. Taken together, our results
low as 0.5-1.5/100 bp upstream and downstream of the islarsliggest that the central portion of the CpG island containing
(Fig. 4). The central portion of the island extends from exon 3he lysozyme gene OBR is largely unmethylated in the three
and includes ~700 bp of 3' flanking DNA. These data demonstrateell types investigated. In contrast, two CpG sites at the 3' border

relative abundance

relative abundance

The lysozyme OBR is located within a CpG island
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Figure 4. A CpG island is located at the 3' end of the lysozyme gene. Map plot of the 3" half of the lysozyme gene and 3' flanking sequence, indicating introns by
open boxes and exons (E3 and E4) by closed boxes, and the 3' MAR by a rectangle. Horizontal bars mark segments M, O, R, | and D. The plot shows the clus
of CpG dinucleotides at the 3' end of the lysozyme gene, and the relative positions of the methylation-sensitive restriction enzyme sites usélyiattbe m
analysis. Unmethylated sites resolved by electrophoresis are indicated by open lollipops. The two unmethylated CCGG sites at the 5' bordedoféne isl
analysed byHindlll digestion and hybridisation to probe S6S7 and a probe encompassing segment M (data not shown). Two adjacent CCGG sites methylated i
HD11 cells but not in DU249 cells or erythrocytes are marked by closed lollipops. Analysis of the downstream region of one of these sites usedittigestion
Hindlll instead ofSad (data not shown). A bar at the bottom and two vertical dotted lines indicate the positions of the S6S7 probe and theSiairditeg used.

of the island were found to be methylated in lysozyme expressinpISCUSSION

HD11 cells. We previously identified an initiation zone of DNA replication

The lysozyme OBR contains a DNase | HS site within the chicken lysozyme gene locus, but failed to localise a

referred primary initiation site. Re-examining this issue, we

An OBR might be expected to be preferentially accessible tEsed a competitive PCR assay to determine the abundance of
the replication machinery, and thus be packaged in a nor%-“
S

! / elected genomic segments in a 1 kb size fraction of nascent
canonical, open chromatin structure. In order to detect suc rand DNA. The genomic seaments chosen were particularl
features, we attempted to map sites potentially hypersensitivc]eensel S aiced ir? the 3 halfgof the gene and its g flankin y
to DNase | using the technique of indirect end-labelling (36). . y SP . 9 anking
Nuclei were isolated from exponentially growing HD11 and€9'0n, SINCE our previous measur.emen|ts seemed to indicate
DU249 cells and incubated with increasing concentrations oﬁha_t Initiation events are enhanced in a 3 Io_cated sub-zone (8).
DNase I. Following digestion of the purified DNA witkba Usmq this modification, the present study Q|sc0vers an OBR at
andHindlll, DNase | HS sites were then mapped by indirectthe 3 end of the gene. This OBR localises to an ~650 bp
end-labelling from sites X4 and H10, respectively (see map if€duence, that contains the last (fourth) exon of the gene and
Fig. 6A). As shown in Figure 6BXba digestion and hybrid- 400 bp of 3 flanking DNA. Segment R within the OBR was
isation with probe B4B5 localised a DNase | HS site very closel 7-fold enriched in the 1.0 kb size fraction of BrdUrd-labelled
to the 3' end of the lysozyme gene. This site is likely identicaf@Scent DNA. Segments O and |, that are separated from segment
with a DNase | HS site previously mapped at position +3.9 kiR Py 55 and 430 bp, respectively, exhibited only a 10.5- and
(named HS6) in various chicken tissues (38). A fine mappinéi.S-fold enrichment, respecnve'ly. The sharpness Qf the .p('az'ak'of
by digestion withHindIll and hybridization with probe CeH10 hascent strand abundance thus indicates that the primary initiation
then revealed that the HS site detected in Figure 6B consists 8¥ents localise to a strikingly narrow region very close to the 3'
two sub-sites spaced by ~100 bp (Fig. 6C and D). Interestinghgnd of the lysozyme gene. We furthermore considered the
these sub-sites are present in both HD11 and DU249 cell linggossibility that an additional high-frequency initiation site
and map within segment R, that has been earlier shown to displayould exist at the gene locus. In case of its existence, the flanking
the highest frequency of initiation (Fig. 3). Thus our resultssegments should exhibit an elevated abundance in the 1 kb nascent
demonstrate that a DNase | HS site, which is indicative of &trand DNA fraction, since the distance between the segments
localised accessible chromatin structure, occurs within thgsed ranges from 3 to 4 kb. As shown in Figure 3, solely
lysozyme OBR. It is tempting to postulate that the specialisedegments D and M, but not segments N, C, P and K, were
chromatin organisation of this DNase | HS site plays an importarfound to be enriched. Hence, it is unlikely that other additional
role in the function of the lysozyme OBR. high-frequency initiation sites are present at the gene locus.
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Figure 6. Chromatin structure analysis of the lysozyme OBR) $chematic

. & map of the lysozyme gene showing the restriction sites and probes used for
indirect end-labelling. X3 and X4 denaba sites 3 and 4, H9 and H18indllI

sites 9 and 10. Horizontal bars indicate the relative positions of segments O,
R and |, and probes CeH10 and B4B5. The DNase | HS sub-sites at +3.9 kb
are indicated by vertical arrowsB(C andD) Mapping of DNase | HS sites in
Figure 5. DNA methylation analysis of the lysozyme CpG island. Genomic € lysozyme OBR. Nuclei isolated from exponentially growing HD11 (B and C)
DNA was isolated from exponentially growing HD11 cells (HD.exp), HD cells and DU24.9 (D) cells were incubated W'thom. DNase | or with increasing
deprived of serum (HD.g, HD11 cells arrested in (HD.Gy) or S phase concentrations of DNa_lse 1 (50-150 U/ml). Purified DNA samples were_then
(HD.S), DU249 cells (DU) or chicken erythrocytes (Ery), and digested with digested wittXbal andHlndIII,_rgsoIved on1and 1.2% agarose gels, respectlv_ely,
Sad (S) or Sad in addition toHpall (H), Msg (M), Aval (A), BsHIl (B) or Sou_them-blotted and hybrldlsed to probes B4B5 and CeH10, r(e_gpectlvely.
Narl (N). Digested DNA samples were resolved on 2¥ahdB) or 1.4% agarose Positions of thg genomic fragmgnts-xm and H9—H1_O and those additionally
gels C), Southem-blotted and hybridised to probe S657 [fig. 4). Lanes M (A an((}Ieaved at HS sites (HS) are indicated. Lane M contains a 100 bp DNA ladder.

C) contain a 100 bp DNA ladder and marker sizes are noted on the right-hand side.

12 34 567 8 91011121314

A quantitative aspect of the competitive PCR assay is
Yet we have to admit that application of the strategy of usingurthermore interesting. Near the center of the OBR (genomic site
more densely spaced genomic markers might reveal addition&)) we measured 2500 copies of nascent strands in the 0.8-1.2 kb
weaker OBRs. Indeed, such weaker OBRs likely occur andize fraction (Fig. 2). In a long calculation taking into account
might have generated, in our previous study, the appearance tbfe number of cells used (~410° cells), the amount of nascent
a zone of initiation (8). Identification of a second origin (8- DNA for PCR analysis (1.25%), and a cell cycle time of 16 h,
within the DHFR initiation zone, ~5 kb downstream from the and assuming 100% recoveries and that replication forks bi-
previously discovered origin, off; is an interesting example directionally move at 1.5 kb/min, we estimated the maximal
of the usefulness of this strategy (4). number of copies of nascent 1 kb fragments at the position of
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the OBR as ~3600. Thus the number of copies found is verhistone H1 and exhibit high levels of acetylation of histones
close to the number expected from an OBR. H3 and H4. Furthermore, the discovery of a DNase | HS site in
Our results furthermore show that the lysozyme gene 3he lysozyme OBR encourages the hypothesis that this feature
region harbouring the lysozyme OBR contains a CpG islandplays a role in targeting assembly of the replication pre-
In the human genome, CpG islands are found at the 5' end @fitiation complex to the OBR. In support of this hypothesis,
~56% of the sequenced genes, including all those that at&e DNase | HS site at the lysozyme gene 3' end is a feature of
ubiquitously expressed (housekeeping genes) (14,15,39). Thexpressing and non-expressing tissues examined (Fig. 6), and
are ~1-2 kb in length and mostly include the promoter and onthus is likely unrelated to transcription.
or more of the 5' exons. In spite of the high density of the methyl- Interestingly, the lysozyme gene locus is replicated early
atable sequence CpG, most CpG islands are non-methylateddoring S phase in expressing and non-expressing cell types,
all tissues, including those in which the gene is silent. The CpGe. independently of the transcriptional activity of the locus
island of the lysozyme gene exhibits an ~66% GC-richness, i8). This appears to be an exception, since it is generally
~1.8 kb in length, and contains a high density of CpG doubletassumed that actively transcribed genes are replicated in early
(16/100 bp) in its central portion. By use of methylation-sensitiveS phase, while repressed genes are replicated in late S phase
restriction enzymes we show that CpG dinucleotides, that ar€l2,13). Furthermore, we show here that replication of the
representatively distributed within the island, and are nonlysozyme gene locus originates from a non-methylated CpG
methylated in lysozyme-expressing HD11 cells, non-expressingland. DNA-(cytosine-5) methyltransferase (MCMT) is
DU249 cells, and transcriptionally inactive chicken erythro-known to be targeted to replication foci during S phase (51).
cytes. Interestingly, two CpG sites at the 3' border of the islan®ecently, Chuangt al. showed that MCMT binds to prolifer-
were found to be methylated in solely HD11 cells, suggestingting cell nuclear antigen (PCNA), an auxiliary factor for DNA
a function of this methylated site for lysozyme gene expressiomeplication and repaiiin vitro andin vivo (52). The cell cycle
Genomic sequencing using sodium bisulfite in order to identifyregulator p21 negatively regulates targeting of MCMT to
all unmethylated cytosines (40) will be required to complemenPCNA and recruitment of MCMT to the replication machinery,
our view of the methylation status of the lysozyme CpG islandprimarily in early S phase. It has been postulated that this
Despite this lack of knowledge it is justifiable to conclude thatreaction protects early replicating CpG islands from methyl-
the 3' end of the lysozyme gene fulfils the characteristics of ation. Interestingly, the molecular connections disclosed
CpG island, although it is located at the 3' end of the genebetween cell cycle and non-methylated CpG islands by
Only rarely CpG islands have been previously identified atChuanget al.(52) also provide an explanation for our findings.
‘non-5' end’ locations. Examples are a CpG island located in th&he methylation-free status of the CpG island at the lysozyme
second intron of thégf2r gene (41), a CpG island that covers 3' end is provided by the early onset of replication at this site
exon 2 of the mouse major histocompatibility complex class lland likely by the inhibition of MCMT by high levels of p21 in
I-AB gene (42) and a CpG island found at the 3' region of theearly S phase. Through the outlined links, the early onset of
glucose-6-phosphate dehydrogenase gene (43). Very recenttgplication at the OBR in all tissues, including non-expressing
it was shown that CpG island-like fragments are enriched in anes (8), is connected with the methylation-free status of the
short nascent strand DNA fraction from erythroleukaemic cellgsland in all tissues.
(20). In four cases, three hamster genes and one human gene,
the 5' located CpG islands were present in this nascent stra
size fraction, but not flanking DNA sequences, suggesting th.’:{%(%:Kl\lOWLEDGEMENTS
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