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ori-b is a well-characterized origin of bidirectional replication (OBR) located ;17 kb downstream of the
dihydrofolate reductase gene in hamster cell chromosomes. The ;2-kb region of ori-b that exhibits greatest
replication initiation activity also contains 12 potential methylation sites in the form of CpG dinucleotides. To
ascertain whether DNA methylation might play a role at mammalian replication origins, the methylation status
of these sites was examined with bisulfite to chemically distinguish cytosine (C) from 5-methylcytosine (mC).
All of the CpGs were methylated, and nine of them were located within 356 bp flanking the minimal OBR,
creating a high-density cluster of mCpGs that was ;10 times greater than average for human DNA. However,
the previously reported densely methylated island in which all cytosines were methylated regardless of their
dinucleotide composition was not detected and appeared to be an experimental artifact. A second OBR, located
at the 5* end of the RPS14 gene, exhibited a strikingly similar methylation pattern, and the organization of CpG
dinucleotides at other mammalian origins revealed the potential for high-density CpG methylation. Moreover,
analysis of bromodeoxyuridine-labeled nascent DNA confirmed that active replication origins were methylated.
These results suggest that a high-density cluster of mCpG dinucleotides may play a role in either the
establishment or the regulation of mammalian replication origins.

At least 16 initiation sites for DNA replication have now
been mapped in the chromosomes of mammals (21, 32, 70).
These studies have shown that DNA synthesis is not initiated
randomly throughout cellular chromosomes but at specific
DNA sites. However, these sites appear more complex than
those found in the simpler genomes of bacteria, bacteriophages,
yeasts, animal viruses, and mitochondria. Most DNA synthesis
is initiated at specific genomic loci that are contained within 0.5
to 2 kb of DNA. These loci represent the functional origins of
bidirectional replication (OBR). Replication bubbles also are
detected throughout a larger initiation zone, ranging in size
from 6 kb to greater than 55 kb, that encompasses the OBR
and contains alternative initiation sites. Thus, metazoan cells
appear to designate specific chromosomal loci as regions where
initiation can occur and then to select from the many potential
initiation sites within this region one site (or a small cluster of
sites) that acts as a primary origin of DNA replication. What
are the parameters that determine where DNA replication
begins?
Metazoan replication origins are determined at least in part

by specific DNA sequences. The same origins that are utilized
in cells containing single copies of a unique genetic locus are
also utilized in cells containing hundreds of copies of the same
locus (12, 18, 39, 72). Moreover, origins can be translocated to
other chromosomal sites and still retain their activity (33, 56)
and origin activity can be eliminated by deletion of specific
sequences (2, 41). Several reports of autonomously replicating
sequence elements that function in mammalian cells and cell
extracts have been documented in detail and shown to corre-
spond to initiation sites for DNA replication in mammalian
chromosomes (21). However, other studies have suggested that
any sequence can act as an autonomously replicating sequence

element (43). In addition, DNA replication can begin within
virtually any DNA sequence under some conditions for trans-
fecting cultured mammalian cells with plasmid DNA and when
bare DNA is introduced into Xenopus eggs (30).
One explanation for these paradoxical results is that meta-

zoan replication origins do not function properly outside the
context of a cellular chromosome organized into a specific
nuclear structure. Support for this explanation comes from the
following experiments. Addition of either chromatin or bare
DNA molecules to an extract from Xenopus eggs can result in
the initiation of a single round of semiconservative DNA rep-
lication but only after the substrate has been assembled into
nuclei containing nuclear lamins and functional nuclear pores
(5, 16, 38, 54). However, replication under these conditions is
initiated at many sites in the DNA that are apparently chosen
at random. Site-specific initiation of DNA replication is ob-
served only when the Xenopus extract is provided with intact
nuclei isolated from differentiated cells (30, 31). In such cells,
site specificity must be established in each cell division cycle
during the middle of G1 phase (76). The choice of initiation
sites for DNA replication becomes more restricted during an-
imal development (37), presumably as a consequence of
changes in chromatin or nuclear structure and gene expression
that accompany cell differentiation. Thus, nuclear structure is
not only a prerequisite for site-specific initiation of DNA rep-
lication in metazoan chromosomes but may also directly select
which of the many possible initiation sites in DNA will be used
(see Jesuit Model in references 18 to 20).
One mechanism by which chromatin structure or nuclear

organization might determine replication site specificity is
DNA methylation. Methylated DNA can bind specific proteins
(50, 53), change the hydrophilicity profile of the major groove,
and influence DNA secondary structure (52). Recently, Ta-
sheva and Roufa (68, 70) reported that an unusual densely
methylated island (DMI) was associated with OBR in the chro-
mosomes of proliferating, but not nonproliferating, mamma-
lian cells. These DMIs consisted of from 127 to 516 bp, in
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which all cytosines on both strands were methylated, regardless
of the dinucleotide composition. These observations strongly
suggested that DNA methylation played a unique role in eu-
karyotic replication. However, application of three alternative
methods employing hydrazine, permanganate, or methylation-
sensitive restriction endonucleases for identification of meth-
ylated cytosines did not detect the DMI reported at ori-b
downstream of the DHFR gene in Chinese hamster ovary
(CHO) cells (60). Here we show that the bisulfite technique,
when stringently applied, also fails to detect the proposed DMI
at ori-b or ori-RPS14. These DMIs appear to be artifacts
resulting from the inability of bisulfite to react with double-
stranded DNA and from the use of PCR primers that selec-
tively amplified the unreacted sequences. Nevertheless, mam-
malian replication origins contain numerous potential cytosine
methylation sites in the form of CpG dinucleotides. In Esche-
richia coli, oriC contains numerous potential adenosine meth-
ylation sites in the form of GATC sequences and methylation
at these sites plays an important role in regulating replication
initiation (47). Since DNA methylation at CpG dinucleotides
in mammalian cells affects both the timing of DNA replication
and the activity of transcription promoters, we determined the
methylation status of CpGs at replication origins.
Cytosines, but not methylcytosines, are converted to uracil in

a reaction between bisulfite and single-stranded DNA, a
change that is easily detected upon subsequent PCR amplifi-
cation and sequence analysis. By this method, a high-density
cluster of mCpG dinucleotides flanking the minimal OBR was
identified at two mammalian replication origins in hamster
cells. Moreover, analysis of nascent DNA strands confirmed
that active replication origins were fully methylated. Since the
methylation density in these regions was much greater than the
average methylation density in mammalian DNA and the or-
ganization of CpG dinucleotides at other mammalian origins
also carried the potential for similar methylation patterns,
high-density clusters of mCpG dinucleotides may play a role in
either the establishment or the regulation of mammalian rep-
lication origins.

MATERIALS AND METHODS

Bisulfite method. CHO K1 and CHOC 400 cells were grown and analyzed by
fluorescence-activated cell sorter analysis as described elsewhere (60). Approx-
imately 5 3 107 adherent cells were rinsed twice with phosphate-buffered saline
on ice, scraped from the dishes with a rubber policeman, and collected by
centrifugation at 1,000 3 g for 5 min at 48C. Cells were lysed in 5 ml of NIB
buffer (30 mM Tris-HCl [pH 7.4], 10 mMNaCl, 1 mMMgCl2, 5 mM CaCl2, 0.5%
Nonidet P-40) on ice for 10 min with gentle vortexing every 2 min. Nuclei were
isolated by centrifugation through 2 ml of a 1 M sucrose cushion at 16,000 3 g
for 5 min at 48C. The pellet was resuspended in 10 ml of NIB buffer containing
0.5% sodium dodecyl sulfate, incubated for 10 min at 508C, and transferred to a
378C bath. RNase A (100 mg/ml; Boehringer Mannheim) was added, and the
incubation continued for 30 min. The sample was adjusted to 10 mM EDTA,
proteinase K (100 mg/ml; Boehringer Mannheim) was added, and incubation
continued overnight at 378C. DNA was purified by organic extraction and eth-
anol precipitated. The pellet was resuspended in TE buffer (10 mM Tris-HCl [pH
7.8], 1 mM EDTA) to give a final concentration of ;200 mg of DNA/ml.
Several protocols for bisulfite conversion of cytosine to uracil in single-

stranded DNA have been described in the literature (15, 25, 68). The most

complete conversion (as checked by analysis with nonselective primers) was
obtained by the following protocol. It was essential to cut the DNA in small
pieces (i.e., as small as possible to still allow primer annealing) to obtain efficient
bisulfite conversion. Purified DNA was digested with the restriction endonucle-
ases ApaI, BamHI, BclI, HindIII, NheI, EcoRI, PstI, EcoRV, and XhoI. Each
digestion was carried out for 2 h at 378C in the buffer recommended by the
manufacturer (Boehringer Mannheim). Several enzymes were included in a
single digestion when possible. The DNA products were then extracted with
phenol, precipitated with ethanol, and redissolved in 50 ml of TE buffer. The
digested DNA had an average length of ;1 kb, as visualized after gel electro-
phoresis and ethidium bromide staining.
DNA was denatured by adjusting a 5-ml sample containing 2 mg of genomic

DNA or a PCR fragment (control) to 0.3 M NaOH (freshly prepared) in a final
volume of 20 ml and then incubating the mixture for 15 min at 378C. Cytosines
were sulfonated by adding 120 ml of 3.6 M sodium bisulfite (reagent grade,
freshly prepared, and adjusted to pH 5.0 with 10 M NaOH; Sigma) in 0.6 mM
hydroquinone (freshly prepared) and incubating the sample in a Perkin-Elmer
model 9600 thermocycler (the sample was split into two tubes to fit in the
thermocycler) for a period of 5 h by the following cycling protocol: 30 s at 958C
and then 15 min at 508C. The DNA sample was then desalted by using the
Wizard purification system (Promega) and desulfonated as described previously
(15).
DNA sequences were amplified by mixing 20 ng of bisulfite-treated DNA with

100 pmol of each PCR primer in 50 ml of reaction buffer containing 200 mM
concentrations of each of the four deoxynucleoside triphosphates. Taq polymer-
ase (2 U; Boehringer Mannheim) was added, and the sample was incubated in a
Perkin-Elmer model 9600 thermocycler for 1 min at 958C, 1 min at 508C, and 1
min at 728C for a total of 30 cycles. The PCR products were separated by
electrophoresis through a low-melting-point agarose gel. The product of interest
was cut from the gel, purified by isotachophoresis (55) or with a gel extraction kit
(Promega or Qiagen), and sequenced with an internal primer and a cycle se-
quencing kit (Amersham). In some cases, selectivity was improved either by
subjecting the PCR amplification product to a second PCR amplification with
internal primers or by increasing the annealing temperature, in increments of
28C, to 648C in an effort to select for rare molecules.
The most reliable sequence available for ori-b is a compilation of several

independent analyses of the genomic sequence in this region of the CHO cell
genome (GenBank accession number X94372). The nucleotide positions given
throughout this communication refer to this sequence.
Artificial DMI boundary. An artificial DMI boundary containing ori-b se-

quences was created by joining together two synthetic fragments, one methylated
and one unmethylated. Oligonucleotides BclI (59-TAC TGA TCA GGT GTG
GCC TTG TTG GAA GAA GTG) and 1D (Table 1) were used to synthesize an
;650-bp PCR fragment from pneoS13 (3) in the presence of 5-methyl-dCTP.
The restriction site is underlined. Oligonucleotides BamHI (59-ATG GGA TCC
ACT CAC TCT GAG CCT ATG GGG CCA) and 4D (Table 1) were used to
synthesize an ;200-bp-long PCR fragment in the presence of dCTP. The prod-
ucts were cut with BamHI or BclI and ligated. The artificial DMI boundary
fragment (;850 bp) was purified by agarose gel electrophoresis.
Analysis of nascent DNA. CHO K1 cells were seeded into 150-mm-diameter

tissue culture dishes and cultured at 378C in 5% CO2 in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum and nonessential amino
acids. When cells reached 20% confluence, 1 mg of aphidicolin (Bethesda Re-
search Laboratories) per ml was added for 24 h to synchronize them at the
boundary of G1 and S. Cells were washed twice with prewarmed medium to
remove the aphidicolin, cultured for 12 h in the absence of drug, and then
cultured for an additional 12 h in the presence of drug. Cells were released from
their final aphidicolin block and cultured for 14 min before nascent DNA was
pulse-labeled for 1 min by addition of 100 mM bromodeoxyuridine (BrdU). Cells
were then washed twice with prewarmed medium and cultured in fresh pre-
warmed medium for 6 h. Cells were washed twice with 20 ml of ice-cold phos-
phate-buffered saline containing 0.02% Na-azide before 5 ml of 10 mM Tris-
HCl–1 mM EDTA–100 mM NaCl was added and the cells were scraped off the
dish with a rubber policeman. Once cells were exposed to BrdU, all steps were
carried out in the absence of direct sunlight or room lights. DNA was isolated
and cut with restriction endonucleases as described above. Br-labeled DNA was
then isolated by affinity chromatography with an anti-BrdU antibody column
(71).

TABLE 1. Primers that amplify unconverted DNA in CHO cell ori-ba

Primer Position Sequence

1 3475–3442 59-ATA ATA AAA AAA CTA GTT TTG AGT CAT TTT ATG G
2 2128–2148 59-TGA ACC AAT TCA AAT CTG ACC
3 2544–2521 59-GTG TGG GAT TAT GCT ATA ACC CAC
4 2334–2354 59-GCA CTT GCT CTG GAG ACC AGG
5 2353–2333 59-CTG GTC TCC AGA GCA AGT GCC

a Primers 1D, 2D, 2E, 3D, 3E, 4C to 4E, 5D, 7D, and 8D are listed elsewhere (60).
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RESULTS
Identification of mCpGs at two replication origins, ori-b and

ori-RPS14. ori-b contains an OBR that has been mapped by a
variety of methods to a position ;17 kb downstream of the
DHFR gene in Chinese hamster ovary cells (reviewed in ref-
erences 18 to 20 and 30). This OBR is located within a 55-kb
initiation zone. By the technique of competitive PCR (29), the
hypothesis that most initiation events occur at the OBR site

within this initiation zone has been tested recently by quanti-
fying the relative abundance of nascent DNA strands. Initia-
tion events at ori-b were found to be localized within an;2-kb
segment where the frequency of initiation events was 10 to 20
times greater than in flanking sequences distributed through-
out the 110-kb region encompassing ori-b (42, 57). Therefore,
the methylation state of this ;2-kb region was examined in
detail.

TABLE 2. Primers that amplify converted DNA in CHO cell ori-b

Primer Position Sequencea

Antisense strand
1a 3475–3442 59-ATA ATA AAA AAA TTA GTT TTG AGT TAT TTT ATG G
2a 2128–2148 59-TAA ACC AAT TCA AAT CTA ACC-39
3a 3544–3521 59-GTG TGG GAT TAT GTT ATA ATT TAT
4a 2334–2354 59-ACA CTT ACT CTA AAA ACC AAA
5a 2353–2333 59-TTG GTT TTT AGA GTA AGT GTT
6a 2675–2703 59-TTC TCA ATA AAT CCA CTT ACT TTA AAA TC
7a 2898–2870 59-TGT GTT TTT TGA AAA ATT TGT TTT TAT GT
8a 3421–3395 59-AGT TTT ATT AGA AAT AGT AAG TTG GGG
9a 3049–3023 59-GTT TAG AGT TTA TTT AAT TGA TGT TAT
10a 1598–1617 59-TAT ATA ACT CCT TCC CAA CC
11a 1681–1701 59-AAA ATA CAA ATA AAC CAT ACC
12a 1928–1909 59-TTA GTA TAT TAA TTT AAA TG
13a 1944–1925 59-GGA TAA TGT ATT TTA TTT AG
14a 1702–1682 59-TGG TAT GGT TTA TTT GTA TTT
15a 1577–1598 59-ATA AAC ACA AAA AAA TCC ATT A
16a 2313–2334 59-ATA ACT TTA AAA CCT ATC CTA A
17a 2500–2479 59-TTG ATT ATT TGA TAT TAG TTG G
18a 3440–3413 59-TTT TTA AGA TTA TTT ATT AAG TTT TAT T
19a 3023–3049 59-ATA ACA TCA ATT AAA TAA ACT CTA AAC
20a 3408–3384 59-ATA GTA AGT TGG GGT ATA AGT TAT T
21a 3394–3372 59-TAT AAG TTA TTT TGT AGT TTT GG
22a 2807–2785 59-GGT TGA ATT TTA TTA GTG TAG TG
23a 2220–2199 59-GAT GTG ATG GTA TTT TAT GAT T
24a 1501–1522 59-AAA AAT TTC TAT AAC CTC CAA A
25a 1617–1596 59-GTT GGG AAG GAG TTA TAT AAT G
26a 3758–3737 59-AAG AGG GTA TTG GAG TTT TTA G
27a 3584–3605 59-TTC TCT ATA TAA CTT TAA AAC C
28a 3713–3693 59-GTT AGG TGT TGG TGG TGT ATG

Sense strand
1s 3475–3442 59-ATA ATA AAA AAA CTA ATT TTA AAT CAT TTT ATA A
2s 2128–2148 59-TGA ATT AAT TTA AAT TTG ATT
3s 2544–2521 59-ATA TAA AAT TAT ACT ATA ACC CAC
4s 2334–2354 59-GTA TTT GTT TTG GAG ATT AGG
5s 2353–2333 59-CTA ATC TCC AAA ACA AAT ACC
6s 2675–2703 59-TTT TTA GTG AGT TTA TTT GTT TTA AAA TT
7s 2898–2870 59-TAT ATT TTC TAA AAA ACC TAC CTT CAT AC
8s 3421–3395 59-AAT CTC ATC AAA AAT AAC AAA CTA AAA
9s 3049–3023 59-ATT CAA AAT CTA CCT AAC TAA TAT CAC
10s 1598–1617 59-TGT GTG GTT TTT TTT TAG TT
11s 1681–1701 59-AGG ATG TAG ATA AGT TAT GTT
12s 1928–1909 59-CCA ACA TAC TAA TAT AAA TA
13s 1944–1925 59-AAA CAA TAT ATT TTA CCC AA
14s 1702–1682 59-TAA CAT AAC TTA TCT ACA TCC
15s 1577–1598 59-ATA GAT ATA AAG GAA TTT ATT G
16s 2313–2334 59-GTA GTT TTG GAG TTT ATT TTG G
17s 2500–2479 59-CTA ACT ATC TAA CAC CAA CAC CAA CTA A
23s 2219–2199 59-ATA TAA TAA CAT TTT ATA TCC
24s 1501–1522 59-AGG AGT TTT TAT GGT TTT TAA G
25s 1623–1602 59-AAC TTA ACT AAA AAA AAA CCA C
26s 3762–3741 59-CCA AAA AAA AAC ATT AAA ACT C
27s 3592–3571 59-TTT AAG ATA GGG TTT TTT TGT G
28s 3711–3691 59-CAA ATA TTA ATA ATA CAT ACC

Nonselective primers
C1 2740–2762 59-TAA TAA TAA ATA TCT TCT CTT AC
C2 2935–2915 59-TTA ATG ATT ATG GAT TAG AGG

aMutated bases are underlined.
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Methylated cytosines in the genomic DNA of mammalian
cells can be detected at high sensitivity by converting cytosines
in single-stranded DNA to uracils in the presence of bisulfite
and then using PCR to amplify the sequences of interest (27).
Primers (Table 2) were designed to selectively amplify the
converted sense or antisense strand of bisulfite-reacted DNA.
In order to anneal to converted DNA, the first primer usually
contained four to five adenosines in place of guanosines (e.g.,
primer 4a) (Table 2). The second primer, designed to anneal to
the extension product of the first primer, contained thymines in
place of cytosines (e.g., primer 3a) (Table 2). To reveal the
methylation state of the total cell population, PCR products
were purified by agarose gel electrophoresis and then se-
quenced directly. This strategy avoided possible selection arti-
facts introduced by cloning the PCR DNA products and se-
quencing individual molecules (15). Both genomic strands
were analyzed.
The results of this analysis revealed that all of the CpG

dinucleotides within the ;2-kb region encompassing ori-b
were methylated. For example, methylation sites within posi-
tions 2368 to 2516 are shown in Fig. 1. The sense strand of this
sequence contained 34 cytosines, 28 of which were converted
by bisulfite treatment into uracil and then by PCR amplifica-

tion into thymines (compare the reference DNA sequence in
lane 5 to the sense-strand sequence of bisulfite-reacted DNA
in lane 4). Six of the cytosines were not converted by bisulfite
treatment, and therefore these cytosines were methylated
(compare the remaining cytosines in lane 5 with the cytosines
that appear in lane 2). Each of these methylated cytosines was
part of a CpG dinucleotide. Further analysis of the antisense
strand revealed that of the 35 cytosines present, the same six
CpG dinucleotides were methylated, as expected. Analysis of
all CpG dinucleotides from map positions 1500 to 3700 re-
vealed the presence of 16 methylated CpG dinucleotides (Fig.
2). This represented all of the CpGs within this sequence.
None of the other cytosines were methylated. The same 16
mCpGs were observed in both proliferating and serum-arrested
CHO cells, as well as in proliferating CHOC 400 cells contain-
ing ;1,000 copies of the DHFR gene region (data not shown).
To determine whether the methylation pattern observed for

ori-b was typical of replication origins in CHO cells, the same
experiments were carried out at a second OBR, at ori-RPS14,
located within a 2-kb region at the 39 end of the gene encoding
ribosomal protein S14 (69). The results revealed that each of
the 19 CpG dinucleotides in this region contained methylated
cytosine on both strands, although four of them were methyl-
ated in about 20 to 60% of the DNA analyzed (see Fig. 7 for
a summary). For example, all the cytosines in the region con-
taining the putative DMI (see below) were converted to uracils
and then to thymines, except for a cluster of five cytosines
within the indicated CpG dinucleotides (Fig. 3, compare lane 3
with lane 7 and lanes 1 and 3 with lane 5). Therefore, these five
cytosines must be methylated. The intensities of the T bands
relative to the intensities of their corresponding C bands indi-
cated that at least 95% of the DNA contained the indicated
methylation pattern.
Searching for the DMI in ori-b and ori-RPS14. Using the

bisulfite method for detecting mC, Tasheva and Roufa (68)
reported the existence of an unusual DMI flanking the OBR
mapped at ori-b and at ori-RPS14 (Fig. 2; also see Fig. 7). The
DMI at ori-b encompassed 516 bp, and the DMI at ori-RPS14
encompassed 127 bp. These DMIs were reported to exist in
;90% of proliferating CHO cells but to be absent in serum-
arrested cells; however, they were not detected in the experi-
ments described above.
Experimentally, a DMI is recognized as a sequence in which

all of the cytosines on both strands are methylated and in which
a clear transition between methylated and nonmethylated se-
quences can be demonstrated. Therefore, to detect a DMI by
the bisulfite method, any one of the following three primer sets
can be used in the PCR step to amplify the DMI region. The
first primer set contains one primer that anneals to converted
sequences (contains U instead of C) outside the DMI and one
primer that anneals to unconverted sequences (contains C)
within the DMI. This primer set selects for the transition from
converted to unconverted DNA that marks one of the bound-
aries of a DMI. The second primer set anneals to converted
sequences that lie on both sides outside the DMI. These prim-
ers select for a complete DMI in which both boundaries are
represented. Selection of specific sequences is expected to be
determined solely by the primers used and not by the inter-
vening sequences that are amplified by the primers. The third
primer set is nonselective. One primer anneals to sequences
devoid of cytosines, while the second primer anneals to se-
quences devoid of guanosines. This primer set gives an unbi-
ased representation of the fraction of molecules that contains
converted or unconverted DNA. All three strategies were ap-
plied to ori-b and ori-RPS14, but in no case was a DMI de-

FIG. 1. Methylation sites within ori-b, positions 2368 to 2516. In lanes
marked 2 Bisulfite, PCR primers 2 and 3 (Table 1) were used to amplify ori-b
nucleotides 2128 to 2544 from a CHO K1 genomic DNA template. The PCR
products were sequenced with primer 4 (Table 1). In lanes marked 1 Bisulfite,
total DNA was purified from proliferating CHO cells and reacted with bisulfite.
Sense-strand DNA (with reference to transcription of the DHFR gene) was
selectively amplified with primers 2s and 3s and sequenced (lanes 1 to 4) with
primer 4s. Antisense-strand DNA was selectively amplified with primers 2a and
3a and sequenced (lanes 9 to 12) with primer 4a. Primer sequences are given in
Table 2. Thin lines connect those cytosines in the DNAs in lanes labeled 2
Bisulfite that were converted to thymines in the DNAs in lanes labeled 1
Bisulfite. The positions of cytosines that were not converted by bisulfite are
identified by lollipops. Reference sequences are in lane 5 (for lanes 2 and 10),
lane 6 (for lanes 1 and 9), lane 7 (for lanes 4 and 12), and lane 8 (for lanes 3 and
11).
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tected. An example of the nonselective primer strategy as ap-
plied to ori-RPS14 is shown in Fig. 3.
We considered the possibility that the discrepancy between

the results of Tasheva and Roufa (68) and those reported here
was due to primer design. For example, both members of the
primer set (P11 and P12) used by Tasheva and Roufa (68) to
amplify the ori-b DMI annealed to unconverted sequences
outside the putative DMI. This is opposite to the strategy that
one would have anticipated, as explained in the rationale noted
above. When we applied this primer strategy to the ori-b DMI,
all of the cytosines in the amplified DNA were unconverted
(Fig. 4, lanes 5 to 8). Conversely, when both primers annealed
to converted DNA, all of the cytosines in the amplified DNA
were converted, except for the single mCpG at position 2850
(Fig. 4, lanes 1 to 4). These results are consistent with what one
would have expected from the theory, if one considers that a
fraction of the template DNA is resistant to bisulfite conver-
sion. It is known that bisulfite does not react with double-
stranded DNA (27). Therefore, the unconverted cytosines in
non-CpG dinucleotides observed in our experiments likely re-
flect the extent to which these DNA samples were denatured in
the presence of bisulfite. In fact, it was possible to obtain
amplified DNA containing fully unconverted cytosines even
with PCR-generated template DNA that did not contain mC.
In our hands, the fractions of unconverted DNA were found to
vary greatly as a function of DNA fragment length, tempera-
ture of the bisulfite incubation, and PCR cycling parameters.
Quantitation of the efficiency of cytosine conversion by bisul-
fite with nonselective primers revealed that our protocol yields
greater than 95% conversion of the genomic DNA.
The above-noted observations suggest that the most reliable

results are those where unconverted cytosines are present in
amplified DNA that also contains converted cytosines, such as
would occur at an mCpG or at a DMI border. To determine
whether a DMI would have been detected if it existed, an
artificial ori-b DMI, containing a transition between methyl-
ated and unmethylated cytosines, was constructed and sub-
jected to the bisulfite method. A clear transition from uncon-
verted to converted DNA was observed at the artificial DMI
boundary: all cytosines within the DMI were present (Fig. 5,
lane 3), while all cytosines outside the DMI were replaced by
thymines (Fig. 5, compare lane 3 with lane 1). This transition
was detected even when genomic DNA was present in 100-fold
molar excess of the quantity of artificial DMI, demonstrating
that the proposed DMI could have been detected in our ex-
periments if it was present in as little as 1% of the genomic
DNA.
Finally, we considered the possibility that our DNA did not

exhibit a DMI because of differences in cells, culture condi-
tions, or DNA preparations. To address this problem, Tasheva
and Roufa graciously provided two DNA samples. One sample
was high-molecular-weight genomic DNA from proliferating
CHO K1 cells, and the other sample contained the same DNA
treated with bisulfite. In our hands, these two DNA samples
gave results identical to those with our own DNA preparations.
All CpG dinucleotides were methylated, but the putative DMI
was absent. However, using nonselective primers, we deter-
mined that less than 5% of Tasheva and Roufa’s DNA had
been converted in their bisulfite-treated sample in contrast to
the more than 95% conversion efficiency obtained with the
samples reacted in our lab. Taken together, the results de-
scribed above strongly suggest that the DMIs reported at ori-b

FIG. 2. Methylated DNA at ori-b. Most initiation events that occur within a 120-kb region of the CHO cell genome located in and around the DHFR gene occur
within an ;2-kb locus (the shaded area was determined by nascent-strand abundance assays [42, 57]) located ;17 kb downstream of the DHFR gene, referred to as
ori-b. This conclusion is based on the results contained in 13 publications from seven different laboratories by six different strategies for mapping the origins of nascent
DNA strands. The OBR lies within the region from positions 2435 to 2918, where a transition from discontinuous to continuous DNA synthesis occurs on each template
strand, as determined by mapping the distribution of Okazaki fragments (9). The map locations (GenBank accession number X94372) of the 16 mCpGs identified within
this region are given. The stippled box indicates a 356-bp region containing nine mCpGs. The open box indicates the position of the putative DMI reported by Tasheva
and Roufa (68). The black lollipop symbol indicates an mCpG. Restriction endonuclease sites are indicated as B (BamHI), E (EcoRI), X (XbaI), and H (HindIII).
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and ori-RPS14 did not result from DNA methylation but
rather from incomplete bisulfite reaction and selective primer
design (see Discussion).
The same pattern of high-density mCpGs was also found at

active origins. Both ori-b and ori-RPS14 are early-firing rep-
lication origins. The presence of a high-density cluster of
mCpG dinucleotides at such origins was surprising, because
methylated DNA is usually associated with late-replicating
DNA and with transcriptionally inactive chromatin. Moreover,
it has been suggested that DNA methylation inactivates repli-
cation origins in Physarum ribosomal DNA (15a). Therefore,
we considered the possibility that while the bulk of origin
sequences were methylated, only a small, unmethylated frac-
tion of the total ori-b sequences was actually active, and this
fraction was not detected by analysis of total chromosomal
DNA. To test this hypothesis, the methylation status of nascent
DNA that originated from ori-b was analyzed. Mammalian
methyltransferase methylates predominantly, if not exclusively,
at hemimethylated CpG sites (14). Therefore, if active parental
ori-b DNA is methylated, nascent DNA originating from these
sequences will become methylated while nascent DNA from
unmethylated origins will be unmethylated.
CHO cells synchronized at the G1-S border were released

into S phase, and newly synthesized DNA was pulse-labeled
with BrdU. DNA was isolated 6 h after the pulse and digested
with restriction endonucleases. Nascent DNA was isolated by
affinity chromatography and analyzed for mC by the bisulfite

method. The ori-b fragment was cut away from flanking se-
quences to ensure that all ori-b sequences subsequently iso-
lated by their affinity for anti-BrdU antibodies actually con-
tained BrdU and were not simply linked to sequences that
were labeled some distance away due to initiation at nearby
upstream or downstream origins. The same pattern of meth-
ylation described for ori-b in total DNA was observed for ori-b
in nascent DNA (Fig. 6). Thus, active replication origins were,
in fact, fully methylated.

DISCUSSION

Methylation of CpG dinucleotides at mammalian replica-
tion origins. Stringent application of the bisulfite method to
distinguish cytosine (C) from 5-methylcytosine (mC) revealed
that at least 2 of the 16 mammalian replication origins that
have been mapped to specific genomic locations (21, 32, 70)
are methylated at each of the CpG dinucleotides located in and
around their OBR. Sixteen mCpGs were found within the
;2-kb region that exhibits greatest replication initiation activ-
ity at ori-b (Fig. 2). Nine of these are clustered within a 356-bp
region (2155 to 2510) to one side of the functional OBR. Eight
of these mCpGs are clustered within 273 bp (2155 to 2427), and
five reside within 51 bp (2377 to 2427). Since the average
density of mCpG dinucleotides in the human genome is ap-
proximately one per 330 bp (74), the density of mCpGs in ori-b
is 8- to 33-fold greater than average. This pattern of hyper-
methylated CpGs appeared at all ori-b loci, both in single-copy
CHO cells and in the highly amplified tandem repeats of the
DHFR gene region present in CHOC 400 cells. Of greatest
importance, this pattern of methylation was present at active as
well as inactive copies of ori-b.
ori-b was not unique in this respect. All of the 19 CpGs in

ori-RPS14 were methylated, although four of them were meth-
ylated in about 20 to 60% of the DNA analyzed (Fig. 7). Nine
were clustered within a 354-bp region (3579 to 3932) to one
side of the OBR, and five were clustered within a 171-bp region
within the OBR. Thus, both ori-b and ori-RPS14 contain at
least one cluster of mCpG dinucleotides with at least one mC
per 40 bp flanking their OBR.
The pattern of CpG dinucleotides at other mammalian rep-

lication origins suggests three methylation motifs. The first
motif is exemplified by ori-b and ori-RPS14. A high-density
cluster of mCpG dinucleotides containing at least one mC per
40 bp flanks the OBR. This group may include the late-S-phase
origin mapped about 150 kb from the 39 end of the ADA gene
(72), which contains a cluster of 10 CpGs within 356 bp, and
the origin at the 59 end of the rhodopsin gene (28), which
contains a cluster of 23 CpGs within 498 bp. Whether these
sites are methylated in vivo remains to be determined. The
second motif is represented by replication origins that lie
within sequences so rich in CpG dinucleotides that they can
potentially be methylated at a density of one mC per 12 to 20
bp over regions 1 to 7 kb in length. This group includes repli-
cation origins located within the CpG-rich promoters of genes
like the human lamin B2 gene (29), mouse, rat, and human
ribosomal genes (32, 78), and the c-myc gene (4, 49). In gen-
eral, regulatory sequences rich in CpG dinucleotides (CpG
islands) are not methylated in transcriptionally active genes
(13, 24, 26, 58). However, the extent of methylation in the CpG
island at the mouse ribosomal gene promoter, for example,
depends on the cell line (59) as well as on the age of the cells
(66). Therefore, it is possible that some or all of the CpGs in
these CpG islands are methylated when they are associated
with active replication origins. The third methylation motif
contains CpG dinucleotides, but their pattern does not allow

FIG. 3. Methylation sites within ori-RPS14, positions 4835 to 4706 (Gen-
Bank accession number M35008). The portion of the sequence that contains the
putative DMI is bracketed. In lanes labeled 2 Bisulfite, PCR primers C3 and C6
(Table 3) were used to amplify nucleotides 4632 to 5036 of CHO K1 cell genomic
DNA within ori-RPS14. The PCR products were sequenced with primer C4
(Table 3). In lanes labeled 1 Bisulfite, the same primers were applied to bisul-
fite-reacted DNA. Thin lines connect those cytosines in the reference DNA
(lanes labeled 2 Bisulfite) that were converted to thymines in bisulfite-treated
DNA (lanes labeled 1 Bisulfite). Cytosines that were not converted by bisulfite
are identified by lollipops. Lanes 1 to 4 provide the reference sequences for lanes
5 to 8, respectively.
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for a high-density cluster of mCpGs. These replication origins
include the one upstream of the b-globin gene (41) and the one
designated ors-12 (46), although only 812 bp of sequence in-
formation is available for ors-12.
The experimental and theoretical analyses described above

suggest that a high-density cluster of mCpG dinucleotides may

contribute to establishing or regulating some, if not all, repli-
cation origins in mammalian chromosomes. Such high-density
mCpG clusters are missing from the DHFR gene in CHO cells,
known to be devoid of origin activity (22, 23, 30). At the 39 end
of this gene, the density of CpGs is low (approximately one
every 200 bp), though the CpGs are likely to be methylated

TABLE 3. Analyses of the CHO cell ori-RPS14

Primer Position Sequencea

Primers that amplify unconverted DNA
1 4699–4726 59-GCA ATG ACA TTT TTT CTT CTT GCA GAG G
2 4992–4969 59-CCT AAG GTC ACC GGG GTG TGG TGG
11 4832–4850 59-GTA TAA GCT ATT TTG GTT C
12 4850–4832 59-GAA CCA AAA TAG CTT ATA C

Primers that amplify the antisense strand
1a 4699–4726 59-ACA ATA ACA TTT TTT CTT CTT ACA AAA A
2a 4992–4969 59-TTT AAG GTT ATT GGG GTG TGG TGG
3a 4653–4675 59-ACT AAT TAA TCT AAT AAC TAA AA
4a 4676–4699 59-AAA CTA TAT TTA TAT AAC TAT AAA
5a 4705–4726 59-ACA TTT TTT CTT CTT ACA AAA A
6a 4973–4952 59-GGT GGT GTA TTT TTT TAT TTT T
7a 5010–4991 59-GTG TTG TTT TGG GTG GTT TT
8a 5051–5027 59-TTT TAT ATG TAA TTT TAA TAT TTT T
11a 3534–3553 59-TAA ACA TAA TAA CTC ACA CC
12a 3693–3673 59-TTA GTT TTA AGA GAT TTA TGG
13a 3670–3690 59-AAA CCA TAA ATC TCT TAA AAC
14a 3987–3968 59-AAG ATT TGT ATA TTG TGA GG
15a 3470–3489 59-CAC AAA CCA AAT AAC TAT CC
16a 3672–3651 59-TTT TTT TTT GTT TTT TAT AGG G
17a 3698–3718 59-ACT AAA CCA CCT CTC CAA ACC
18a 3960–3939 59-ATA AAA TTT TAG ATT TTG TAG G
19a 3959–3980 59-ATA TAA TCC CCT CAC AAT ATA C
20a 4087–4107 59-AAA CCT AAA ACC CAA TCA ACC
21a 4184–4164 59-AAT AAA TTT AAT GTT AGT TAG
22a 4458–4479 59-AAA CAA ACA ACC ACA AAT ACT C
23a 4627–4606 59-TAT TAG TGG TTA ATA AAT AAG G
24a 4519–4539 59-CCC CTC TAA TAT TTA TAT ACC
25a 4675–4654 59-TTT TAG TTA TTA GAT TAA TTA G
26a 4390–4367 59-TAG GGA AAA AGG TTG TTA GGA TAG

Primers that amplify the sense strand
1s 4699–4726 59-GTA ATG ATA TTT TTT TTT TTT GTA GAG G
7s 5010–4991 59-ATA TTA CCC TAA ATA ACC CC
9s 4603–4624 59-GGT TTT TGT TTA TTG ATT ATT G
10s 4923–4902 59-AAA TCT AAA TTA AAA ACC AAA C
11s 3542–3564 59-GTG GTT TAT ATT TTT AAT TTT AG
12s 3690–3670 59-ATT CCA AAA AAT TCA TAA TCC
13s 3673–3693 59-TTA TGA ATT TTT TGG AAT TGG
14s 3979–3959 59-CAC ACT ATA AAA AAA TTA CAC
15s 3461–3480 59-GAG GAT AGT TAT AGG TTA GG
16s 3674–3655 59-AAT CCT CTT CTA TCC TCC AC
17s 3695–3716 59-GTT GTT GAG TTA TTT TTT TAG G
18s 3959–3938 59-CAA AAT TCT AAA CTT TAT AAA C
19s 3958–3979 59-TGT GTA ATT TTT TTA TAG TGT G
20s 4084–4105 59-TTT GGA TTT GGA GTT TAG TTA G
21s 4176–4155 59-CAA TAT TAA CTA AAA AAA TCA C
22s 4454–4476 59-TAA AGA GTA AAT AGT TAT AGG TG
23s 4610–4590 59-CAA AAA CCC ACC TCA CCT ATC
24s 4515–4535 59-TTT TTT TTT TTG ATG TTT GTG
25s 4674–4653 59-CCT AAC CAT TAA ACT AAC TAA C
26s 4391–4369 59-ACA AAA AAA AAA ACT ACT AAA AC

Nonselective primers
C3 4632–4650 59-ATT TGG GGA AGA ATA AAG T
C4 4870–4852 59-CTC AAA ACA AAC AAA CAT C
C5 4852–4870 59-GAT GTT TGT TTG TTT TGA G
C6 5036–5018 59-TAA CAT CCC CTC AAA ACA C

aMutated bases are underlined.
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since the 39 ends of the highly homologous DHFR genes in
mice and humans are methylated (63, 65). The 59 ends of the
DHFR genes in mouse, human, and hamster cells contain a
CpG island which is not methylated (51, 63, 65). Therefore, the
DHFR gene lacks both origin activity and high-density clusters
of mCpGs.
Dinucleotides other than CpG are not methylated at repli-

cation origins. An alternative view of DNA methylation at
mammalian replication origins is that OBR are associated with
a DMI in which all cytosines on both strands are methylated,
regardless of their dinucleotide composition. These putative
DMIs consist of well-defined loci of 516, 127, and 258 bp for
ori-b, ori-RPS14 in CHO cells, and ori-RPS14 in human cells,
respectively (68, 70). Moreover, they exist only in proliferating
cells, not in resting cells, suggesting a role in determining
where initiation of DNA replication occurs. The data support-
ing these conclusions were obtained by sequence analysis of
genomic DNA by the bisulfite method and by digestion of
genomic DNA with methylation-sensitive restriction endo-
nucleases, followed by PCR amplification of the DMI region.
However, in our hands, neither the DMI at ori-b nor the

DMI at ori-RPS14 was detected in CHO cell DNA. The bisul-
fite method had no difficulty detecting 35 mCpGs distributed
over the 4 kb of sequence analyzed at ori-b and ori-RPS14 but
failed to detect a single non-CpG methylation even though the

protocol used here was capable of detecting an artificial DMI
in ,1% of the sample. In addition, sequence analysis of these
regions by both the hydrazine and permanganate methods for
identification of mC as well as with methylation-sensitive re-
striction endonucleases confirmed the absence of mC at non-
CpG dinucleotides in the ori-b DMI locus (60). Taken to-
gether, these results make it highly unlikely that replication
origins are associated with a DMI.
Others have observed continuous stretches of unconverted

DNA by the bisulfite method. However, these were not inter-
preted as DMIs but rather as artifacts since their occurrence
depended upon experimental conditions (15, 25). Likewise, we
suggest that the observations reported by Tasheva and Roufa
(68, 70) resulted from artifacts inherent in the two methods
they used to search for DMIs. First, their restriction enzyme
digestions of genomic DNA may have been incomplete, thus
giving the false impression that the restriction sites analyzed
were methylated. AluI, for example, can easily cleave small
DNA molecules but has difficulty in digesting genomic DNA to
completion (60). Second, by the bisulfite method, it is critical
to distinguish between DNA sequences that fail to react with
bisulfite from sequences that contain mC. Bisulfite converts
only cytosines in single-stranded DNA to uracils (27). Thus,
stretches of unconverted DNA that characterize DMIs may
have resulted from bisulfite-resistant double-stranded DNA
and these stretches may have been subsequently amplified dur-
ing the PCR step with primers that selectively annealed to
unconverted DNA (e.g., primers P11 and P12 [68]). We have
applied several different bisulfite conversion protocols (15, 25,
27, 68) to identical DNA samples and found variable percent-

FIG. 4. Selection of genomic DNA sequences in which bisulfite had failed to
convert cytosines to uracils. Total DNA was purified from proliferating CHO K1
cells and reacted with bisulfite. In lanes labeled Converted Cytosines, PCR
primers 6a and 9a (Table 2) were used to amplify nucleotides 2675 to 3049 of the
antisense strand DNA within ori-b. The PCR products were sequenced with
primer 7a (Table 2). In lanes labeled Unconverted Cytosines, PCR primers 1D
and 8D (Table 1) were used to amplify nucleotides 2675 to 3049 within ori-b. The
PCR products were sequenced with primer 2E (Table 1). Thin lines identify
those nucleotides that appear as cytosines in the unconverted DNA (lane 6) but
as thymines in the converted DNA (lane 4). One cytosine in the converted DNA
did not react with bisulfite (marked by a lollipop; lane 2).

FIG. 5. An artificial DMI can be detected by the bisulfite method. An arti-
ficially constructed ori-b DMI was mixed with digested genomic DNA at molar
ratios from 1/100 to 100/1. After bisulfite treatment, primers 4C (Table 1) and
21a (Table 2) were used to amplify the DMI region and primer 3E (Table 1) was
used for sequencing. The 1:1 mixture is shown. Arrows indicate either uncon-
verted cytosines or cytosines converted to thymines. The sequence spans posi-
tions 3267 (bottom) to 3379 (top). The small bracket denotes the CTA insertion
between positions 3330 and 3331 created by the construction of the artificial
DMI.
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ages of unconverted DNA with each protocol. With nonselec-
tive primers, the actual fraction of DNA that was converted
could be monitored and the conditions for bisulfite treatment
could be optimized. With the optimized bisulfite protocol, un-
converted DNA was no longer detectable with nonselective
primers but was still detectable with primers selecting for un-
converted DNA, even when PCR-generated DNA without any
mC was used as the starting material. Therefore, to avoid this
artifact in our experiments, we chose PCR primers that se-
lected for converted DNA sequences or PCR primers that
were nonselective together with conditions that gave .95%
conversion. Using our bisulfite protocol, we obtained results

with DNA samples provided by Tasheva and Roufa identical to
those obtained with DNA samples prepared by us from cells
cultured in our own laboratory.
One would not expect this artifact to generate the well-

defined transitions from regions of converted DNA to regions
of unconverted DNA that defined DMIs (68). However, only
one of the eight transitions that define the ori-b and ori-RPS14
DMIs was shown in a single sequencing gel lane (68). It ap-
pears that the remaining seven boundaries were assumed to
exist wherever one primer set amplified unconverted DNA
next to a second primer set that amplified converted DNA.
However, we never observed boundaries either by sequencing
the total PCR DNA product of genomic DNA (our standard
procedure) or by random isolation of 15 individual clones (the
standard procedure used by Tasheva and Roufa), even though
we were able to sequence across the boundary of an artificial
DMI (Fig. 5). We also note that the sequence data presented
in documentation of one of the transitions defining the ori-
RPS14 DMI (68) does not show three of the mCpGs that we
found adjacent to the proposed ori-RPS14 DMI (Fig. 3 and 7)
by sequencing the bulk of the amplified molecules. Thus, in-
dividual clones may not be representative of the entire DNA
population.
Potential roles for methylation at replication origins.

mCpGs generally are associated with transcriptionally inactive
DNA (58). It is therefore surprising that some, and perhaps all,
mammalian replication origins are methylated, since replica-
tion origins, like promoters, presumably require an open chro-
matin structure. However, the role of methylation in DNA
replication may differ from that in transcription. A paradigm
for methylation at replication origins is provided by the E. coli
origin of replication. oriC is a 245-bp region containing 11
GATC sites that are methylated by deoxyadenosine methyl-
transferase (dam). When DNA replication is initiated at oriC,
these sites become hemimethylated. Remethylation at oriC is
delayed 8 min, or about 10 times longer than needed for most
other locations in the E. coli chromosome (11, 61). The hemi-
methylated oriC is preferentially bound to the outer mem-
brane, and this binding prevents the origin recognition protein,
DnaA, from binding to oriC and initiating another round of
replication (6, 64). Thus, the methylation status at oriC regu-
lates the timing of DNA replication. Methylation at oriC also

FIG. 6. Methylation pattern of newly synthesized DNA originating at ori-b.
Nascent DNA was pulse-labeled at the beginning of S phase in CHO K1 cells,
isolated after 6 h, and purified by affinity chromatography. DNA methylation was
analyzed by the bisulfite method. Sense-strand DNA was selectively amplified
with primers 2s and 3s and sequenced (lanes 1 to 4) with primer 4s. The positions
of cytosines that were not converted by bisulfite are identified by lollipops.

FIG. 7. Methylation patterns at different replication origins. Lollipop symbols, CpG dinucleotides analyzed in this study (filled lollipops, CpG dinucleotides
methylated in all cells; shaded lollipops, CpG dinucleotides methylated in 20 to 60% of the cells); thin vertical lines, CpG dinucleotides of unknown methylation status.
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influences the local DNA structure and stability (40, 77) and its
interaction with replication proteins (47).
Whether methylation serves analogous functions in mamma-

lian chromosomes remains an open question. However, certain
similarities exist. For example, remethylation after replication
is delayed in parts of the chromosome for up to 6 h (75). Also,
mammalian cells contain proteins that preferentially bind
CpG-methylated DNA in vivo, such as MeCP2 (53). In E. coli,
the outer membrane superstructure plays a critical role in
regulating replication. In mammalian chromosomes, it is clear
that nuclear structure plays a role in site-specific initiation of
DNA replication (30, 31, 76). Site specificity is established at
mid-G1 phase in the cell cycle (76), concurrent with the initial
appearance of DNA methyltransferase activity (1, 67, 73). Hy-
permethylated DNA may participate in nuclear-structure-me-
diated establishment of origins by altering chromatin structure,
either through direct DNA conformational effects of methyl-
ation (52, 79) or through specific protein-DNA interactions.
Consistent with methylation-induced changes in chromatin
structure are the correlations of DNA methylation with the
timing of DNA replication (17, 45, 48, 62), the transcriptional
activity of genes (24), and the ability of DNA to undergo
homologous recombination (36). Experiments are in progress
to test some of these hypotheses.
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