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Establishing how mammalian chromosome replication is regulated and how groups of replication origins are
organized into replication bands will significantly increase our understanding of chromosome organization.
Replication time bands in mammalian chromosomes show overall congruency with structural R- and G-
banding patterns as revealed by different chromosome banding techniques. Thus, chromosome bands reflect
variations in the longitudinal structure and function of the chromosome, but little is known about the
structural basis of the metaphase chromosome banding pattern. At the microscopic level, both structural R and
G bands and replication bands occupy discrete domains along chromosomes, suggesting separation by distinct
boundaries. The purpose of this study was to determine replication timing differences encompassing a bound-
ary between differentially replicating chromosomal bands. Using competitive PCR on replicated DNA from
flow-sorted cell cycle fractions, we have analyzed the replication timing of markers spanning roughly 5 Mb of
human chromosome 13q14.3/q21.1. This is only the second report of high-resolution analysis of replication
timing differences across an R/G-band boundary. In contrast to previous work, however, we find that band
boundaries are defined by a gradient in replication timing rather than by a sharp boundary separating R and
G bands into functionally distinct chromatin compartments. These findings indicate that topographical band
boundaries are not defined by specific sequences or structures.

Human metaphase chromosomes can be cytogenetically
identified by a distinctive banding pattern that is achieved by
different staining techniques. Chromosome banding using
DNA-specific stains such as Giemsa and quinacrine was first
described almost 30 years ago (42), and the most common
banding types are now referred to as Giemsa (G) bands and
reverse (R) bands. Despite significant advances in staining
techniques, there has been little progress in understanding the
underlying chromosomal structures responsible for the band-
ing phenomenon.

R bands are characterized by early replication, high gene
and CpG island density, and localization of a large number of
both housekeeping and tissue-specific genes, and they are en-
riched for short interspersed repetitive elements. G bands are
late replicating, contain a low number of tissue-specific genes,
and are enriched for long interspersed repetitive elements (5,
6, 11, 19, 20, 31, 32). These general properties of R and G
bands define them as distinct structural and functional units,
suggesting the presence of discrete topographical boundaries.
However, at higher levels of band resolution, it seems to be
increasingly difficult to define narrow chromosome band
boundaries, and the potential to correlate specific bands with
specific functional sequences seems unlikely (19). Thus, to
understand how the genome is organized in alternating chro-
mosome bands and how boundaries between them are estab-
lished, it is important to analyze functional differences between
bands at the molecular level.

Chromosome replication in the eukaryotic cell nucleus is
confined to a discrete portion of the cell cycle and is under
stringent temporal and spatial control. Initiation of DNA rep-
lication occurs in coordinated groups of adjacent origins

termed replicons (25, 45). Each replication domain represents
a cluster of 10 to 20 replicons that synchronously initiate and
terminate DNA synthesis, thus organizing the genome in a
series of replication time bands (25, 32). Replication banding
patterns that can be visualized by incorporation of 59-bro-
modeoxyuridine (BrdU) in conjunction with differential stain-
ing techniques or by immunocytochemical methods exhibit an
overall congruency with structural banding patterns (5, 11, 32).
Several studies have determined the temporal order of repli-
cation domains and the correlation between changes in repli-
cation timing and gene expression over extensive regions of
chromatin (26, 28, 37, 38, 50, 54, 55), but the correlation
between replication timing domains and physical R/G-band
boundaries remains unclear.

We have investigated the replication kinetics of the band
boundary region between an early-replicating R band
(13q14.3) and a late-replicating G band (13q21.1) of human
chromosome 13. To determine the kinetics of DNA replication
at high resolution, we have developed a competitive PCR-
based assay that allows the determination of the replication
time of single-copy DNA sequences in complex genomes. In
this approach, cells in exponential growth are pulse-labeled
with BrdU and fractionated by retroactive synchrony flow sort-
ing into six cell cycle fractions based on their DNA content
(21). Positive selection for replicated BrdU-substituted DNA is
accomplished by immunoprecipitation with an anti-BrdU an-
tibody (26, 27, 36, 56, 57). The amount of DNA in each cell
cycle fraction is determined and can be calibrated by amplifi-
cation of the BrdU-labeled mitochondrial DNA, since mito-
chondrial DNA replicates throughout the synthetic phase (2,
7). The replication kinetics of single-copy DNA sequences was
analyzed by a competitive PCR method, similar to the ap-
proach that has been described for high-resolution mapping of
origins of replication in mammalian cells (10, 14).

This approach allows the high-resolution delineation of rep-
lication timing at the transition zone between differentially
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replicating chromosomal bands. We have determined the rep-
lication timing of various genomic PCR markers termed se-
quence-tagged sites (STS), distributed over a continuous chro-
mosome segment of about 4 to 5 Mb encompassing a proposed
R/G-band boundary. In contrast to recent work suggesting a
precise replication time switching and narrow band boundaries
(55), our results indicate that at high resolution, replication is
a dynamic process and that topographical band boundaries
cannot be exactly defined on the basis of this functional prop-
erty.

MATERIALS AND METHODS

Construction of cloned contigs. (i) YACs. To establish a yeast artificial chro-
mosome (YAC) contig spanning the 13q14.3/q21.1 chromosomal band transition
region, we screened the CEPH-Généthon YAC database for clones listed as
positive for STSs D13S25, D13S31, and D13S59, which have been previously
mapped into the vicinity of the proposed R/G-band boundary. YAC clones
857C5 (insert size of 1.6 Mb), 935G2 (1.7 Mb), 954C12 (2.2 Mb), 923F5 (1 Mb),
816D1 (1.4 Mb), and 850G8 (0.9 Mb) were obtained from Research Genetics
(Huntsville, Ala.), and the sizes of the YACs were retrieved from the CEPH-
Généthon database. Each clone was streaked onto selective agar plates, and
DNA for PCR amplification was directly obtained from single colonies by boiling
them in a YAC lysis solution (1% Triton X-100, 20 mM Tris [pH 8.5], 2 mM
EDTA).

(ii) P1, PACs, and BACs. Bacteriophage P1, P1-derived artificial chromosomes
(PACs), and bacterial artificial chromosomes (BACs) (35, 51, 53) were obtained
commercially (Genome Systems, St. Louis, Mo.) by PCR screening the libraries
with primers for markers D13S298 and D13S137. For contig assembly and the
development of new PCR markers, terminal sequences of the clones were ob-
tained by cloning the ends and fluorescent automated DNA sequencing (Applied
Biosystems Inc., Foster City, Calif.). PCR primers were designed from the end
clones containing single-copy sequences by using the Primer3 software (http://
www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). These primers were used
to isolate new clones from different libraries.

Two nonoverlapping P1/PAC/BAC contigs around markers D13S298 and
D13S137 consisting of six (Genome Systems control numbers P1 9532, P1 9533,
PAC 10861, PAC 11350, PAC 12003, and PAC 12388) and three (PAC 11828,
BAC 13636, and BAC 13637) clones were established. Overlaps among P1/PAC/
BAC clones were determined by standard procedures, including PCR with ap-
propriate STS primers, restriction fragment analysis, and pulsed-field gel elec-
trophoresis (22).

Placement of markers on the physical map. PCRs for placement of STSs
within the YAC and P1/PAC/BAC contigs were performed for markers RB-1
(exons 3 and 26 [60]), D13S818 (RBKPT), D13S165 (AFM203xa1), D13S319
(MGG15), D13S272 (AFM120xa3), D13S912 (WI-5710), D13S25 (H2-42),
D13S262 (AFM205vh2), D13S294, D13S228, D13S31, D13S227 (CA20),
D13S288 (AFM303zg5), D13S284, D13S268 (AFM238vc3), D13S295, D13S297,
D13S788 (CHLC.GATA.P14583), D13S201 (MGG14), D13S301, D13S133,
D13S300, D13S299, D13S298, D13S137, D13S155 (AFM070xb7), and D13S59.
Primer sequences are available through the Genome Database (http://gdbwww
.gdb.org/). Seven new STS markers, p752, p705, p702, p775, p838, p868, and
p1027, were generated from P1/PAC/BAC clone end fragments. The chromo-
somal origin of each marker was verified by PCR amplification of two human 3
rodent cell hybrids: PGMEC8 containing a normal intact chromosome 13 and
G46C2 carrying a 13;X translocated chromosome with region 13pter-13q22 re-
tained (41). In addition, for positioning some STS deletion hybrid cell lines,
CF25 (13q12-13qter), WC-H38B3B6 containing 13pter-q13::13q21.1-qter, and
WC-H12D12 containing 13pter-q14::13q22-qter were used (33, 41). All PCRs
were performed at least twice to verify reproducibility.

Cell culture and flow cytometry. Human lymphoblastoid cell lines GM7342
and GM7042 were cultured at 37°C in RPMI 1640 medium supplemented with
10 to 15% fetal calf serum (FCS) and penicillin-streptomycin (50 U/ml; Gibco
BRL, Life Technologies, Gaithersburg, Md.). Human peripheral blood T lym-
phocytes (PBL) from healthy donors were isolated by Ficoll-Paque (Pharmacia
Biotech, Uppsala, Sweden) gradient density centrifugation. The lymphocytes
were stimulated by addition of phytohemagglutinin (1 mg/ml; Murex Diagnostics,
Dartford, England) for about 60 h. To suppress endogenous thymidine synthesis,
cells in exponential growth were treated with 25 mM fluorodeoxyuridine (Sigma,
St. Louis, Mo.) for 15 min. Cells were centrifuged and resuspended in release
medium (RPMI 1640 containing 10% dialyzed FCS [HyClone Laboratories, Inc.,
Utah] and 100 mM BrdU [Sigma]). Following a 45-min incubation at 37°C in the
dark, cells were stained with 49,6-diamidino-2-phenylindole (DAPI) and sub-
jected to flow cytometry. Briefly, cells were resuspended in 1 ml of phosphate-
buffered saline, and an appropriate amount of staining buffer (0.1 M Tris [pH
7.5], 146 mM NaCl, 0.2% FCS, 1 mM CaCl2, 0.5 mM MgCl2, 0.1% Nonidet P-40,
50 mg of RNase per ml, 2 mg of DAPI per ml) was added to yield a final cell
concentration of about 106/ml (52). Cells were flow sorted based on their DNA
content into six cell cycle fractions (G1, S1 to S4, and G2; 0.3 3 106 to 1 3 106

cells per fraction) on a FACS Vantage (Becton Dickinson) (21). Manipulations

of labeled cells and DNA were done so as to avoid extensive exposure to light to
prevent photolysis of incorporated BrdU.

DNA extraction and immunoprecipitation of BrdU-labeled DNA. DNA isola-
tion was performed by standard procedures, and immunoprecipitation of BrdU-
labeled DNA was carried out as described previously (26, 27, 36, 56, 57), with
some modifications. Cells from each flow-sorted fraction were centrifuged, re-
suspended in extraction buffer (250 mM EDTA, 1% sarcosine, 200 mg of pro-
teinase K per ml [pH 7.8]), and incubated for 16 h at 37°C. DNA from the lysates
was extracted three times, twice with phenol-chloroform (1:1) and once with
chloroform, ethanol precipitated, and rehydrated in 500 ml of 1 3 TE (10 mM
Tris [pH 7.5], 1 mM EDTA); 50 mg of high-molecular-weight salmon sperm
DNA was added to each fraction. The DNA was sonicated for 15 to 30 s
(Branson Sonifier 250), and the fragment sizes were determined by gel electro-
phoresis to range between 700 bp and 1.5 kb, with an average size of 1 kb. After
heat denaturing and cooling on ice, samples were adjusted to 10 mM sodium
phosphate (pH 7.0)–0.14 M NaCl–0.05% Triton X-100 and incubated with 1 mg
of anti-BrdU antibody (Boehringer Mannheim, Indianapolis, Ind.). After 20 to
30 min of incubation in the dark at room temperature under mild shaking, an
excess of a second antibody (30 mg of anti-mouse immunoglobulin G; Sigma) was
added, and incubation continued for another 20 to 30 min. The precipitate was
collected by 5 min of centrifugation. The pellets were washed in 500 ml of 10 mM
sodium phosphate (pH 7.0)–0.14 M NaCl–0.05% Triton X-100, resuspended in
200 ml of 50 mM Tris (pH 7.8)–10 mM EDTA–0.5% sodium dodecyl sulfate–200
mg of proteinase K per ml, and incubated overnight at 37°C. After performing a
second round of immunoprecipitation, starting with the addition of salmon
sperm DNA, DNA was extracted and ethanol precipitated by adding glycogen
(Boehringer Mannheim) or Pellet Paint Co-Precipitant (Novagen Inc., Madison,
Wis.) to ensure the highest possible recovery of the BrdU-labeled immunopre-
cipitated DNA. The samples were resuspended in 50 to 80 ml of 13 TE and
stored in the dark at 4°C. To control the different recovery during DNA extrac-
tion and immunoprecipitation, the concentration of DNA in each fraction was
calibrated by PCR amplification of the BrdU-labeled mitochondrial DNA
(mtDNA) in the samples. The PCR was performed in the linear range of the
reaction, using primers MTRNA-1 (59-GCCTTCCCCCGTAAATGATA-39)
and MTRNA-2 (59-AACCACTTTCACCGCTACAC-39), as follows: 94°C for 2
min; 25 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s; and a final
extension at 72°C for 7 min. PCR products were visualized on agarose gels
stained with ethidium bromide, gel images were captured by using a gel docu-
mentation system (ImageStore 5000; UVP, San Gabriel, Calif.), and band inten-
sities were determined by using the GelBase/GelBlot Pro software (UVP).

Construction of PCR competitors and competitive PCR. For each locus and
primer set, we constructed a competitor DNA segment consisting of a nonho-
mologous sequence 50 to 100 bp longer or shorter than the specific target
sequence and having the same primer sequences. The competitors were con-
structed essentially as described in the protocol for the PCR MIMIC construc-
tion kit (Clontech Laboratories, Inc., Palo Alto, Calif.). Two rounds of PCR
amplification were performed. In the first round, two composite primers, con-
sisting of the target gene primer sequence attached to a 20-nucleotide stretch of
a sequence designed to hybridize to opposite strands of a heterologous DNA
fragment, were used. The desired primer sequences are thus incorporated during
the PCR amplification. A dilution of the first PCR mixture is then amplified by
using only the target-specific primers, ensuring that all competitor molecules
contain the specific primer sequences. After purification by passage through
Chroma-spin1TE-100 columns (Clontech), the concentration of competitor was
calculated, and the competitor was diluted and used in the competitive PCR
experiments.

Quantification and determination of replication timing. Competitive PCR
experiments with the BrdU-substituted immunoprecipitated DNA of the six cell
cycle fractions were carried out by adding various amounts of competitor to a
fixed volume of the BrdU samples and amplifying the two targets simultaneously.
PCRs were carried out in a total volume of 25 ml containing 0.5 to 1 mM each
primer and 0.5 to 1 U of Taq (Boehringer Mannheim or Gibco BRL) in 10 mM
Tris-HCl, 1 to 2 mM MgCl2, 50 mM KCl, 25 mM each dATP, dCTP, dTTP,
dGTP, and 2 to 5% dimethyl sulfoxide in some reactions. All PCRs were carried
out in a GenAmp PCR System 2400 (Perkin-Elmer). After initial denaturing
(94°C for 2 min) and amplification for 35 to 40 cycles (94°C for 30 s, 52 to 66°C
for 30 s, 72°C for 30 s, and final extension at 72°C for 7 min), the two products
were resolved by gel electrophoresis on 3% ethidium bromide-stained NuSieve
agarose gels (FMC BioProducts, Rockland, Maine), and band intensities were
determined by using the GelBase/GelBlot Pro software (UVP). Competitor
DNA was added to achieve an approximately 1:1 ratio between competitor and
BrdU-DNA (range of 0.3 to 5 for the BrdU-DNA) in the cell cycle fraction
containing most of the replicated DNA. By setting the value for this particular
cell cycle fraction as 100%, the percentage of relative replication of each time
point for different markers was determined. The competitive PCR for each locus
analyzed was repeated at least twice by adding different competitor concentra-
tions to a fixed amount of BrdU-DNA.

Nucleotide sequence accession numbers. GenBank accession numbers for
p752, p705, p702, p775, p838, p868, and p1027 are as follows: AF018661,
AF018660, AF018659, AF018662, AF018663, AF018664, and AF018665, respec-
tively.
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RESULTS

Establishment of a PCR assay for determination of replica-
tion timing. Lymphoblastoid cell lines or phytohemagglutinin-
stimulated lymphocytes in exponential growth were pulse-la-
beled with BrdU for 45 min and fractionated into six cell cycle
phases (21), G2/M (mitotic), G1, and four synthetic (S)-phase
fractions, by flow cytometry (Fig. 1). For each flow sorting
experiment, the gates were set in exactly the same way and
equal numbers of cells, ranging from 0.3 3 106 to 1 3 106, were
acquired for each fraction of the cell cycle. Purification of the
replicated BrdU-substituted DNA was achieved by immuno-
precipitation with an anti-BrdU antibody (26, 27, 36, 56, 57). In
previous studies, PCR of flow-sorted cell cycle fractions after
negative (52) or positive (26, 27, 36) selection of BrdU-substi-
tuted DNA has been used to study replication kinetics. Flow
sorting does not require cell synchronization steps using met-

abolic inhibitors and eliminates any potential of cell cycle per-
turbation (21). Positive selection of BrdU-substituted DNA by
immunoprecipitation may result in different recovery of the
replicated DNA. Since replication of mtDNA is not linked to
nuclear DNA synthesis and may occur at any time during the
cell cycle (2, 7), the concentration of DNA in each fraction was
calibrated by PCR amplification of the BrdU-labeled mtDNA
contained in the samples. The high abundance of mtDNA
allowed the PCR to be performed in the linear range of am-
plification (25 cycles) and to visualize the amplified products
on ethidium bromide-stained agarose gels. After quantification
of the band intensities, the DNA concentrations of the samples
were adjusted and again subjected to PCR amplification. In
general, this procedure had to be carried out for one to two
rounds to achieve equal band intensities with the mtDNA
primers (Fig. 1).

The replication timing for a particular locus was analyzed by
competitive PCR of the calibrated cell cycle-fractionated DNA
by using locus-specific primers. A similar method has been
described for high-resolution mapping of origins of replication
in mammalian cells (10, 14). In our approach, a nonhomolo-
gous competitor sharing the locus-specific primer sequences
was constructed and then amplified simultaneously with the
BrdU samples as an internal control for the efficiency of the
PCR. The size differences between the two products allowed
their resolution and direct visualization by gel electrophoresis
on ethidium bromide-stained agarose gels (Fig. 1). Various
concentrations of competitor DNA were added to a fixed
amount of replicated DNA to achieve an approximately 1:1
ratio of the amplification products in the fractions containing
the highest amounts of BrdU-substituted DNA. The replica-
tion time of each locus was derived from at least two indepen-
dent competitive PCR experiments using different concentra-
tions of competitor and by calculating the ratios between
competitor and the specific target (for details, see Materials
and Methods). In most cases, PCR amplification of the repli-
cated BrdU-substituted DNA without using the competitor
resulted in specific amplification of the same cell cycle frac-
tions as after competitive PCR (data not shown), thus confirm-
ing the highly efficient enrichment of replicated DNA. As size
and nucleotide differences of PCR targets can influence am-
plification rates (61), we used the competitor fragments to
control for amplification anomalies and to compare the rela-
tive rather than the absolute amounts of replicated sequences
in the different cell cycle fractions.

To demonstrate that our method is comparable to other
techniques measuring replication timing, we determined the
replication pattern of b2-microglobulin (b2-MG) (52) and
FMR1 on the X chromosome (26, 28, 54). b2-MG showed a
very early replication pattern (Fig. 2A) which is consistent with
the finding that this gene starts replicating 2 to 4 h after release
from the G1/S boundary in cell synchronization experiments
(52). In normal male lymphocytes, FMR1 showed a mid-to-late
replication pattern (Fig. 2B), thus confirming the replication
pattern of this locus previously established by using alternative
methods for measuring replication timing (26, 28, 54).

To test the reproducibility of the assay, we determined the
replication timing of selective markers by using various com-
petitor DNA concentrations and immunoprecipitated DNA
from independent cell sorts. Representative examples of these
experiments are shown in Fig. 3A and B. Different BrdU-
DNA/competitor ratios, ranging between 0.3:1 and 5:1, did not
significantly influence the calculation of percentage of relative
replication for an individual locus. In addition, the replication
kinetics of selected markers in assays using BrdU-DNA from

FIG. 1. Flow chart diagram showing the procedure for determination of
replication timing. Following BrdU pulse-labeling, cells are flow sorted into six
cell cycle fractions according to DNA content. After DNA extraction, the BrdU-
substituted DNA of the six fractions is isolated by immunoprecipitation, and the
DNA concentrations are adjusted by PCR using primers for mtDNA. For de-
termination of replication timing, the calibrated samples are subjected to com-
petitive PCR using locus-specific primers. An example for an early-replicating
locus (D13S268) displaying a maximum of BrdU-DNA in S1/S2 is shown.
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independent cell sorts was reproducible, demonstrating the
reliability of the assay (Fig. 3C and D).

Construction of a contig map of 13q14.3-q21.1. To demon-
strate a correlation between replication timing and structural
band boundaries, we have constructed a high-resolution phys-
ical map spanning the 13q14.3-q21.1 chromosomal band tran-
sition region. YACs were obtained after screening the CEPH-
Généthon database for YACs containing markers D13S25,
D13S31, and D13S59. Overlaps among the YACs were deter-
mined by YAC STS content as assayed by PCR amplification.
The YAC contig consisting of YACs 857C5 (1.6 Mb), 935G2
(1.7 Mb), 954C12 (2.2 Mb), 923F5 (1 Mb), 816D1 (1.4 Mb),
and 850G8 (0.9 Mb) covers a continuous segment of chromo-
some 13 spanning about 3 to 4 Mb between D13S272 and
D13S59 and extends an undetermined distance beyond these
markers (Fig. 4).

Twenty-three previously established and seven new single-
copy PCR markers (see Materials and Methods) were local-
ized within the YAC contig. Three markers, RB-1, D13S818,
and D13S165, are proximal of the contig, while D13S288 is
distal. The order of markers presented in Fig. 4 is based on the
physical map established at the Third International Workshop
on Human Chromosome 13 Mapping (58) and on other maps
of the 13q14 region (4, 29, 30, 40, 44, 59). Marker placement
around the proposed R/G-band boundary also depended on
the analysis of two nonoverlapping P1/PAC/BAC contigs es-
tablished in this chromosomal region around STSs D13S298
and D13S137 (Fig. 4). Markers D13S299 and D13S300 are
physically localized within an overlapping cosmid contig (44);
consequently, the two contigs are roughly separated by a max-
imal distance of 200 kb. The approximate distances between
markers were estimated from the sizes of the YAC clones,
analysis of the two P1/PAC/BAC contigs (Fig. 4), and data
taken from previous studies (3, 30, 44). D13S288 was mapped
distal to the YAC contig, but the physical distance could not be
determined.

Determination of the temporal order of replication. The
replication kinetics of a number of STSs spanning the pro-
posed R/G-band transition zone between the differentially rep-
licating chromosomal bands 13q14.3 and 13q21.1 was deter-
mined. The Wilson disease locus, which is tightly linked to
D13S31, has been physically mapped to the junction of bands
13q14.3 and 13q21.1 by fluorescence in situ hybridization (39),
thus giving us a starting point for our investigations. In initial
experiments, we determined the replication timing of D13S31
and markers distal and proximal of this locus. All proximal
markers, including RB-1 and D13S25, separated from D13S31
by distances of about 2 Mb and at least 500 kb, respectively,
showed an early replication pattern with maxima in S1 and/or
S2. D13S59, localized 2 to 3 Mb distal of D13S31, showed a
strikingly different very late replication pattern (S4/G2), indi-
cating that a switch in replication timing must occur between
D13S31 and D13S59 (Fig. 5A to C). The replication observed
in G2 (Fig. 5C) can be explained by very late replication events
that overlap the G2 fraction in the flow sorting procedure.

To narrow down the region where this change in replication
timing appears, we further analyzed the replication kinetics of
a number of DNA sequences encompassing the interval be-
tween D13S31 and D13S59. As this high-resolution analysis
progressed, it became apparent that the replication timing
progressively shifted from very early (e.g., RB1 and D13S25) to
mid (D13S137), and finally to very late (D13S155 and D13S59)
S-phase replication, indicating that we had indeed crossed the
band boundary (Fig. 4). Surprisingly, we observed a gradient of
replication timing over an extensive (1- to 2-Mb) region rather
than an abrupt change one would expect if R and G bands
represent distinct chromosome replication timing and struc-
tural domains.

To confirm and extend these results, we determined the
replication timing within a chromosome segment of about 1
Mb that spanned more than 500 kb from the late-replicating
STSs D13S155 and D13S59 into the more proximal earlier-

FIG. 2. Determination of replication timing of b2-MG (A) and FMR1 (B). b2-MG shows a very early replication pattern; FMR1 shows a mid-to-late pattern.
Results in the histograms are expressed as means and standard deviations (error bars) of four independent competitive PCRs using different competitor concentrations
and resulting in BrdU-DNA/competitor ratios ranging from 0.2:1 to 5:1 in S1 for b2-MG (A) and three experiments (BrdU-DNA/competitor ratios of 0.35:1 to 0.6:1)
in S4 for FMR1 (B).
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replicating domain. Within this domain, some markers (p868
and p1027) displayed an S3/S4 replication pattern and were
flanked by markers showing S2/S3 (p702 and p838) and S4/G2
(D13S155 and D13S59) patterns localized proximal and distal,
respectively (Fig. 4). Examples of competitive PCRs demon-
strating the different replication patterns within the band
boundary region are shown in Fig. 5D to F. These data con-
firmed the observations that the R/G-band boundary is char-
acterized by a gradual shift in replication timing. Including the
RB-1 gene as the most proximal and D13S59 as the most distal
marker, we have determined the replication timing over a
continuous chromosome region encompassing a physical dis-
tance of 4 to 5 Mb and crossing the R/G-band junction region.
The replication times of all STSs analyzed in PBL and their
roughly estimated physical distances are summarized in Fig. 4.

Replication timing in different cultured mammalian cells. A
shift toward later replication, which corresponds to about one
cell cycle fraction, was observed in Epstein-Barr virus (EBV)-
transformed lymphoblasts relative to PBL for markers showing
intermediate replication patterns (Fig. 6). Preliminary data on
the replication kinetics of the same sequences in fibroblasts
(data not shown) indicate a pattern similar to that of PBL
rather than that of lymphoblasts. For very early (S1/S2)- and

the very late (S4/G2)-replicating sequences, no significant dif-
ferences in replication timing in the different tissues were ob-
served. Despite these slight differences between PBL and lym-
phoblasts, the temporal order of replication remained
unchanged.

DISCUSSION

The comparison of morphological banding to replication
banding suggests a close relationship between the structure
and function of chromosome bands (11). There have been few
studies regarding the underlying complexity of chromatin or-
ganization and the functional differences determining domain
organization and topographical boundaries at the molecular
level (55). The results of our high-resolution replication kinetic
analysis of the chromosome 13q14.3/q21.1 band boundary re-
gion indicate that the timing of replication gradually shifts
from early to late over a several-megabase-pair region. These
data are inconsistent with R and G bands being partitioned
into replication timing domains separated by distinct and de-
finable boundaries.

Previous molecular studies of chromosome bands have
mainly been concerned with the differential AT or GC base

FIG. 3. Quantification of competitive PCRs testing the influence of the amounts of competitor DNA added on the percentage of relative replication (A and B) and
comparison of results obtained from independent cell sorts (C and D). Two independent competitive PCRs using different amounts of competitor and a fixed amount
of BrdU-DNA from the same cell sorting experiment were performed for markers D13S268 (A) and D13S31 (B). Different BrdU-DNA/competitor ratios did not
significantly influence the determined maxima of replication for a particular locus. Competitive PCRs for D13S284 (C) and p702 (D) were performed on BrdU-DNA
from independent cell sorts of two lymphocyte cultures (C) and two flow sorting experiments using lymphoblastoid cells (D). The determination of replication kinetics
in assays using BrdU-DNA derived from independent cell sorts produced the same results.
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content of R and G bands based on the data from conventional
chromosome banding techniques suggesting that R bands are
more GC rich than G bands (11, 31, 32, 49). This differential
base content of R and G bands has been confirmed to some
extent at the molecular level and has led to the isochore model
of chromosome organization. This model describes the mam-
malian genome as a long-range G1C% mosaic structure that
shows close relation to chromosome bands (46), and G-band
DNA was found to be richer in AT than R-band DNA (5, 11,
32). However, this relatively minor long-range variation in base
composition cannot satisfactorily explain chromosome banding
(48). Cloning of sequences at putative isochore boundaries
showed strong homology to the pseudoautosomal boundary
sequences on the short arms of the sex chromosomes (17, 18).
These sequences are transcribed (18), but their function and
relationship to AT-GC isochores and/or R- and G-band
boundaries remain unclear. Although there seems to be an
overall correlation between isochore class, gene density, and
banding patterns (46, 47, 62), sequences of very different G1C
content are replicated simultaneously during S phase, and
there appears to be no relationship between replication time
and isochore class (13).

Our data are inconsistent with several investigations suggest-
ing that, at the band level, R- and G-zone replication patterns
are mutually exclusive (11, 16). These studies suggest a distinct
cessation or reduction of DNA synthesis between completion
of R-band replication and the commencement of G-band rep-
lication, implying that R and G bands represent different com-
partments of distinct chromatin activity. However, in unsyn-
chronized cell populations, no cessation of DNA synthesis was
observed, and it was suggested that for a short period of time,
replication activity may be found in both band types (1). The
wide usage of blocking agents that possibly generate an artifi-
cial synchrony might be responsible for these controversial
observations. Our experimental approach in unsynchronized
cells permits the analysis of replication timing domains at an
R/G boundary, where the flanking G band is known to be one
of the very late replicating bands in the human genome. It
seems likely, therefore, that the change in replication timing at
other band junctions will be even less obvious. These data

support the idea that replication is continuous throughout S
phase and is inconsistent with the postulate of a clean partition
between R- and G-band replication and complete cessation of
DNA synthesis at the R/G replication junction.

An alternative explanation for our observations is that there
is a precise replication timing switch within each cell, but this
boundary is different from cell to cell within a population.
While there are variations in replication timing between indi-
vidual cells, each flow-sorted S-phase fraction corresponds to
about 2 h of the S-phase traverse time. Thus, for the differ-
ences that we observe to be due to cellular heterogeneity,
cell-to-cell differences in the R/G-band transition would need
to be very large, corresponding to about 25% of the S-phase
duration. In addition, replication in more than one S-phase
fraction is observed for markers not only from the mid but also
from early and late replication domains, suggesting that cell
heterogeneity affects replication timing equally throughout the
cell cycle. This would argue against cellular heterogeneity
solely accounting for the differences in replication timing of the
R/G-band transition.

The number and pattern of expression of genes correlate
with other features of chromosome bands (6, 31, 62), and
transcriptional activity is associated with early replication (9,
12, 37, 50). At low resolution, widely expressed (housekeeping)
genes and many tissue-specific genes are localized in the over-
all early replicating R bands (6, 19, 31); however, nothing is
known about their distribution within a domain. We have pre-
liminary evidence that housekeeping genes like RB-1 and the
Wilson disease gene reside in the very early replicating do-
mains, whereas highly tissue specific genes probably are local-
ized in the R/G-band boundary regions displaying mid repli-
cation patterns. The close correlation between developmentally
regulated gene expression and changes in replication timing (9,
12, 37, 50) may, thus, suggest that band boundaries are dynamic
rather than precisely determined by specific DNA structures or
sequences.

In a recent attempt to characterize a band boundary at the
molecular level, a precise switch in replication timing was ob-
served in the human major histocompatability complex (MHC)
locus (55). In contrast to our findings, these data suggest a

FIG. 5. Competitive PCRs showing different patterns of replication timing. (A and B) Early replication, displaying the highest amounts of amplified BrdU-DNA
in cell cycle fractions S1/S2 (D13S818 and D13S31). (C) Late replication pattern with maximum replication in S4/G2 (D13S59). (D to F) Examples of intermediate
replication patterns of loci localized at the R/G-band boundary. The replication timing of markers p702 and p752 was determined by using PBL BrdU-DNA; that of
p775 was determined by using lymphoblastoid DNA.

FIG. 4. Determination of replication kinetics and high-resolution physical map across the R/G-band boundary of differentially replicating chromosomal bands
13q14.3 and 13q21.1. The order and distances of 35 markers were determined to allow accurate comparison between physical localization and replication. The
determined differences in replication timing in PBL showed that the R/G-band boundary is characterized by a gradual shift in replication timing. More detailed analysis
of the replication patterns at the R/G-band transition is shown on the right panel. Cell cycle fractions displaying maxima of replicated BrdU-substituted DNA are
shaded; the highest fractions are shown in dark shading, and the second-highest fractions are shown in light shading. If the differences of the values between two cell
cycle fractions were less than 15%, the fractions are shown in the same shading. The replication pattern for each individual locus was determined after careful
quantification of at least two independent competitive PCRs using different competitor concentrations and a fixed amount of BrdU-DNA.
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narrow R/G-band transition. In some respects, these data are
consistent with our model that band boundaries are dynamic in
that a gradient in replication timing is also observed in the case
of the MHC. In the latter case, this region extends only over 50
kb (55), while this region is about 1,000 kb in the 13q14.3/q21.1
transition zone. While this could reflect differences between
the sizes of distinct band boundaries, another possibility is that
boundaries also vary in different tissues, depending on the
pattern of expression of the genes in and around such band
transition regions. It should also be noted that the precise
transition described (55) was determined by using cell synchro-
nization and quantification of nascent DNA not allowing a
direct comparison with the data obtained in this study. In
addition, the study of replication timing in the MHC locus used
the myeloid leukemia cell line HL60 rather than primary lym-
phocytes, making direct comparison with our data somewhat
difficult. Finally, switches in replication timing within fairly
short distances have been described by several investigators
(12, 37, 38, 50) and do not necessarily correspond to chromo-
somal band boundaries.

The analysis of the replication timing domains in different
tissues showed that in EBV-transformed lymphoblastoid cells,
the overall replication time is slightly delayed compared to
PBL and fibroblasts. Although the precise replication time
differed between PBL and lymphoblasts, the temporal ordering
remained unchanged. The close relationship between gene ex-
pression and replication timing (9, 12, 37, 50) might account
for these differences. In addition, the EBV genome integrates
into the host DNA of the artificially immortalized cell lines,
and it has been demonstrated that chromosome 13 contains
integration hot spots in 13q13, 13q21, and 13q33 (43). How-
ever, to date the replication status of the integrated virus is not
known, and it remains to be verified that the integrated virus
can in fact influence the replication timing of adjacent host
sequences. Although these differences in replication timing
between PBL and lymphoblasts have not been found to affect
the temporal order of replication within a domain, delayed
replication in some domains might influence the delineation of
timing zones.

Our findings may also have important implications for the

studies of mammalian origins of chromosome replication. A
homogeneous replication time for the entire extent of the R
band would suggest the coordinate regulation of a group of
origins contained within a 5- to 10-Mb stretch of DNA. The
results summarized in Fig. 4 demonstrate that the 13q14.3 R
band is, in fact, divided into several sequential domains of
replication time, suggesting that origins are grouped into tem-
poral domains corresponding to 500 to 1,000 kb of chromo-
somal DNA. This observation would be consistent with a rel-
atively synchronous activation of early S-phase origins in the
proximal region of 13q14.3. This event would then be followed
by activation of origins in the more distal domains. These
results suggest that both individual origins and groups of ori-
gins can be activated at different times in S phase, implying that
mammalian chromosome replication is controlled at two lev-
els. At one level, there is control of replication time for a
cluster of origins, and the replication time of these domains
can vary depending on chromosomal location. At another level
within the domains, the replication time of individual origins is
coordinately regulated. These assumptions are supported by
work done on yeast chromosomes, in that the isolation of a
temporally regulated origin suggests that origins are activated
not just at the beginning of S phase but possibly throughout S
(15). The time of replication of this origin is regulated by
position, indicating that the time at which an origin is activated
can depend on chromosomal context. While there has been
considerable progress in the identification of individual origins
(8, 15, 23, 24, 34), much remains to be learned about the
regulation of origin clusters and, eventually, the mechanism of
replication banding. The studies reported here represent a first
step to the understanding of chromosome replication time
domain organization and replication banding at the molecular
level.
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