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To investigate the molecular basis of the regulatory mechanisms responsible for the orderly replication of the
mammalian genome, we have developed an experimental system by which the replication order of various genes
can be defined with relative ease and precision. Exponentially growing CHO-K1 cells were separated into
populations representing various stages of the cell cycle by centrifugal elutriation and analyzed for cell cycle
status by flow cytometry. The replication of specific genes in each elutriated fraction was measured by labeling
with 5-mercuri-dCTP and [*HIdTTP under conditions of optimal DNA synthesis after cell permeabilization
with lysolecithin. Newly synthesized mercurated DNA from each elutriated fraction was purified by affinity
chromatography on thiol-agarose and replicated with the large fragment of Escherichia coli DNA polymerase
I by using [a-*’P]dATP and random primers. The >2P-labeled DNA representative of various stages of the cell
cycle was then hybridized with dot blots of plasmid DNA containing specific cloned genes. From these results,
it was possible to deduce the nuclear DNA content at the time each specific gene replicated during S phase (C
value). The C values of 29 genes, which included single-copy genes, multifamily genes, oncogenes, and
repetitive sequences, were determined and found to be distributed over the entire S phase. Of the 28 genes
studied, 19 had been examined by others using in vivo labeling techniques, with results which agreed with the
replication pattern observed in this study. The replication times of nine other genes are described here for the
first time. Our method of analysis is sensitive enough to determine the replication time of single-copy genes. The
replication times of various genes and their levels of expression in exponentially growing CHO cells were
compared. Although there was a general correlation between transcriptional activity and replication in the first
half of S phase, examination of specific genes revealed a number of exceptions. Approximately 25% of total
poly(A) RNA was transcribed from the late-replicating DNA.

It has long been recognized that eucaryotic chromosomes
do not replicate as a single element: rather, different sections
of chromosomes synthesize their DNA at characteristic
times during S phase of the cell cycle, which indicates that
each chromosome consists of multiple units of replication
(65, 66). The existence of subchromosomal replication units
in mammalian cells was demonstrated directly. using auto-
radiography, by Cairns (17) and Huberman and Riggs (42).
These experiments also demonstrated that the chronological
order of replication of specific DNA segments is invariant
from one cell generation to the next (42). Further studies
showed that the replication units (replicons) into which
chromosomal DNA is organized range in size from 50 to 330
kilobases and appear to initiate in synchronous clusters (25
to 100 replicons per cluster), spaced irregularly along the
chromosome and activated in a sequential fashion through-
out S phase (35, 41). Examination of specific genomic DNA
sequences showed that replication follows a distinct tempo-
ral order that is maintained from one cell generation to the
next. For example, early replication of ribosomal DNA
cistrons in CHO cells was independently observed by three
groups, using a variety of cell synchronization procedures
(2, 4, 61). A different temporal order of ribosomal gene
replication was reported for other eucaryotic cell types, with
ribosomal DNA replicating late in S phase in kangaroo rat
cells (31) and throughout S phase in HeLa (4), yeast (32), and
Friend (26) cells. Other examples are the globin DNA
sequences, which are found to replicate early in mouse
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erythroleukemia cells synchronized by centrifugal elutria-
tion (26, 29). Using a different approach based on selective
photodegradation, D’Andrea et al. found that both the
ribosomal DNA and the dihydrofolate reductase (DHFR)
sequences replicated almost entirely during the first quarter
of S phase in CHO cells (23). The careful studies of Schild-
kraut and co-workers showed that the temporal order of
replication of various segments of the immunoglobin gene
corresponds to the linear order of these segments on the
chromosome (14, 16) and that chromosomal rearrangement
of a gene can change dramatically the replication time of the
gene (18). Similarly, studies on the replication of simian
virus 40 integrated into the host genome indicated that the
time of replication of this single-copy DNA sequence de-
pends on its location in the genome (51). Holmquist and
co-workers studied the replication times of several protein-
coding genes and middle-repetitive sequences and postu-
lated that transcriptionally active genes are replicated early
in S phase but that inactive genes may be either early or late
replicating (33, 40).

The studies summarized above suggest that the replication
of genes occurs in a specific temporal order that may have a
functional significance. However, existence of order implies
regulation, yet nothing is known about the molecular mech-
anisms that might be involved in the temporal order of gene
replication. To facilitate the study of the replicative process
and its temporal control, we have developed a relatively
simple and versatile method for determining gene replication
order. This method involves separation of cultured cells at
various replication stages by centrifugal elutriation, followed
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TABLE 1. Hybridization probes for specific sequences

MoL. CELL. BioL.

Sequence Organism Plasmid Source Reference
V-mos oncogene Virus pHT10 ATCC 13
neu proto-oncogene Virus pSV2 neu NT R. A. Weinberg 9
SINE Hamster pB4 G. A. Holmquist 40
HPRT Hamster pHPT20 ATCC 15
c-abl proto-oncogene Mouse pl02 N. Sonenberg
c-fos proto-oncogene Mouse pc-fos R. A. Weinberg 52
B-Actin Human p221 N. Oliver
HMG-CoA reductase Hamster pRed227 ATCC 20
v-erbA oncogene Virus perbA R. A. Weinberg 28
CAD Hamster pCAD41 G. W. Wahl 67
DHFR Hamster pB67H1 L. A. Chasin 19
v-sis oncogene Virus pv-sis ATCC 58
v-Ha-ras oncogene Virus pHBI11 ATCC 25
N-ras proto-oncogene Human pNR-sac R. A. Weinberg 55
Encephalin Human pHPE-9 M. Comb 22
a-Globin Mouse pa-globin N. Sonenberg 56
c-myc proto-oncogene Human pJ1 pHc-myc R. A. Weinberg 49
v-myc oncogene Virus pmyc 3-Pst ATCC 1
Thymidine kinase Hamster pHa-TK-1 J. A. Lewis 50
Cytochrome P1-450 Mouse pHAV-cat5 D. K. Biswas 47
APRT Hamster pH-2 L. A. Chasin
B-Globin Human pVAL F. Bunn 48
Fibronectin Human pNO200 N. Oliver 57
Line (A) Hamster pC-1 G. P. Holmquist 40
N-myc proto-oncogene Human pNb-6 R. A. Weinberg 60
LINE (B) Hamster pB-7 G. P. Holmquist 40
v-Ki-ras oncogene Virus pHiHi-3 R. A. Weinberg 25
Apoferritin Human pB1 F. Bunn 37
p21 proto-oncogene Human pCDC K-76 R. A. Weinberg

“ Abbreviations: SINE and LINE, short and long, respectively, interspersed repetitive sequence; HPRT, hypoxanthine phosphoribosyltransferase; HMG-CoA,
hydroxymethylglutaryl coenzyme A:; CAD, carbamyl-phosphate synthetase-aspartate transcarbamylase-dihydro-orotase; DHFR, dihydrofolate reductase;

APRT, adenine phosphoribosyltransferase; ATCC, American Type Culture Collection, Rockville, Md.

by labeling of nascent DNA in permeable cells with 5-
mercuri-dCTP (HgdCTP) to allow the rapid and efficient
selective isolation of newly synthesized DNA on a thiol
affinity column (5-8, 10, 11, 63). Using this procedure, we
have determined the replication timing of 29 genes which
span almost the entire S phase of CHO cells. The ability to
study the replication time of single-copy genes also allowed
us to reexamine the hypothesis of Holmquist et al. (33, 39)
regarding the relationship between the transcriptional activ-
ity and replication time of a gene.

MATERIALS AND METHODS

Cell culture. Chinese hamster ovary cells (CHO Kl;
ATCC CCL61) were grown in suspension at 37°C in spinner
flasks, using minimal Eagle medium supplemented with 10%
heat-inactivated fetal bovine serum (Gibco Laboratories)
and 33 ng of proline per ml.

Specific gene probes. Genomic and cDNA clones of vari-
ous specific genes were obtained from the sources described
in Table 1.

Centrifugal elutriation and cell fractionation. Cells were
harvested at a density of 4 x 10° cells per ml by centrifuga-
tion at 650 X g for 10 min and suspended in minimal Eagle
medium containing 1% fetal bovine serum. The cell suspen-
sion (2.5 x 107 cells per ml) was introduced into the chamber
of an elutriator rotor (model JE6B; Beckman Instruments,
Inc.) maintained at 2,250 rpm in a J21 centrifuge (Beckman),
and cells were elutriated by increasing flow rates in a
stepwise manner (16 to 50 ml of minimal Eagle medium plus
1% fetal bovine serum per min) at constant rotor speed and
temperature (22°C). Fractions elutriated at different pump

speeds were collected by centrifugation and used for the in
vitro DNA replication assay. The first one or two fractions
containing primarily G1 cells and the last few fractions
containing cell aggregates were discarded. A total of 5 x 108
cells were separated into nine elutriated fractions for DNA
synthesis, and recovery of cells after elutriation was 85 to
90%. A sample (10° cells) from each fraction was stained
with propidium iodide in 0.1% sodium citrate (50 pg/ml) for
15 min at 0°C, fixed in 35% ethanol, and monitored for DNA
content per cell by flow cytometry, using a fluorescence-
activated cell sorter (Becton-Dickinson and Co.) (29).

Calculation of C values. As a cell progresses through S
phase, the nuclear DNA content, expressed as C value (a C
value of 1 corresponds to a haploid DNA content per cell)
increases from 2 to 4. Thus, the C value provides a quanti-
tative measure of the progress of a cell through S phase.
Since the flow cytometry profile gives the distribution of
DNA content in a cell population, it can be used to calculate
the average DNA content (C value) of a sample. For
convenience, the cell population of each elutriated fraction
was divided into 12 classes on the basis of DNA content, and
the fraction of the cell population corresponding to each
class was determined by the appropriate area under the flow
cytometry profile. These values were then averaged to yield
the mean DNA content (or C value) of the elutriated frac-
tion.

In vitro DNA replication and isolation of HgDNA. A total
of 107 cells from each “elutriated fraction were washed
twice with buffer A (150 mM sucrose, 80 mM KCl, 35
mM N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic acid
[HEPES: pH 7.4], 5 mM KPO, [pH 7.4], 5 mM MgCl,, 0.5
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mM CaCl,), resuspended in 100 pl of the same buffer, and
permeabilized by treatment with 200 pg of lysolecithin per
ml for 2 min at 0°C (53). Permeabilization was monitored by
trypan blue uptake. The cells were then diluted in DNA
synthesis mixture to give final concentrations of 10 mM
phosphoenolpyruvate, 0.25 mM ATP, 0.1 mM each CTP,
GTP, and UTP, 0.25 mM each dATP and dGTP, 0.05 mM
HgdCTP, 0.02 mM [PHJdTTP (5 mCi/mmol), 1 mM dithio-
threitol, and 5 ug of pyruvate kinase per ml. After 1 h of
incubation at 37°C, the cells were lysed in a mixture of 0.6%
sodium dodecyl sulfate (SDS), 100 mM NaCl, 20 mM EDTA,
and 50 mM Tris (pH 7.9). Proteinase K (0.1 mg/ml, final
concentration) was added to the mixture, followed by incu-
bation at 37°C for 1 h. The lysate was extracted twice with
phenol-chloroform-isoamyl alcohol (25:24:1) and three times
with ether. After concentration to 50 to 100 pl by butanol
extraction, the DNA solution was passed through a Bio-Gel
P-4 column (0.8 by 25 cm; Bio-Rad Laboratories) preequili-
brated with 50 mM Tris (pH 7.5)-50 mM NaCl-1 mM EDTA.
The material eluting at the void volume was collected and
sonicated to shear the DNA to about 400- to 800-base-pair
fragments. After denaturation by heating for S min at 100°C,
HgDNA was purified by chromatography on thiol-agarose
(Affigel 401) as previously described, with a recovery of 85 to
95% of input HgDNA (5, 6). HgDNA from each fraction was
labeled to high specific activity (10® to 10° cpm/ug) with
[a-32P]dATP, using the hexanucleotide primer extension
method as described previously (27) except that 10 times less
primer (14 A, units per ml) was used.

Hybridization. Purified plasmid DNA was denatured by
heating at 65°C for 1 h in 0.3 N NaOH and bound to a nylon
membrane (MSI 10836; 0.45 wm pore size) for hybridization
in the presence of 2 M ammonium acetate. The dot blots
were dried at 80°C for 2 h and then washed at 55°C for 1 h in
a large volume of 2x SSC (SSC is 0.15 M NaCl plus 0.015
sodium citrate)-1% SDS to remove any loosely bound DNA.
The dots were then prehybridized for at least 1 h and
hybridized for at least 24 h at 37°C in the following hybrid-
ization mixture: 0.75 M NaCl-0.05 M NaH,PO,-0.005 M
EDTA-0.1% Ficoll (Pharmacia Fine Chemicals)-0.1% poly-
vinylpyrrolidine-0.1% bovine serum albumin-1% SDS-0.2
mg of denatured herring sperm DNA per ml-50% deionized
formamide. DNA probes had specific activities of at least §
x 108 cpm/pg, and 2 X 10° cpm/ml was used for hybridiza-
tion reactions. After hybridization, the dot blots were
washed twice for 15 min each time in 100-ml volumes of 2x
SSC at room temperature, twice in 2x SSC-1% SDS at 55°C
for 30 min and three times at 37°C for 20 min, and finally
twice in 0.2X SSC at 37°C for 15 min (64). Dot blots were
dried and subjected to autoradiography. Individual dots
were then excised and counted, using a toluene-based scin-
tillation cocktail. Efficiency of hybridization determined
under this experimental condition was 17%.

Poly(A) RNA isolation and hybridization. Total RNA was
prepared from 600 ml of an exponentially growing culture by
a modification of the guanidinium isothiocyanate method
(21). In brief, cells were lysed in 4 M guanidinium isothio-
cyanate and 0.1 M 2-mercaptoethanol, and total RNA was
isolated after addition of CsCl to 0.5 g/ml; the sample was
layered on 1.2 ml of 5.7 M CsCl and centrifuged at 35,000
rpm for 24 h at 20°C in an SW50.1 rotor. The RN A pellet was
dissolved in sterile water and precipitated twice with 2
volumes of ethanol. Poly(A) RNA was isolated by oligo(dT)-
cellulose chromatography as described previously (64).
Poly(A) RNA was denatured in 6x SSC containing 7.5%
formaldehyde at 65°C for 15 min, and samples were spotted
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FIG. 1. Flow cytometric analysis showing cellular DNA content
of CHO cells fractionated by centrifugal elutriation. The profiles are
histograms showing cell number versus DNA content, measured by
fluorescence and expressed as C values. A C value of 1 is the haploid
DNA content of the CHO cells. The top profile was obtained from
exponentially growing cells before elutriation; the others were
obtained from samples of successive fractions collected during
centrifugal elutriation (see Materials and Methods). (Fraction 3 was
obtained by pooling two fractions with very similar profiles.)

onto a prewetted nylon membrane (Micron Separations
Inc.), using a minifold filtration system [2 pg of poly(A) RNA
per dot]. Escherichia coli tRNA was also spotted as a
control. RNA blots were hybridized with 32P-labeled nick-
translated plasmids (2 X 10° cpm for each blot in 400 pl of
hybridization buffer) containing specific genes or sequences,
using the procedure described for DNA hybridization except
that poly(A) (200 pg/ml) instead of salmon sperm DNA was
included in the hybridization mixture. The filters were
washed, and individual dots were cut and directly counted as
described above. Poly(A) RNA dots were also hybridized
with 3?P-labeled HgDNA isolated from the permeabilized
cells from various stages of S phase by the same procedure.

RESULTS

Separation of CHO celis at different stages of replication by
centrifugal elutriation. Exponentially growing CHO cells in
suspension culture were separated into nine fractions by
centrifugal elutriation, which separates cells on the basis of
size into populations at different stages of the cell cycle (29).
Each fraction was monitored for the distribution of cell cycle
phases by flow cytometry after staining with propidium
iodide. This analysis showed a progressive increase in DNA
content with increased elution time (Fig. 1). The average C
values of the elutriated fractions, determined as described in
Materials and Methods, progressed from 2.03 in fraction 1 to
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TABLE 2. S-phase replication times of various genes in CHO cells

Relative extent of replication in cells from elutriated fraction at given C value repi?c‘,a%ion
Gene or gene product® time of
2.03 2.29 2.41 2.70 2.98 3.17 3.52 3.80 3.95 sene
(C value)

V-mos oncogene 29.5 341 16.7 3.9 4.9 0.0 0.0 7.1 3.8 2.21
neu proto-oncogene 29.5 37.5 23.4 2.5 0.0 2.6 0.1 23 2.1 2.23
SINE 29.0 33.6 23.8 6.8 1.5 0.6 0.0 24 2.2 2.23
HPRT 22.5 29.2 19.6 3.8 7.1 7.2 7.1 2.7 0.8 2.23
c-abl proto-oncogene 36.4 20.2 17.8 10.4 4.4 4.0 5.6 0.9 0.4 2.24
c-fos proto-oncogene 23.8 20.9 28.0 4.6 4.9 6.3 10.3 0.8 0.5 2.24
B-Actin 21.1 23.0 29.1 3.7 4.6 5.7 11.8 0.5 0.5 2.25
HMG-CoA reductase 21.0 25.6 28.9 4.6 5.3 4.4 9.3 0.7 0.2 2.25
v-erbA oncogene 30.0 42.0 15.2 10.3 2.1 0.4 0.0 0.0 0.0 2.26
CAD 19.5 27.5 31.3 8.0 6.8 0.5 4.9 0.0 1.6 2.26
DHFR 23.3 29.7 321 7.5 2.7 2.1 2.6 0.0 0.0 2.26
v-sis oncogene 14.5 21.9 18.1 12.4 4.7 8.2 6.4 6.6 7.3 2.33
v-Ha-ras oncogene 15.7 18.1 21.1 12.3 5.1 8.3 6.0 7.4 5.8 2.33
N-ras proto-oncogene 17.8 19.6 18.6 14.7 9.8 6.1 6.3 3.2 39 2.33
Encephalin 28.3 19.7 15.5 15.6 12.7 3.6 2.3 1.6 0.6 2.38
a-Globin 8.4 41.6 22.1 11.2 6.8 4.7 2.9 1.1 1.2 2.39
c-myc proto-oncogene 18.6 17.7 14.0 16.7 10.1 6.5 6.2 5.3 5.0 2.42
V-myc oncogene 8.7 18.5 25.6 10.9 4.8 6.4 9.2 S.5 7.2 2.42
Thymidine kinase 2.2 4.4 25.7 20.1 12.8 15.7 10.9 6.4 1.8 2.84
Cytochrome P1-450 4.6 0.0 14.6 23.6 25.8 8.9 10.5 8.1 39 2.89
APRT 1.2 0.9 11.6 19.4 26.8 15.6 11.0 6.5 7.1 2.95
B-Globin 2.8 5.6 6.6 6.3 11.6 13.9 14.0 15.7 23.5 3.58
Fibronectin 7.2 3.3 8.2 5.8 7.0 14.9 16.3 16.5 20.6 3.66
LINE (A) 0.1 4.3 1.3 4.1 10.3 12.2 14.8 15.8 37.1 3.66
N-myc proto-oncogene 5.4 4.6 6.5 7.1 9.3 15.1 13.7 15.3 229 3.67
LINE (B) S.5 4.9 8.0 8.8 5.7 11.4 16.9 16.6 223 3.69
v-Ki-ras oncogene 2.0 4.2 5.4 5.9 6.3 13.2 18.6 19.7 24.7 3.69
Apoferritin 1.6 4.0 6.9 5.1 5.5 12.4 18.3 214 249 3.70
p21 proto-oncogene 0.7 0.2 4.7 2.8 1.6 8.2 16.4 243 41.1 3.84

“ Abbreviations are as given in the footnote to Table 1.

3.95 in fraction 9 (Table 2). Pulse-labeling with [*H]thymi-
dine showed that the rates of DNA synthesis were greatest
for the fractions with the intermediate C values (Fig. 2).
Labeling of DNA at various replication stages with
HgdCTP. To label DNA at various replicative phases, cells
from each elutriated fraction were permeabilized to small
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FIG. 2. DNA synthesis by CHO cells fractionated by centrifugal
elutriation. Cell samples (10° cells) from the elutriated fractions
described in the legend Fig. 1 were pulse-labeled with [*H]thymidine
(1 nCi/ml) for 60 min at 37°C or permeabilized and incubated for
DNA synthesis with [*H]dTTP for 60 min at 37°C as described in
Materials and Methods. The labeled samples were analyzed for
acid-insoluble radioactivity: [*H]thymidine (OJ) or [*H]dTTP (W).

molecules by treatment with lysolecithin (53) and incubated
in the presence of HgdCTP and [*H]dTTP under conditions
of optimal DNA synthesis. The rate and extent of DNA
synthesis in permeable cells was not affected by replacement
of HgdCTP by dCTP (Fig. 3). The rate of DNA synthesis in
permeable cells from an exponential culture was 30 to 50
pmol/10° cells per h. Incorporation of radioactive precursors

[3H)ATTP Incorporation (pmoles)

[} 20 40 60 80

) Time (min)

FIG. 3. Kinetics of DNA synthesis in permeable CHO cells.
DNA synthesis by lysolecithin-treated permeable CHO cells (2 %
10%) was measured as described in Materials and Methods, using
either dCTP () or HgdCTP (W), with [PHJdTTP as the labeled
substrate.
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into DNA by the permeabilized cells in the elutriated frac-
tions paralleled the rate of thymidine incorporation in the
corresponding intact cells (Fig. 2). This finding suggested
that incorporation of deoxyribonucleotides by the permeable
cells reflected DNA replication, a conclusion supported by
the sensitivity of this process to inhibition by low levels of
aphidicolin (50% inhibition by 0.3 pg/ml) and arabinosyl CTP
(50% inhibition by 2 pg/ml) (59). The average size of the
HgDNA was determined by agarose gel electrophoresis after
mild alkali digestion (0.3 N NaOH for 15 min at 25°C) and
found to range from 3 to 10 kilobases (data not shown).

Analysis of newly synthesized DNA for specific DNA se-
quences. Newly synthesized HgDNA from the various elu-
triated fractions representing different stages of the rep-
lication cycle was isolated by affinity chromatography on
thiol-agarose, with a recovery of 85 to 90%. DNA of high
specific activity corresponding to the HgDNA from each
elutriated fraction was prepared by synthesis of the comple-
mentary strands with Klenow fragment, using [a-**P]dATP
and random hexanucleotide primers (27). The labeled DNA
was analyzed for specific gene sequences by hybridization
with dot blots containing an excess of plasmid DNA carrying
specific cloned genes (64). Under the conditions used, radio-
activity hybridized with the immobilized plasmid probe
DNA increased linearly with increasing input of *?P-labeled
DNA (data not shown). Accordingly, dot hybridization
could be used to provide a direct measure of the concentra-
tion of the probed sequence in the **P-labeled DNA. The
extent of hybridization of a *?P-labeled copy of HeDNA was
determined for the nine elutriated fractions, yielding an
estimate of the extent of replication of that specific sequence
in each of the fractions. From this information and the
measured average C values of the nine elutriated fractions,
the average C value for the replication of each of the probed
sequences was calculated as a weighted average. The C
values deduced for the DNA sequences used for screening
the newly synthesized DNA fractions covered almost the
entire S phase, ranging from very early replicating (C value
of 2.3) to late-replicating sequences (C value of 3.84) (Table
2). A wide variety of genes, including single-copy genes,
multifamily genes, oncogenes, and repetitive sequences,
were used in this experiment.

Transcription of genes and replication order. A relationship
between replication order and gene expression has been
suggested by observations from many laboratories: in higher
eucaryotes, transcriptionally active genes replicate early in
tissues in which they are expressed but late in other tissues
(24, 33, 34, 36). To estimate the transcriptional potential of
the chromosome segments replicating at various times, we
hybridized the various DNA fractions to total poly(A) RNA
isolated from exponentially growing CHO cells. Purified
poly(A) RNA was immobilized on nylon membranes and
hybridized separately with DN A replicating at various stages
of S phase. **P-labeled replicas of HgDNA isolated from the
elutriated cell fractions were prepared as described above.
As shown in Fig. 4, 74% of total poly(A) RNA hybridized to
DNA replicating in the first half of S phase, with C values of
between 2 and 3.

To assess the level of transcription of specific DNA
sequences with known replication times (C values), blots of
total poly(A) RNA were separately hybridized with various
nick-translated plasmid probes containing the specific genes
or sequences. The relative levels of transcription of specific
genes or sequences in exponentially growing CHO cells are
given in Table 3. Only 4 of 26 genes or sequences examined
were not significantly transcribed under our experimental
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FIG. 4. Hybridization of [**)PJHgDNA synthesized by CHO cells
at various stages of S phase with total poly(A) RNA. Exponentially
growing cells were separated into populations representing various
stages of S phase, using centrifugal elutriation. and HgDNA synthe-
sis was done after permeabilization as described in Materials and
Methods. [**P]JHgDNA from each elutriated fraction was hybridized
with total poly(A) RNA immobilized on a nylon membrane.

conditions of cell growth and mRNA analysis. Levels of
expression of the remaining genes varied considerably (10-
to 15-fold). as expected since we analyzed a wide variety of
cellular functions, such as intermediary metabolism, proto-
oncogenes, structural proteins, carrier proteins, hormones,
and some intermediate repetitive sequences.

DISCUSSION

The nature of the regulatory mechanisms responsible for
the orderly replication of the mammalian genome is largely
unknown. As a first step toward developing an understand-
ing of these mechanisms, we have developed an experimen-
tal system by which the replication order of various genes
can be defined with relative ease and precision. Earlier
studies on the replication order of specific genes involved
prior labeling of the cells with bromodeoxyuridine (BUdR),
followed by synchronization using centrifugal elutriation (18,
26. 29) or fluorescence-activated cell sorting (23). One mod-
ified version is to synchronize the cells first by metaphase
arrest and then label the cells with BUdR (33). The analysis
of DNA replication in BUdR-labeled cells is then effected by
isopycnic centrifugation and restriction analysis. a proce-
dure that not only is time consuming but limits the potential
temporal resolution because of the need for relatively exten-
sive labeling with BUdR (16). An alternative procedure
developed by D'Andrea et al. (23) uses selective photodeg-
radation of BUdR-labeled DNA and thus does not require
physical separation based on density, but it shares with all
subtractive methods of analysis the difficulty of detecting
weak signals. Our method involves labeling of replicating
DNA after the isolation of synchronous cell populations.
The labeling is done in permeabilized cells with mercurated
nucleotides, and the newly synthesized DNA can be isolated
by a simple chromatographic procedure. Since there is no
lower limit on the size of the DNA to be fractionated, very
short labeling periods can be used.

Analysis of the temporal order of gene replication by the
method described here is predicated on the assumption that
our labeling procedure is specific for normally replicating
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TABLE 3. Steady-state level of transcription of various genes in
exponentially growing CHO cells

2 .
Replication P hybridized

Gene or gene . with specific
Category product® (Cti'rgleu o) gene grobe”
(cpm)
Intermediary HPRT 2.23 1,090
metabolism HMG-CoA 2.25 490
reductase
CAD 2.26 1,930
DHFR 2.26 500
Thymidine ki- 2.84 3,590
nase
Cytochrome 2.89 9,470
P1-450
APRT 2.95 3,650
Oncogenes and v-mos 2.21 <100
proto-oncogenes neu 2.23 3,600
c-abl 2.24 <100
erbA 2.26 520
N-ras 2.33 1,750
v-Ha-ras 2.33 850
V-Sis 2.33 <100
c-fos 2.34 5,100
c-myc 2.42 4,350
N-myc 3.67 780
v-Ki-ras 3.69 3,020
p21 3.84 2,330
Structural proteins B-Actin 2.25 8,000
Fibronectin 3.66 4,670
Carrier proteins B-Globin 3.58 <100
Apoferritin 3.70 1,410
Hormones Encephalin 2.38 840
Repetitive sequences SINE 2.23 3,660
LINE (B) 3.69 4,410

“ Abbreviations are as given in the footnote to Table 1.

® Total poly(A) RNA (1.4 pg) from approximately 2 x 107 CHO cells was.
immobilized as dot on a nylon membrane and hybridized with *?P-labeled
nick-translated gene probe. Hybridized counts on the dot were counted and
corrected for the blank, subtracting the value for the E. coli tRNA dot (1.4 pg)
in the same blot for each probe.

DNA. This assumption is supported by earlier experiments
showing that the cell permeabilization procedure used allows
DNA synthesis in a cell cycle-dependent manner (53) as well
as continuous initiation of replication of the simian virus 40
genome in permeabilized infected monkey kidney cells (59).
Moreover, our results with the inhibitors arabinosyl CTP
and aphidicolin are consistent with the idea that the synthe-
sis of HgDNA in this system reflects normal DNA replica-
tion. A potential advantage of the permeabilized cell system
is the possibility of studying the effect of exogenous com-
pounds on the replication order of chromosomes and specific
genes. The recent demonstration that monoclonal antibodies
to DNA polymerase a are capable of entering lysolecithin-
permeabilized human cells and inhibiting nuclear DNA rep-
lication makes possible new approaches to the study of
chromosome replication order in the permeable cells (54).
A critical evaluation of our approach is the comparison of
the replication times of specific genes obtained by our
procedure with those obtained by other methods that use in
vivo labeling of cells. Such a comparison must necessarily be
mostly qualitative, since the results of others are often
expressed in terms of early or late replication times rather
than in terms of C values. Our results with the DHFR, CAD,
and HPRT genes are in good agreement with the in vivo
labeling results of Goldman et al. (33). The observed early
replication of the a-globin gene agreed with three indepen-
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FIG. 5. Clusters of genes replicated at various C values during S
phase of the cell cycle. The number of genes replicated at a
particular C value is computed from Table 2 and plotted against the
C value.

dent determinations (26, 29, 33); early replication of the
hamster short interspersed repetitive sequence and late
replication of the long interspersed repetitive sequences
were also observed by Holmquist and co-workers (40); and
early replication of most (9 of 12) oncogenes was consistent
with the observations of Igbal et al. (44). The only exception
is that the APRT gene, which was observed early by Gold-
man et al. (33), was found rather later in our study (C value
of 2.95). With this exception, these comparisons, although
largely qualitative, serve to confirm the validity of our
experimental approach.

We selected a wide variety of DNA sequences for analy-
sis: single-copy genes (e.g., CAD and HPRT); multifamily
genes (e.g., a-globin); oncogenes, because of their close
relationship to cell growth (12) and involvement in DNA
synthesis (30, 43, 62); and repetitive sequences, some of
which may act as mammalian replicons (3, 46). This is the
first time that the replication order of various genes or
sequences spanning the whole S phase of a single cell line
has been quantitatively documented in terms of C values.
The 28 gene probes studied here included 12 oncogenes
(v-myc and c-myc recognized the same sequence). The
oncogenes were replicated in two sharply defined groups;
nine were replicated between C values of 2.2 and 2.42 and
three were replicated between C values of 3.67 and 3.84,
with none in between (Table 3). At this stage, it is not
possible to speculate on the significance of the bimodal
replication of this class of genes. Another interesting obser-
vation is the absence from our diverse collection of gene
probes of any that replicate during the middle of S phase,
between C values of 3.0 and 3.5. The replication times of the
genes studied were not randomly distributed throughout S
phase but formed distinct clusters (Fig. 5). Admittedly, we
have studied only 28 genes and the gaps in replication times
may be coincidental. On the other hand, they may somehow
be related to a 3C pause in the middle of S phase of the type
described by Holmquist et al. as an almost complete cessa-
tion of DNA synthesis demarcating the transition from early
replication (R bands) to late replication (G bands) (38, 39).

Our analysis of transcription from most of these genes and
its relationship to replication order supports the views of
Holmquist et al. (33, 38, 39). When DNA replicating at
different times in S phase was analyzed for transcribed
sequences complementary to poly(A) RNA from exponential
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cells, most (75%) of the active genes were found to reside in
the early-replicating DNA (Fig. 4). Nevertheless, about 25%
of poly(A) RNA was transcribed from late-replicating DNA.
Our results are not entirely consistent with earlier experi-
ments involving hybridization of nick-translated G-band
(late) and R-band (early) DNAs with total poly(A) RNA,
which showed no difference in transcriptional activities of
early and late DNAs (38). The discrepancy may be due to
different methods used for the isolation of early- and late-
replicating DNA, our procedure accomplishing more com-
plete separation. Our results were confirmed by the individ-
ual analysis of gene probes with known replication times for
transcriptional activity (Table 3). Most (73%) of the tran-
scriptionally active genes replicated early in S phase. Nev-
ertheless, certain expressed genes, e.g., those for fibronectin
and apoferritin, replicated late, an observation that cannot
be adequately explained by the model of Holmquist et al.
(38). Similarly, Hatton et al. (36) observed that the DHFR
gene and one of the genes encoding a histone (H,A) replicate
late in the mouse L60T cell line despite being transcription-
ally active.

A survey of the C values of the genes examined in this
study shows that all genes whose products have housekeep-
ing functions (i.e., are involved in intermediary metabolism)
replicate during the first half of S phase. Oncogenes and
proto-oncogenes fall into two classes: six expressed and
three unexpressed genes replicate during the first quarter of
S phase, and three replicate in the fourth quarter. As
mentioned above, two genes, those encoding fibronectin and
apoferritin, are of special interest because they are actively
expressed yet replicate in the last quarter of S phase.
Poly(A) RNA transcripts complementary to repetitive se-
quences were also found, in agreement with earlier studies
on CHO cells (45). Transcriptional activity was associated
with both early- and late-replicating repetitive sequences. As
far as the time of transcription of a gene is concerned, it is
completely independent of the time of replication, for most
of the genes studied here are transcribed throughout the cell
cycle and not just in S phase. In general, the replication
order of 5S RNA genes in Xenopus laevis (34) and the
elegant work of Dhar et al. on B-globin gene domains (24)
support the idea, much elaborated by Holmquist (39), that
genes which are actively expressed replicate early and that
the switching of genes from early to late replication reflects
commitment of the genes to quiescence. Nevertheless, our
observation that about 25% of the expressed genes are late
replicating suggests that the model of Holmquist (39) may be
somewhat oversimplified.

Very little is known about the mechanism by which early-
and late-replicating domains of eucaryotic chromosomes are
regulated. The importance of chromosomal location for the
temporal order of replication of a gene (18) and the associ-
ation of nuclease-sensitive open chromatin configuration
with early-replicating segments (24) have been demon-
strated. The ease and convenience of our procedure pro-
vides the opportunity to extend these studies to additional
classes of genes in CHO cells in order to determine whether
DNA replication is indeed bimodal, examine the effect of
chromosomal translocations (for example, of the DHFR
gene in the mutant CHO cell lines DG24 and DG46), and
study in more detail the interesting phenomenon of actively
transcribed genes that replicate late. But most important,
our experimental approach, which uses the study of DNA
replication in permeabilized cells, offers the opportunity to
perturb the replication process by the use of agents that
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cannot enter intact cells in order to obtain information on
possible regulatory mechanisms.
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