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ABSTRACT

Three autonomously replicating plasmids carrying
human genomic DNA and a vector derived from
Epstein-Barr virus were studied by density labelling to
determine the number of times per cell cycle these
plasmids replicate in human cells. Each of the plasmids
replicated semi-conservatively once per cell cycle. The
results suggest that these human autonomously
replicating sequences undergo replication following the
same controls as chromosomal DNA and represent a
good model system for studying chromosomal
replication. We also determined the time within the S
phase of the cell cycle that three of the plasmids
replicate. Centromeric alpha sequences, which
normally replicate late in S phase when in their
chromosomal context, were found to replicate earlier
when they mediate replication on an extrachromosomal
vector. Reproducible patterns of replication within S
phase were found for the plasmids, suggesting that the
mechanism specifying time of replication may be
subject to experimental analysis with this system.

INTRODUCTION

An unknown mechanism ensures that all the DNA in a human
cell replicates exactly once during the S, or DNA synthesis, phase
of the cell cycle. Furthermore, many sequences have a
characteristic time of replication within S phase, but how
replication timing is determined is also currently obscure. Insight
into these mechanisms could be gained by using an autonomously
replicating system based on human genomic sequences that
retained normal replication control. This type of system would
offer the possibility of working with completely defined sequences
which could be easily manipulated.
To address questions related to human DNA replication, we

developed an autonomously replicating system based on human
genomic DNA sequences. We obtained such a system by taking
advantage of vectors derived from Epstein-Barr virus (EBV).
EBV vectors from which part of the origin of replication has been
deleted are defective for replication (1). However, we have shown
that in the absence of replication they still permit linked DNA
to be retained in the nuclei of human cells for an extended period
of time (2). By cloning fragments of human genomic DNA into

such vectors, we obtained plasmids that could replicate and be
maintained in human cells for a prolonged period. The human
fragments were necessary for replication, since the vector alone
could not replicate in a long-term assay. Also, the human
fragments conferred replication ability in the absence of all viral
sequences when tested in a short-term assay (2, 3).

This system has the potential to serve as a convenient model
for approaching many questions pertining to replication in human
cells. A critical step in evaluating the ability of the system to
help understand the control ofDNA replication was to establish
whether or not our system was subject to once per cell cycle
regulation. In order to shed light on the mechanism controlling
time of replication, we determined the time within S phase that
our plasmids replicated. We included a plasmid replicating
autonomously with a human fragment whose replication timing
in its chromosomal context was known, to determine whether
the fragment would retain its characteristic time of replication.
We also included a plasmid that has been shown previously to
replicate without the use of a specific initiation site (4).

METHODS
Plasmids and probes
The plasmids p220.2, pLIB16, pLIB41, and pDY- are
described elsewhere (2, 5). The plasmid pCOS4A (a gift of Hunt
Willard, unpublished) carries 40 kb of alpha repeat DNA from
human chromosome 17. pCOS4A was partially digested with
EcoRI. Fragments containing alpha repeats from the partial digest
were cloned into the EcoRI site ofpUCR (6). One such plasmid
containing a 16.2 kb alpha fragment was named pUCRalpha. The
fragment containing the alpha repeats was removed from the
pUCR vector by digestion with BamHI and cloned into the unique
BamHI site of pDY- to form pDYAL. The Alu probe was
obtained by digesting pBLUR 8 (7) with BamHI and gel purifying
the 300 bp Alu fragment. The alpha probe was obtained by
digesting pMGB7, which contains alpha repeats from human
chromosome 7 (8), with HindHI and MspI and gel purifying the
2.7 kb alpha fragment.

Tissue culture and labelling
The cell line 293S (9) is a derivative of the human embryonic
kidney cell line 293 (10). Cells were grown in Dulbecco's
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modified Eagle Medium supplemented with 10% fetal calf serum
and with penicillin and streptomycin. Cells were incubated at
37°C in a 5% CO2 incubator. Media selective for the hygro-
mycin resistance gene also contained hygromycin B (Calbiochem-
Behring, La Jolla, CA) at a concentration of 200 ytg/ml. Before
labelling with 5-bromo-2'-deoxyuridine (BrdUrd), cells were split
into non-selective medium. Log phase cells were labelled by the
addition of 30 /Ag/ml BrdUrd to the culture medium.

Construction of cell lines
Cell lines were constructed by transfection of plasmid DNA into
293S cells using calcium phosphate coprecipitation (11). 10 ,ug
of plasmid DNA were used per 100 mm dish seeded with
2 x 106 cells. Transfected cells were allowed to grow to
confluence and then were split into selective media containing
200 Atg/ml hygromycin. The resulting populations were
continually passaged in the presence of hygromycin selection.

Fluorescence activated cell sorter (FACS) analysis and sorting
Cell cycle analysis and sorting was done by the method of Gray
and Coffino (12). BrdUrd labelled cells were trypsinized and fixed
in 70% ethanol for 30 minutes at 4°C. Cells were then stained
in 50 pg/ml chromomycin A3 (Sigma) for 1 hour at 4°C. Cell
density was adjusted to 5 x 106 cells/ml before sorting. Stained
cells were analyzed on a Becton Dickinson Facstar using a
495 nM long pass filter. Cells were sorted into 1.9 ml
microcentrifuge tubes at a flow rate of4000 cells/second. Aliquots
of sorted fractions were reanalyzed by removing 50 1I aliquots
of cells and staining for 15 minutes in 300 1d of chromomycin
A3 before reanalysis by FACS.

DNA isolation and separation of BrdUrd substituted DNA
Genomic DNA was extracted by incubating in extraction buffer
(0.5 M EDTA, 0.5% sarcosyl, 100 Ag/ml proteinase K) at 65°C
for 30 minutes. Cells were sequentially extracted with phenol,
phenol-chloroform, and chloroform. DNA was then precipitated
with ethanol. Pellets were resuspended in 20 ftg/ml RNAse and
digested with BamHI for 2 hours at 37°C before loading onto
density gradients. BrdUrd substituted DNA was separated by
isopycnic centrifugation in Cs2SO4 density gradients. Labelled
DNA was loaded onto Cs2SO4 gradients, the refractive index
was adjusted to 1.3710, and the gradients were spun at 30,000
rpm in a Beckman VTi 80 for > 48 hours. Fractions were
collected from the bottom of each gradient tube using a peristaltic
pump.

Blotting, hybridization, and quantitative analysis
Aliquots of the gradient fractions were denatured by adding 0.1
volume of4N NaOH. Samples were then immobilized on a Zeta
Probe (Bio-Rad, Richmond, CA) blotting membrane using a slot
blot apparatus and 0.4N NaOH as the transfer buffer. Membranes
were prehybridized in 2 x SSPE [20xSSPE is 174 g NaCl,
27.6 g NaH2PO4 H2O, and 7.4 g EDTA in 1.0 liter of H20
(pH 7.4)], 1 % sodium dodecyl sulfate (SDS), 0.5% (w/v)
powdered non-fat milk, and 100 jAg/ml denatured salmon sperm
DNA at 65°C for 6 hours. Blots were hybridized in fresh
prehybridization buffer for at least 12 hours at 65°C with probes
prepared by random priming. Membranes were sequentially
washed at room temperature for 15 minutes each in: 2 x SSC
(20 x SSC is 175 g NaCl and 88 g sodium citrate dehydrate in
1.0 liter of H20), 0.1% SDS, 0.5xSSC, 0.1% SDS, 0.1xSSC,
0.1% SDS. A final wash was done in 0.1 xSSC, 1% SDS at

65°C for 30 minutes. Blots were then exposed to X-ray film using
intensifying screens at -70°C. In order to reprobe, blots were
stripped in 0.4 N NaOH for 1 hour at room temperature, followed
by an incubation in 1 mM EDTA, 40 mM NaHPO4 (pH 7.2)
and 1% SDS for 1 hour at 65°C. Band intensities were quantitated
using a Molecular Dynamics 300A computing laser densitometer.

RESULTS
Cell lines
The four cell lines used in this study carry autonomously
replicating extrachromosomal plasmids. The plasmid p220.2 is
a fully replication competent, stable EBV vector carrying the EBV
origin of latent replication, oriP, and the EBNA-J gene (5). The
three remaining plasmids are based on a replication-defective
EBV vector, pDY-. The plasmid pDY- a derivative of p220.2,
contains a deletion in the EBV origin of replication rendering
it unable to replicate (1, 2). The plasmids pLIB16 and pLIB41
contain 14 kb and 20 kb fragments of human genomic DNA
cloned into the pDY- vector (2). The plasmid pDYAL contains
approximately 16 kb of alpha repeated sequences from human
chromosome 17 cloned into pDY-. The replication of these
three plasmids is dependent on their human inserts. All four
plasmids carry the gene for hygromycin resistance.

Populations of 293S cells into which these plasmids had been
transfected were selected and passaged for one month in the
presence of hygromycin. Plasmid DNA was then isolated by Hirt
extraction (13) and run uncut on a 0.6% agarose gel. As
demonstrated by Figure 1, the plasmids are maintained in human
cells as extrachromosomal circular molecules. Average copy
numbers range from approximately 3 to 100, as determined by
densitometric analysis compared against known quantities of
plasmid DNA.

Once per cell cycle analysis
To determine the number of times the plasmids replicated per
cell cycle, we employed a density shift assay. Cells carrying
autonomously replicating plasmids were labeled in media
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Figure 1. Cell lines carrying plasmids. 293S cells were transfected independently
with the plasmids p220.2, pLIB16, pLIB41, and pDYAL. Established populations
carrying the plasmids were subjected to Hirt extraction to isolate low molecular
weight DNA. Hirt extracts from approximately 3 x 106 cells (Lanes 5-8) and
1 ng of marker DNA (Lanes 1-4) were run uncut on a 0.6% agarose gel. The
gel was blotted and hybridized with radioactively labelled pDY-. Arrows
indicate the positions of supercoiled plasmid. Dashes indicate the positions of
nicked circle.
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B. pLIBi6 containing the heavy nucleotide analog 5-bromodeoxyuridine
(BrdUrd) for 12, 24, 36 and 48 hours. After the labelling period

12243648 12243648 cells were immediately harvested and their total DNA was
isolated. Five to 20 ug of total DNA for each sample were

LL digested with BamHI and loaded on Cs2SO4 density gradientsLL_ to separate replicated from unreplicated DNA. Each gradient was
_

HL
_ =_ __ divided into approximately 22 fractions which were then loaded

H--~̂' ~ -^onto a slot blot. The slot blots were probed first with the pDY-
vector to determine the replication pattern of the autonomous

- HH _ plasmids. By probing with pDY-, any cross- hybridization to

chromosomal DNA was eliminated. As an internal control, the

PLASMID CHROMOSOME blots were then stripped and reprobed with a chromosomal repeat
sequence (Alu or alpha) to determine the pattern of replication
of the chromosome.

D. pDYAL
Results of this analysis are shown in Figure 2: The plasmids

D.pDVAL based on human sequences (pLIB 16, pLIB41, and pDYAL), as
12243648 122436 48 well as the EBV plasmid p220.2, exhibited similar replication

patterns (Figure 2, left side of each panel). The 12 hour and 24
,, _ hour time points showed light-light (LL) and heavy-light (HL)

labelling and no significant heavy-heavy (HH labelling, indicating
HL that one or fewer rounds of replication occurred during these

time periods. The 36 hour and 48 hour time points showed
- HH - - plasmid DNA moving into the HL and HH regions, indicating

one or more rounds of replication. The cell cycle time for 293S
cells was determined to be approximately 20 hours by a doubling

PLASMID CHROMOSOME time analysis (data not shown). Therefore, the pattern of labelling
observed is consistent with replication once per cell cycle.
The patterns of replication of the control chromosomal

Lhmically growng cellinres 1rfiYr1 sequences are similar to those seen for their respective plasmidD...-T T... far thk ......k. nf hL.uie piasmiuus were iaouiieu wiui ..i girLu Druuru uor uim numuer oi nours
indicated. Filters were first probed with pDY- (left side, plasmid), which
hybridizes only to a common plasmid backbone shared by each plasmid. Blots
were then stripped and reprobed with the human Alu sequence isolated from
pBLUR8 (17) (right side, chromosome). The pLIB16 sample was reprobed with
human alpha repeats isolated from pcos4A instead of Alu, because the human
insert in the pLIB16 contains an Alu repeat. LL, light-light DNA; HL, heavy-
light DNA; HH, heavy-heavy DNA.
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U.Table 1. Densitometric analysis of slot blots. Band intensities from autoradiograms
were quantitated using a Molecular Dynamics 300A computing laser densitometer.
Values are stated as a percentage of the total amount of signal in each lane. Plasmid
values represent blots probed with pDY-. Chromosome values represent the
same blot reprobed with Alu or alpha sequences. The results of two experiments
are shown for p220.2, pLIB41, and pDYAL. Three experiments are shown for
pLIB16.

Plasmid Probe

pLIB16

12 hr 24 hr
LL HL HH LL HL HH

plasmid 34 65 1
chromosome 29 71 0

plasmid 50 50 0
chromosome 60 40 0

plasmid 60 39 1
chromosome 73 25 2

pLIB41 plasmid 48 51 0
chromosome 53 46 1

plasmid 52 48 0
chromosome 59 40 1

pDYAL plasmid 38 61 0
chromosome 39 61 0

plasmid 58 41 1
chromosome 57 42 1

p220.2 plasmid 49 51 0
chromosome 55 44 1

plasmid 45 54 1
chromosome 55 45 1

4 95 1
2 98 0

7 91 2
5 94 1

10 90 0
1 98 1

7 90 2
14 77 9

1 99 0
2 97 1

5 92 3
4 92 4

11 86 3
27 69 4

10 90 0
17 82 0

6 94 0
17 82 1

Ll
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1 99 1
0 99 1

1 93 6
1 96 3

0 98 2
1 94 5

2 69 29
7 60 33

4 76 20
7 85 8

2 74 24
2 74 24

5 69 26
11 62 27

1 82 18
3 79 19

2 89 9
5 81 14

1 34 66
0 34 66

2 58 40
1 82 17

0 88 12
0 81 19

1 55 43
5 52 43

1 72 27
7 59 33

1 60 38
2 59 39

2 67 31
6 69 25

2 66 33
3 69 28

4 86 10
7 73 20
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Figure 3. Retroactive synchrony. A. Logarithmically growing cell lines carrying
test plasmids were labeled for 3 hr with BrdUrd, fixed in 70% ethanol, stained
in chromomycin A3, and analyzed using the FACS. In the resulting histogram,
relative number of cells is plotted against DNA content. Cells were sorted in
the windows shown. B. Aliquots from sorted populations were restained and
reanalyzed. The sorted subpopulations represent synchronous cells in six different
portions of the cell cycle.
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Figure 4. Timing of replication slot blots. Total DNA was extracted from each
of the cell cycle fractions shown in Figure 3. The DNA from 250,000 cells was
digested with BamHI and spun on Cs2SO4 gradients. Each gradient was
fractionated into approximately 22 fractions. One half of each gradient fraction
was transferred to a nylon membrane using a slot blot apparatus. The slot blots
were then probed with radioactively labeled pDY- to detect the pattern of
replication for each of the plasmids. The positions of heavy-light (HL) DNA,
representing replicated DNA, and light-light (LL) DNA, representing unreplicated
DNA, are indicated.

sequences (Figure 2, right side of each panel). One or fewer
rounds of replication are seen in the 12 hour and 24 hour time
points, and one or more rounds are seen in the 36 hour and 48
hour time points. Since the chromosomes are known to replicate
once per cell cycle, this result confirms our interpretation that
the plasmids are also replicating once per cell cycle. Table 1

summarizes the quantitative data obtained by densitometer
tracings of several experimental trials and further supports the
conclusion that all four plasmids replicate once per cell cycle.

Timing of replication
To investigate the timing of replication of our plasmids within
S phase, we used a procedure for the retroactive synchrony of
cells (14). Logarithmically growing cells carrying pLIB41,
pDYAL, or p220.2 were pulse labelled for 3 hours with BrdUrd.
This time is much shorter than the time of S phase in these cells,
which was estimated to be approximately 8-10 hours. After
labelling, the cells were fixed in ethanol and stained for DNA
content with chromomycin A3. Chromomycin stained cells were
analyzed by using a fluorescence activated cell sorter (FACS)
and sorted into subpopulations representing synchronous cells in
six different portions of the cell cycle (Figure 3).
Genomic DNA was isolated from each of the sorted fractions

and run on Cs2SO4 density gradients. Density gradients were

fractionated and slot blotted as described earlier. Slot blots were
probed first with the pDY- vector to determine the timing of
replication of the autonomous plasmids. Figure 4 shows a

representative blot for each of the three plasmids. As an internal
control, the slot blots were stripped and re-probed with two
chromosomal sequences which replicate at known times of
replication. For this purpose we used an alpha repeat sequence

from the centromeric region of chromosome 7. Under the
hybridization conditions used, the alpha repeats from
chromosome 7 do not cross-hybridize with the alpha repeats from
chromosome 17 which are present on the pDYAL plasmid (data
not shown). Centromeric regions have been shown to replicate
late in S phase (15, 16). In addition, each blot was probed with
an Alu repeat sequence (7). We have found Alu sequences to
replicate throughout S phase, presumably by virtue of their highly
dispersed locations. Alu sequences do not hybridize to sequences

on any of the plasmids used in this timing study (data not shown).

Figure 5. Timing of replication summary. Timing experiments were performed
as described in Materials and Methods. Slot blots for each plasmid were first
hybridized with the plasmid backbone pDY- to examine the timing of replication
of plasmid sequences. As a control, blots were stripped and rehybridized with
human alpha sequences from chromosome 7 (8). As a further control, the blots
were stripped and rehybridized with human Alu sequences. HL and LL DNA
from each slot blot were quantified by scanning laser densitometry. The replication
value reported for each cell cyle fraction is a percentage of the total amount of
replication observed for all of the fractions within a single experiment. The total
amount of replication observed is equal to the sum of the raw replication values
for each cell cycle fraction. The raw replication value for each cell cycle fraction
equals the amount of replicated DNA divided by the total amount of DNA
[HL/(LL+HL)]. The results of three experiments for p220.2, pDYAL, and
pLIB41 are shown in panels A, C and E respectively. The values for the controls
for each plasmid are shown directly below in panels B, D and F. The values
shown are the average of three experiments for each plasmid. Open circles, Alu
sequences; filled circles, alpha sequences.

Reprobing each blot with alpha sequences and with Alu sequences
and observing the correct timing of replication for these repeat
sequences verified that each sample was correctly fractionated.
The slot blots were quantified by scanning laser densitometry.
The fraction of DNA replicated during each part of the cell cycle
was calculated by dividing the amount of replicated DNA by the
total DNA [HL/(HL+LL)]. These values were normalized by
expressing them as a percentage of the total amount of replication
observed in each blot. Results are shown in Figure 5.

As Figure 5 (b, d and f) indicates, the replication of the control
(chromosomal) alpha sequences was confined to the latter part
of the S phase, as expected. Figure 5 (b, d and f) also shows
the timing of replication of the Alu repeat, which reproducibly
replicates throughout S phase with a peak in S2. These results
demonstrate that we successfully fractionated the cell cycle into
several sequential portions. The plasmid pLIB41 (Figure Se)
showed a peak of replication during S3. This pattern is similar,
but slightly later than that of the dispersed Alu repeat. The
plasmid pDYAL (Figure Sc) replicated predominantly during S2,
S3, and S4 and contrasted with the chromosotnal alpha sequences,
with their more pronounced pattern of late replication. The EBV
vector p220.2 (Figure 5a) replicated preferentially in the latter
half of S, in a pattern similar to the chromosomal alpha sequences.
These patterns were reproducible over several trials, as shown
in Figure 5.
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DISCUSSION

Once per cell cycle control
This work suggests that the autonomously replicating human
sequences we have isolated may provide a good model system
for examining the once per cell cycle control of replication and
the timing of replication. The experiments establish that the four
plasmids we examined undergo autonomous replication following
once per cell cycle control. The absence of vector DNA labelled
at the heavy-heavy density before the completion of one cell cycle
argues that once per cell cycle replication of the vectors is taking
place. Appearance of the same pattern when the samples are
probed with chromosomal sequences suggests that the plasmids
are subject to the same once per cell cycle control as the
chromosomes.
The labelling pattern we observed due to incorporation of

BrdUrd into plasmid DNA is also consistent with semi-
conservative DNA replication. The patterns of BrdUrd labelling
observed for the plasmids are characteristic of normal replicative
rather than repair replication. This evidence confirms and extends
the conclusions we were able to draw from a previous study (2).
In that work autonomous replication was evidenced by long-term
retention of plasmid DNA and appearance of MboI-sensitive
vector DNA, i.e. DNA which had lost its bacterial methylation
pattern on both strands. Taken together, these results confirm
that we have cloned sequences that can mediate autonomous
replication in human cells. Further proof is the observation of
replication intermediates of pLIB41 on two dimensional gels (4).
Moreover, these human sequences and many others have been
shown to replicate in short-term replication assays in the absence
of all viral sequences (2, 3). Further characterization of these
autonomously replicating plasmids should shed considerable light
on the nature of replication initiation in human cells and the
mechanism of once per cell cycle control.

It has been observed that although Xenopus eggs appear able
to replicate virtually any introduced DNA sequence, replication
is restricted to once per cell cycle (17). Our results reinforce the
conclusion that a eukaryotic cell can replicate any sequence
containing appropriate signals for initiation in a once per cell cycle
manner, unless signals exist for overcoming this regulation and/or
regulating copy number independently, as is the case for most
viruses and plasmids. An exception is latent Epstein-Barr virus,
which appears to replicate once per cell cycle (18). Our data
indicates that p220.2, an EBV vector carrying oriP, also replicates
once per cell cycle. Once per cell cycle replication of vectors
based on EBV has also recently been reported by others (19).
Two types of models have been considered to provide the

mechanism for once per cell cycle control. To prevent reinitiation,
some method of marking a stretch of DNA as having already
replicated is required. This marking could take the form of signals
which block reinitiation at specific sites or of more global
mechanisms that would mark the DNA in a more continuous
fashion. For example, binding of a protein to a specific DNA
sequence has been proposed as the mechanism to control putative
once per cell cycle control of the replication of BPV (20).
Alternatively, a global system may exist that marks all newly
replicated DNA. The hemimethylation of newly replicated DNA
has been raised as a possible method of marking replicated DNA
(21). It has been proposed that DNA in Xenopus eggs may be
marked by a positive 'licensing factor' that is inactivated by
initiation events and excluded from the nucleus until nuclear
membrane breakdown at mitosis (22). Using a two-dimensional

gel technique, we have shown (4) that initiation of replication
on pLIB41 occurs at multiple locations on the plasmid. Since
we show here that pLIB41 replicates once per cell cycle, it
appears that once per cell cycle control can be maintained without
a requirement for initiation from specific origin sequences.

Timing of replication
It has been shown that DNA replication in eukaryotes proceeds
in a temporal order during S phase. Chromosomal sequences in
both yeast (23) and mammalian cells (24, 25) have been shown
to replicate at specific times in S, although the mechanism which
maintains the control of replication timing has yet to be
established. Two types of models may be advanced to explain
the differential timing of replication of various parts of the
genome. There may be specific DNA signals in the vicinity of
origins that govern the time at which they initiate. Conversely,
replication timing may be determined more generally by context.

For example, replication timing of a given region ofDNA may
be influenced by the state of transcription, the chromatin
configuration, or chromosomal location, independent of any
signals that specifically control replication timing. Several reports
show a correlation between early replication and gene expression.
Transcriptionally active regions usually replicate early, while
inactive areas frequently replicate late (24, 25). However, the
correlation between expression and early replication is imperfect,
and a cause and effect relationship has not been established
between the two phenomena. Cytogenetic evidence has shown
that large chromosomal units spanning many replicons seem to
initiate replication simultaneously. This data may indicate that
chromosomal location or higher order nuclear organization may
influence timing of replication (26). Also, it is possible that
chromatin structure, such as the highly condensed
heterochromatin characteristic of the alpha repeat sequences of
mammalian centromeres, may be a factor in determining the late
replication of these regions.

Several aspects of our data bear on these questions. We have
found that alpha DNA repeats, which are known to replicate late
in their normal centromeric DNA context (15, 16), do not retain
this replication time when they mediate replication on the
extrachromosomal vector pDYAL. This result suggests that late
time of replication may be not be specified by the same signals
that allow this DNA to replicate. It is possible that a specific
configuration adopted by the alpha sequences in the chromosomes
is responsible for late replication, and that this configuration is
unrelated to the signals that trigger replication per se. The loss
in pDYAL of the pronounced late replication observed for the
chromosomal alpha sequences could be accounted for by the
much longer stretches of alpha sequences (hundreds or thousands
of kb) present in human centromeres, as opposed to the
approximately 16 kb of alpha DNA on the plasmid. Perhaps
relatively long stretches of alpha repeats are required to adopt
a configuration that could determine late replication. Apparently,
the vector backbone does not prevent late replication, since
p220.2 was seen to replicate late in S phase. It will be interesting
to learn whether vectors will replicate later in S as increasing
amounts of alpha DNA are added to the plasmid.

It is unknown whether long stretches of chromosomal alpha
repeats at human centromeres are replicated from internal sites
of initiation or by forks that initiate in neighboring regions. That
the alpha sequences in pDYAL can mediate replication suggests
that human centromeres may be replicated from initiation sites
within the alpha repeats.
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The timing of replication of the pLIB41 human sequence in
its chromosomal context is currently unknown. Therefore, in this
case we do not know if the replication timing shown by the
sequence on an autonomous replicon is consistent with that of
the chromosomal sequence.

It has been proposed that the timing of replication of a sequence
may merely be a function of its proximity to a site of initiation.
The timing of replication of any particular sequence might be
based on the amount of time required for a replication fork to
move from the replication origin to the sequence, and thus
replication timing would be a function of the distance of the region
from a site of initiation. Regions in close proximity to sites of
initiation would be replicated early and those located at a greater
distance would be replicated late. However, our results argue
that additional factors must be involved in determining late
replication. Because of the relatively small size of the plasmids
in our system, proximity to sites of initiation is not expected to
be a relevant factor in determining the replication timing of
sequences on the vector. All three of the plasmids in this study
exhibit the ability to replicate in the latter half of S phase, with
p220.2 being the most late. The Alu controls show that our assay
is able to identify sequences replicating in the first half of S phase.
Therefore, the existence of late replicating plasmids suggests that
either initiation or elongation can be restricted to the latter half
of S phase in mammalian cells, and that this restriction may be
a determinant of late replication.
The very late replication observed for p220.2 conflicts with

a report of the timing of whole Epstein-Barr virus. It has been
reported that EBV (180 kb) replicates early in S phase (27),
whereas we have observed that p220.2, a small vector derived
from EBV (9 kb), replicates later in S phase. This result raises
the possibility that size of autonomously replicating vectors may
play a role in controlling their time of replication. Alternatively,
it is possible that other aspects of EBV viral sequences such as
their pattern of gene expression are responsible for this change
in replication timing.
We have the ability to manipulate autonomously replicating

vectors in terms of their size, sequence composition, and patterns
of gene expression. Therefore, by using autonomously replicating
model systems, it may ultimately be possible to establish the cause
and effect relationships between these parameters and the control
of replication.
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