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A 4-kb HindII frgment that supported the efficient autonomous replication of plasmid vector pDY-, a
replication-defective construct based on Epstein-Barr virus sequences, in human K562 cells was rescued from
amplified double-minute chromosomes containing the murine adenosine deaminase locus. Polymerase chain
reaction assays of size-fractionated nascent strands demonstrated that replication initiation occurred within the
same 1- to 2-kb region of this fragment in autonomously replicating plasmids containing the sequence in either
orientation, in double-minute chromosomes, and in the single-copy locus at its normal chromosomal location.
The complete sequence of this fragment was determined; it contains a 248-bp polypurine tract and consensus
binding site sequences for several putative transcription and replication factors.

Our understanding of the molecular mechanisms of DNA
replication in mammalian cells is largely based on the study
of viruses. Although such studies have been extremely
productive, there are certain aspects of chromosomal repli-
cation that cannot be addressed with such model systems.
For example, although the initiation of viral replication is
clearly dependent on specific sequences that are recognized
by self-encoded proteins, such as simian virus 40 T antigen,
neither the DNA signals nor the proteins involved in the
initiation of replication in mammalian chromosomes have
been defined. In addition, there are unique temporal and
spatial controls that must come into play with chromosomal
replication to coordinate the accurate and orderly duplica-
tion of each DNA base in the entire genome during the S
phase.

It is clear that for the replication of mammalian chromo-
somes during the S phase at the measured rates of replication
fork movement, the initiation of DNA synthesis must occur
at many sites. By analogy with prokaryotic systems (40, 44)
and simple eukaryotic systems (10, 11, 24, 42, 43, 51, 80),
one would expect this initiation to be dependent on specific
signals. However, the continuing ambiguity about the iden-
tity of such signals must be due to one of two factors: either
(i) they do not exist or (ii) the intrinsic complexity and/or
redundancy of these signals make them difficult to dissect by
standard approaches. The fact that many of the assays
available to search for such sequences are both experimen-
tally difficult and dependent on fundamental assumptions
concerning the properties of putative replication intermedi-
ates further complicates this issue (74). The most promising
candidates for mammalian chromosomal replication origins
are sites flanking the DHFR locus in Chinese hamster cells
(4, 12-15, 38, 53, 73, 75), and the c-myc locus in the human
genome (55, 72), in which sequences have been implicated in
origin activity by multiple assays. However, even at the
most rigorously studied region 3' of the DHFR gene, the
conclusions from different approaches have not been com-
pletely consistent; whereas some assays indicate sequence
specificity in origin activity (14, 37, 73), others indicate
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replication initiation over very broad zones (27, 75). Models
for the reconciliation of these data have been proposed (26,
52), but experimental resolution is still lacking.
The work described here was designed to take advantage

of the availability of murine fibroblast cell lines in which the
ADA locus has been amplified up to 11,000-fold (65, 82) to
search for replication origins near this locus. Because of this
extraordinarily high copy number, the amplified sequences
in these cells are estimated to represent as much as 20% of
the total nuclear DNA (46), a fact that should alleviate
sensitivity problems associated with many of the assays used
to study replication properties. In addition, the amplified
copies are present on autonomously replicating double-
minute chromosomes, which must, by definition, contain
one or more origins of replication. In this paper, we describe
the isolation from the amplified domain of a 4-kb HindIII
fragment that is able to specifically complement a replica-
tion-defective derivative of an autonomously replicating,
Epstein-Barr virus (EBV)-derived plasmid. A modified pro-
tocol for determining the sites of the initiation of replication
by polymerase chain reaction (PCR) analysis of nascent
DNA strands was then used to demonstrate that replication
of the rescued plasmid initiated within the cloned insert
regardless of its orientation. This assay was then used to
demonstrate that, within experimental error, the same region
was used as a replication initiation site in double-minute
chromosomes and in its normal single-copy chromosomal
context. Comparison of these results with those obtained for
other loci may facilitate the identification of common se-
quence or structural motifs involved in defining replication
origins in mammalian cells.

MATERIALS AND METHODS

Cell culture. The original murine ADA-amplified cells (82)
were modified by the integration of a herpes simplex virus
(HSV) thymidine kinase (TK) gene to allow the incorpora-
tion of thymidine analogs. A transfectant that incorporated
thymidine at the wild-type level was used for all subsequent
procedures. Cell lines B1/SOtk and B1/lSOtk were grown in
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum and glutamine (GIBCO
Laboratories), 1.1 mM adenosine-50 ,uM alanosine-1 mM
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uridine, and 50 to 150 ,uM deoxycoformycin (also known as
pentostatin [Parke-Davis/Warner Lambert Co.]) to maintain
the desired amplification level (65). NIH 3T3 cells were
grown in DMEM supplemented with 10% fetal bovine serum
and glutamine.

Eukaryotic vectors and constructs used in the functional
assay. Plasmids p220.2 and pDY- (28) were generous gifts
from M. Calos. p220.2 is an 8.9-kb plasmid that contains the
following EBV sequences: oriP (EBV coordinates 7333 to
9516) and the EBNA-1 gene (107567 to 110176). The hygro-
mycin resistance gene is under the control of the HSV TK
gene promoter and transcription termination sequences. The
bacterial origin of replication and the ampicillin resistance
gene are from a pBR322 derivative with the poison sequence
deleted. pDY- is an 8.8-kb plasmid derivative of p220.2 in
which the dyad symmetry region of oniP (EcoRV-HpaI
fragment) has been deleted (28). HindIII-digested B1/lSOtk
DNA was cloned into the unique HindIII site of pDY- to
make a mouse genomic library. This library was used to
transform Escherichia coli HB101 cells, and a large-scale
plasmid preparation was made from a pool of several thou-
sand ampicillin-resistant transformants.
Mammalian cell transfection, DNA isolation, and analysis.

Supercoiled plasmid DNA (20 ,ug) was used to transfect
K562 cells (human erythroleukemia cell lineage; American
Type Culture Collection) by electroporation with a Gene-
Pulser transfection apparatus (Bio-Rad) in accordance with
the manufacturer's recommendations and the guidelines of
Chu et al. (19). The parameters used were 200 V and 500 ,uF.
Transfection efficiencies for K562 cells were determined by
soft-agar cloning as previously described (70). Transfected
cells were selected for hygromycin resistance in liquid
cultures with 300 ,ug of hygromycin B (Boehringer or Cal-
biochem) per ml. Resistant cells were passaged three times
by splitting a confluent plate 1:10. Plasmids were rescued
from Hirt supernatants (41) by transformation into E. coli
DH5ax cells made competent by the protocol of Hanahan
(66). Extrachromosomal DNA for restriction analyses was
isolated by an alkaline extraction method as follows. Ap-
proximately 107 cells were resuspended in 0.6 ml of 50 mM
glucose-10 mM EDTA-25 mM Tris-Cl (pH 8.0) and lysed by
the addition of 1.2 ml of 0.2 N NaOH-1% sodium dodecyl
sulfate (SDS) and incubation on ice for 10 min. Chromo-
somal DNA was precipitated by the addition of 1.5 volumes
of 3 M potassium acetate-0.2 M glacial acetic acid, incuba-
tion on ice for 10 to 30 min, and centrifugation with a Sorvall
SA-600 rotor at 10,000 rpm for 10 min at 4°C. The superna-
tant was extracted once with phenol-chloroform (1:1), and
the low-molecular-weight DNA was precipitated by the
addition of an equal volume of isopropanol and incubated at
-20°C for 4 to 24 h. This precipitate was collected by
centrifugation as described above and resuspended in TE (10
mM Tris-HCl [pH 8.0], 1 mM EDTA). NaCl was added to a
200 mM final concentration, the solution was extracted once
with phenol, and then the DNA remaining in the aqueous
phase was precipitated with 2 volumes of ethanol, washed
with 70% ethanol, and resuspended in 50 pl of TE. Plasmid
replication was monitored by DpnI or MboI digestion, with
subsequent electrophoresis through an agarose gel, Southern
transfer onto a GeneScreen Plus membrane (New England
Nuclear), and hybridization (66). The probe used for extra-
chromosomal DNA analysis was plasmid p220.2 minus the
EBNA-1 and oriP sequences; autoradiographic exposure
times were 20 to 36 h.
DNA sequencing, sequence analysis, and PCR primer pro-

duction. The 4-kb insert from plasmid pDY/377 (377 frag-

ment) was subcloned into pTZ18R, and exonuclease III
deletion constructs were made from both orientations and
transformed into E. coli XL1-Blue cells for sequencing. The
sequence was obtained by use of an automated dideoxynu-
cleotide sequencing system from Applied Biosystems (model
373A) or by manual dideoxynucleotide sequencing. The
following parameters were used for consensus binding site
sequence analysis: NFI (CTF), minimum 6 of 6 match to
GCCAAT (1, 20, 57); NFIII (Oct-1), minimum 9 of 10 match
to ATGMWAATGA or ATGATAATGA (57, 62); RIP-60,
minimum 9 of 11 match to ATTATTATTAG (23); EBNA-1,
minimum 14 of 16 match to GRTAGCNNNNGCTAYC (3);
PUR, minimum 15 of 16 match to GGNNGAGGGAGAR-
RRR (9); p53, minimum 10 of 10 match (paired within 0 to 13
nucleotides [nts]) to RRRCWWGYYY (6, 29); and the ARS
core consensus sequence, minimum 9 of 11 match to WTT-
TATR1TI7W (45). (International Union of Pure and Applied
Chemistry-International Union of Biochemistry ambiguity
codes for the consensus sequences are as follows [22]: W =
A or T, R = A or G, Y = T or C, M = A or C, and N = A,
C, G, or T.) Sequence data bases were searched by use of a
previously described program (2), and Monte Carlo simula-
tion was done as described by Barker and Dayhoff (7).
GenBank nucleotide computations were performed at the
National Center for Biotechnology Information by use of the
BLAST network service. Oligonucleotides were made on an
Applied Biosystems model 380B synthesizer. Primer sets
were designed from published EBV sequence information or
from sequences obtained as described above.

Nascent-strand isolation for use in the PCR origin localiza-
tion assay. The method that was developed by Vassilev and
Johnson (71) for mapping replication initiation sites by PCR
was used with modifications. Ten 100- to 150-mm plates of
B1/SOtk cells at 50 to 70% confluency were used for each
experiment. These plates were labeled for 15 min at 37°C
with 20 ,uM 5-bromodeoxyuridine (BrdU; Sigma) and 60 pM
[3H]thymidine as a tracer. All subsequent procedures were
done in low light to limit UV-induced damage. The cells
were washed three times with cold phosphate-buffered saline
and lysed by the addition of 3 ml of cell lysis buffer (50 mM
Tris-HCl, [pH 8.0], 1 M NaCl, 10 mM EDTA, 5% SDS).
Lysates were combined and incubated overnight with 100 ,g
of proteinase K per ml of lysate. The DNA was extracted
gently once with phenol-chloroform (1:1), ethanol precipi-
tated, rinsed in 70% ethanol, rinsed in 95% ethanol, and
redissolved in 1 ml of TE. NaOH was added to a final
concentration of 0.2 N. Alkaline cesium chloride (CsCl)
gradients were run as described previously (30) to separate
the newly replicated, single-stranded DNA containing BrdU
(heavy DNA [H-DNA]) from the unsubstituted DNA (light
DNA [L-DNA]). CsCl dissolved in 50 mM NaOH-3 mM
EDTA was added to the DNA to a final refractive index (q)
of 1.408. This mixture was centrifuged at 85,000 x g for 60 to
72 h with a Sorvall T1270 rotor at 25°C. After centrifugation,
approximately 48 fractions were recovered from the bottom
of each centrifuge tube and placed in a 96-well polyvinyl
chloride plate by use of a Hoefer gradient fractionator. The
9 and radioactive incorporation were assayed with 10- and
SO-pl aliquots, respectively, from every other fraction. Gra-
dient fractions containing BrdU-substituted H-DNA (,
1.411 to 1.413) or parental L-DNA (,, 1.404 to 1.407) were
pooled. The pools were diluted by the addition of 2 volumes
of water and precipitated with 2.5 volumes of 95% ethanol at
4°C. Precipitates were collected by centrifugation with a
Sorvall AH-629 rotor at 10,000 rpm for 30 min at 4°C. The
precipitates were washed with 70% ethanol and air dried.
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The H-DNA was resuspended in 50 to 100 ,ul of water
(approximately 10 ,ul/10 cells). Twenty five microliters of
purified nascent DNA was size fractionated by electrophore-
sis through a 1% alkaline agarose gel for 16 h at 2 V/cm and
4°C. Four hundred nanograms of X HindIII-+X174 HaeIII
(the former from Bio-Rad and the latter from BRL) and a
1-kb ladder (BRL) were used as size markers. The gel was
neutralized with several changes of 0.5x TBE for 2 h at
room temperature. The standard lanes were cut off and
stained with 0.5x TBE containing 0.5 ,g of ethidium bro-
mide per ml. Gel slices containing fragments of desired sizes
were placed in 1.5-ml Eppendorf tubes, and the single-
stranded nascent DNA was isolated by use of a Prep-A-Gene
kit and protocol (Bio-Rad). The DNA was collected in a final
volume of 20 to 30 ,ul, and 1 to 4 p,l was used for PCR
analysis with three to five primer sets. Okazaki fragments
should have been present in the smallest fraction isolated
(approximately 0.25 to 0.5 kb); however, recovery and PCR
detection of these small intermediates were found to be
highly variable, as a function of the preparation and primer
pair used, and the levels of PCR products produced were
frequently inadequate to yield visible bands on positive
photographs.

This procedure was also used for the isolation of nascent
strands from plasmid-transfected eukaryotic cells. In these
instances, after the proteinase K digestion (2 to 16 h),
extrachromosomal DNA was isolated by the method of Hirt
(41). The DNA was incubated for >8 h at 4°C. Chromosomal
DNA and proteins were pelleted at 10,000 x g, the resulting
supernatant was ethanol precipitated, and the rest of the
protocol outlined above was used.
PCR conditions. PCR primers designated Orn, Hyg, and

EBNA (see Fig. 2, 3, and 4) amplify segments of 460, 423,
and 390 nts, respectively, from the p220.2 and pDY- vec-
tors. The primer sequences are as follows (the primer pairs
are denoted forward [F] and reverse [R]): Orn, F(5'-CAAT
GTTGTGTTGCAGTCCACAGACTGC-3') and R(5'-CTAA
ACCTGACTACGGCATCTCTGC-3'); Hyg, F(5'-CGCCAT
GTAGTGTATTGACCGATTCC-3') and R(5'-CGCGACGT
CTGTCGAGAAGTT1CTGAT-3'); and EBNA, F(5'-CAGT
AGCATCTCTGTCTGGTGACCTT-3') and R(5'-CTTCTCT
CCTAGGCCATTFfCCAGGT-3'). The PCR primer sets for
segments A, B, C, D, and E (see below) all amplify 230-nt
regions of the genomic ADA amplicon, except for the set for
B, which yields a product of 370 nts. The sequences are as
follows: segment A, F(5'-CTGAGACTATCCTCCAGGTC
TTCT-3') and R(5'-CATGGCTGCCTATGACCAACAGAA-
3'); segment B, F(5'-CATTCCTCTATGGCGCTGGCCATG
AT-3') and R(5'-CCAACAACGTCTGTGGTGCAGAGA-
3'); segment C, F(5'-CGTTCAATATGCCTCCTTCGTGTG-
3') and R(5'-CAGGGCTGTGAGCAGTAAACCTGTATTG-
3'); segment D, F(5'-AACAGCATACTITGGTGGTAGGTG
TGGC-3') and R(5'-TCCGA1TTGCAAGACTCCTCTATG
GC-3'); and segment E, F(5'-GAACACTCTGAGCCTCAG
1TGTFTC-3') and R(5'-AGTCTCCATCAGTGACACATT

GCC-3').
The PCR was carried out under standard conditions with

lx Cetus buffer (l0x Cetus buffer is 500 mM KCI, 100 mM
Tris-HCl [pH 8.3], 15 mM MgCl2, and 0.01% gelatin), the
four deoxyribonucleotides (200 ,uM each), and Taq poly-
merase (1 U per reaction mixture) and with a reaction
volume of 20 RI. Primers were used at a 0.5 p.M final
concentration. PCR amplification was completed through 30
cycles (94°C, 30 s; 55 to 57°C, 0.5 to 1 min; 72°C, 1 min)
unless otherwise noted. Perkin-Elmer Cetus or MJ Research
thermal cyclers were used interchangeably.

Nucleotide sequence accession number. The GenBank ac-
cession number of the 377 fragment sequence is L20424.

RESULTS

Functional rescue of a replication initiation sequence. It has
been shown elsewhere that plasmids containing a 1.7-kb
sequence near the replication origin of EBV (referred to as
oriP) plus a functional EBNA-1 (Epstein-Barr nuclear anti-
gen 1) gene can be maintained extrachromosomally at low
copy levels in human and rodent cells (49, 77, 81). The oriP
sequence includes 21 tandem copies of a 30-bp sequence that
may be involved in plasmid maintenance, transcriptional
enhancement, and replication termination. It also contains a
region of dyad symmetry in which four partial copies of this
30-bp sequence form a 65-bp palindrome that appears to be
the actual site of replication initiation (64). Krysan et al. (49)
demonstrated that by deleting from one such construct
(p220.2) a 140-bp sequence at the palindromic region, a
replication-defective derivative, pDY-, could be obtained.
Interestingly, it was found that pDY- could still be main-
tained for prolonged periods in nuclei of growing cells, a
property that is referred to as "nuclear maintenance" and
that is apparently dependent on an EBNA-1 interaction with
the 30-member family of repeats (63, 69).

Restriction fragments from a highly amplified mouse cell
line (Bl/lSOtk) were used in a functional complementation
assay in an attempt to isolate autonomously replicating
derivatives of pDY-. HindIII fragments of B1/150tk
genomic DNA were ligated into the unique HindIII site of
the pDY- vector, and recombinant plasmids were intro-
duced into E. coli by transformation. Ampicillin-resistant
cells were pooled, and a mixed-plasmid preparation was
made from the pool. Twenty micrograms of purified plasmid
DNA was then used for electroporation into human K562
cells. It was assumed that the enormous overrepresentation
of plasmids with inserts derived from amplified sequences
would result in their uptake into a large number of cells,
compared with the uptake of those containing any individual
nonamplified sequence, and that any plasmid containing a
fragment from the amplified domain that resulted in prefer-
ential extrachromosomal replication could be recovered
from cells surviving selection. Therefore, after 6 to 9 weeks
of hygromycin selection, Hirt supernatants were prepared
(41) and plasmids were rescued back into E. coli. Two
independent electroporations yielded a total of eight E. coli
transformants. On the basis of mapping and hybridization,
five of the eight clones were shown to be identical; the 4-kb
insert in this recombinant, referred to as pDY/377, was
shown to be from the amplified domain by hybridization
(data not shown). The other E. coli transformants did not
contain sequences from the amplified domain and were not
studied further.
When the purified pDY/377 construct was subsequently

reintroduced into K562 cells by electroporation and trans-
fection efficiency was measured by soft-agar cloning, it was
found in two independent experiments that 0.6 to 0.7% of the
cells surviving the electroporation (approximately 62%)
were able to form colonies in the presence of hygromycin
selection. Similar experiments with p220.2 indicated a trans-
fection frequency of about 1%; pDY- yielded no surviving
colonies. This result indicates that the replication defect in
pDY- is efficiently complemented by the cloned insert.

After transfection of K562 cells with purified plasmids
p220.2 and pDY/377, the replication state of the constructs
was tested with extrachromosomal DNA preparations. Plas-
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FIG. 1. Determination of replication status by digestion with
methylation-sensitive restriction enzymes. Control plasmid p220.2,
obtained from bacteria, was analyzed without digestion to establish
the migration positions of supercoiled and nicked circular forms and
after digestion with DpnI (D) or MboI (M). Both p220.2 and
pDY/377 extrachromosomal supernatants were prepared from 106
K562 cells after introduction of the plasmids by electroporation and
maintenance for 6 weeks with hygromycin selection. These samples
were then digested with either DpnI or MboI, as indicated, prior to
gel electrophoresis, transfer to a nylon filter, and hybridization with
vector sequences as outlined in Materials and Methods. There are

>20 potential sites of cleavage for these enzymes, and only a few of
the small fragments generated are shown; the extra band below 0.5
kb in the supernatant digests is apparently due to a partial digestion
product. k HindIII DNA size standards are indicated.

mids that undergo replication should lose the bacterial
N6-methyladenine modification and become resistant to di-
gestion by DpnI; conversely, replicated DNA should be-
come sensitive to digestion by MboI (32, 61). As shown in
Fig. 1, control plasmid p220.2 isolated from bacteria was

DpnI sensitive and MboI resistant. However, plasmid p220.2
molecules rescued from transfected K562 cells were DpnI
resistant and MboI sensitive. This same situation was found
with rescued plasmid pDY/377 molecules, indicating that
these plasmids had also undergone replication.

Nascent-strand PCR assay. A method for defining replica-
tion initiation points by analyzing the ability of pulse-labeled
DNA to generate amplified products in the PCR was recently
published (71). This general approach was adapted with
extensive modifications to improve the selectivity and sen-
sitivity of the method. The general outline of our protocol is
as follows. Unsynchronized cells are pulse-labeled for 15
min with BrdU and [3H]thymidine. The DNA is extracted,
and the newly replicated (BrdU-containing) DNA is sepa-
rated from unsubstituted DNA by equilibrium centrifugation
in an alkaline CsCl gradient. The BrdU-substituted DNA is
collected and size fractionated by electrophoresis through an
alkaline agarose gel. Nascent DNA fragments of desired
sizes are then isolated from appropriate gel slices and
subjected to PCR with primer sets of interest. The PCR

products obtained from each fraction are then analyzed on
agarose gels, with visualization being done directly by
ethidium bromide staining or by subsequent Southern hy-
bridization with labeled probes.
EBV-based plasmid p220.2 was used as a positive control

to demonstrate that the nascent-strand PCR assay could
identify a previously mapped initiation point. Figure 2 shows
an ethidium bromide-stained agarose gel in which the PCR
products from nascent fragments of different sizes from
p220.2-containing human K562 cells were analyzed, as well
as a diagram showing the linear map of p220.2 and the results
predicted to occur with the primer pairs used. If replication
proceeds bidirectionally from the origin, one would expect
that the actual distance between the initiation point and the
first positive assay point would be half the size of the
shortest nascent stand detected. In the EBV plasmids,
however, there is a replication terminator that lies upstream
from the initiation site (at or near the 21-member family of
repeats; 32). Therefore, in this case, replication proceeds
bidirectionally until it encounters this terminator, and then
the rest of the plasmid is replicated unidirectionally from the
other fork. In Fig. 2, the Orn primer set from the p220.2
sequence lies about 0.5 kb from the origin and, as predicted,
generates a PCR product in the 0.5- to 1-kb nascent-strand
fraction. The Hyg primer set is 2.1 kb from the origin, and an
amplification product is first seen in the 3- to 4-kb fraction.
Similarly, the EBNA primer set is 5.1 kb from the origin, and
an amplification product is first seen in the 6- to 8-kb
fraction, a result consistent with the predicted size if the
terminator is functional. Thus, the assay as outlined appears
to be capable of pinpointing an initiation point to within a
reasonable distance.
The assay was then repeated with nascent strands isolated

from K562 cells containing pDY/377 plasmid constructs.
Figures 3 and 4 show maps and present the results of
experiments with the insert in both orientations. Figure 3
shows the results from the A-C orientation. Four primer sets
were used; they included the three used previously with the
positive control and an additional one (referred to as 377C)
developed from the 377 fragment insert sequence. In this
case, again taking into account the expected termination of
DNA replication in one direction, replication initiates from
within the 377 fragment. The Orn primer set from the vector
now first amplifies a product in the 5- to 6-kb fraction. The
377C primer set, from within the 377 fragment, first amplifies
a product in the 0.25- to 0.5-kb fraction, indicating that it is
closest to the region of initiation. The Hyg primer set first
amplifies a product in the 4- to 5-kb fraction, and the EBNA
primer set first amplifies a product in the 8- to 10-kb range. In
a repeat experiment, a primer pair from the other end of the
insert (referred to as 377A in Fig. 4) first showed PCR
product generation in the 5- to 6-kb fraction, and all other
primer sets yielded the same results as those obtained before
(data not shown).

Figure 4 shows the analyses of nascent strands from cells
containing the reverse C-A orientation construct. In this
experiment, the Orn primer set now first amplifies a product
in the 2- to 3-kb fraction. The 377C primer set first amplifies
a product in the 0.5- to 1-kb fraction, indicating that it is still
closest to the region of initiation. The 377A primer set first
amplifies a product in the 5- to 6-kb fraction, and the Hyg
primer set first amplifies a product in the 6- to 7-kb fraction.
In a separate experiment, appropriate PCR products were
first detected in the 0.5- to 1-, 2- to 3-, 5- to 6-, and 8- to 10-kb
fractions for the 377C, Orn, 377A, and Hyg primer pairs,
respectively (data not shown). It should be noted that in Fig.
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FIG. 2. PCR analysis of nascent strands from cells carrying p220.2. The panels are photographs of ethidium bromide-stained agarose gels
showing the PCR amplification products from nascent strands fractionated according to size, as indicated to the left of each panel. A linear
map of the plasmid is shown below. The dyad symmetry element at which DNA replication initiates is designated dse. The termination region
in the family of repeats is labeled Ter. The PCR primer sets used were Orn, Hyg, and EBNA, the sequences of which are given in Materials
and Methods. Lane - shows PCR with no DNA; lane + shows amplification of plasmid DNA (20 ng); lane qx shows OX174 HaeIII DNA
size standards.

4, the predicted positions of initiation are diagrammed on the
assumption of equal rates of bidirectional replication. How-
ever, depending on the actual initiation point, termination
activity at Ter could cause the production of asymmetric
nascent strands, so that the actual positions of initiation
predicted from the data for the 377A and Hyg primers would
be shifted further to the left, making them even more
consistent with the region predicted from the results with the
other two primer pairs. Therefore, all the data suggest that
there is a region within the 377 fragment that is functional for
the initiation ofDNA replication for plasmid pDY/377 in the
K562 human cell line. It is unclear whether the lack of
complete coincidence of the predicted initiation positions is
due to multiple sites, unequal rates of bidirectional replica-
tion, or simply a technical limitation of the assay with
respect to distance determinations.
For determination of whether the 377 fragment sequence

is used as an initiation site in a chromosomal context, the
same approach was used to study nascent DNA isolated
from a mouse cell line (B1/SOtk) with a ca. 5,000-fold
amplification of the ADA region on double-minute chromo-
somes and carrying the HSV TK gene. Figure 5 shows the
results of the PCR analyses of this DNA after fractionation
as described above. The A primer set amplifies a product
that first appears in the 4- to 5-kb fraction, indicating that
initiation occurs 2 to 2.5 kb downstream, as drawn, assuming
that replication is bidirectional. The B primer set first
amplifies a product in the 1- to 2-kb fraction. The C primer
set first amplifies a product in the 0.5- to 1-kb fraction. The
D primer set first amplifies a product in the 4- to 5-kb

fraction. The E primer set first amplifies a product in the 7.5-
to 10-kb fraction.

Together, these data suggest that initiation occurs nearest
primer set C and that primers located distal to this primer,
both upstream and downstream, are only able to generate
products from larger nascent strands, as diagrammed.
Therefore, it appears that initiation occurs on the double-
minute chromosomes at the same position as in the autono-
mous pDY/377 construct, within experimental error, and
proceeds bidirectionally.
For assessment of whether the same region functions as a

replication initiation site in the normal, nonamplified chro-
mosomal context, the assay was applied to an independent
mouse cell line, NIH 3T3. In this case, it was necessary to
transfer the PCR products from the agarose gel to a nylon
filter and hybridize with radioactive probes to visualize the
results because of the lower signal levels. Nevertheless, as
shown in Fig. 5 (right-hand panels), the primer sets used
yielded essentially the same results as those obtained with
the amplified cell line. Taken together, these data map the
region of initiation to approximately 1 to 2 kb, between
positions 2000 and 3993 of the sequence (see below).
DNA sequencing and sequence analysis. The complete

nucleotide sequence of the 4-kb 377 fragment (Fig. 6) was
determined by a nested deletion-dideoxynucleotide sequenc-
ing approach. Computer analysis revealed several features
consistent with the potential role of this fragment as a
replication origin. The fragment contains a murine B1 repeat
and a very extensive polypurine tract (248 bp interrupted by
one thymidine at position 2630) that is located within the
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FIG. 3. PCR analysis of nascent strands from cells carrying pDY/377A-C. The panels are photographs of ethidium bromide-stained agarose
gels showing the PCR amplification products from nascent strands fractionated according to size. Control and marker lanes are as described
in the legend to Fig. 2. Below the results are a linear map of plasmid pDY/377 (in which the hatched box represents the murine genomic insert)
and a diagram indicating the positions predicted for replication initiation on the basis of the PCR results obtained with each of the indicated
primer pairs.

experimentally mapped initiation region. As indicated in Fig.
6, the sequence also contains three close matches to a
purine-rich protein recognition element, PUR (9), and two
matches to the consensus sequence for the RIP-60 protein
(23), both of which have been noted elsewhere to be within
sequences implicated in replication initiation (9, 16). In
addition, there are consensus binding sites for a number of
transcription factors that also have been suggested to play a
role in replication in viral systems (25), including NFI (CTF),
NFIII (Oct-1), and p53, as indicated in Fig. 6. For p53, one
copy of the recognition motif is insufficient for DNA binding;
two copies separated by 0 to 13 bp are required (29).
Therefore, although seven perfect matches of the consensus
sequence are present in the 4-kb fragment, only the two that
satisfy this spacing requirement (positions 2978 to 3005, with
an 8-bp separation) are indicated. There are also several
occurrences of the AT-rich core sequence found in yeast
ARS elements, as has been noted elsewhere in the vicinity of
other potential mammalian origins (17, 33). Only two widely
spaced sequences resembling the high-affinity EBNA-1 bind-
ing site sequence are present.

Interestingly, a search of the GenBank data base for
sequences similar to that of the 377 fragment revealed a
region, between positions 1483 and 1615, homologous to two
previously reported sequences: a human chromosomal DNA
sequence, ARS2, which replicates autonomously in Saccha-
romyces cerevisiae (56), and a mouse nuclear matrix DNA
sequence, G5 (34). The regions of homology are shown in
Fig. 7. The human ARS sequence, HUARS2A, shows two
regions of similarity with the 377 fragment sequence. One
region is 95% similar over 21 nts, and the other is 60% similar

over 67 nts; the Monte Carlo simulation index indicates
probable homology, with a score of 9.32 (7). The mouse
nuclear matrix sequence, MUSMDG5, is 90% similar over
46 nts, with a Monte Carlo simulation index of 7.46, indicat-
ing probable homology. An XbaI-HindIII fragment near the
Chinese hamster cell DHFR gene (17) also shows two
regions of similarity with the fragment 377 sequence, as
shown in Fig. 7. Region A is 72% similar over 104 nts, and
region B is 68% similar over 98 nts.

DISCUSSION

Attempts to identify replication origins in mammalian
chromosomes have been frustrated both by the lack of
proven functional assays for the identification of such se-
quences and by the difficulty in obtaining adequate selectiv-
ity and sensitivity to examine the properties of single-copy
loci in the context of a complex genome. Although progress
has been made on the latter problem as a result of the
availability of PCR technology, the development of a func-
tional assay, which is crucial to be able to rapidly isolate and
manipulate sequences involved in the initiation of DNA
replication, has still not been achieved. Krysan et al. (49)
tried to develop such an assay by deleting the replication
initiation site of a replication-proficient plasmid containing
the minimal elements from EBV needed for autonomous
replication and then identifying mammalian DNA fragments
able to overcome the resultant replication defect. Because of
the preservation of the nuclear retention properties of the
deletion plasmid, one may anticipate that complementation
would require replacement of the initiation function. How-
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FIG. 4. PCR analysis of nascent strands from cells carrying pDY/377C-A. The panels are photographs of ethidium bromide-stained agarose
gels showing the PCR amplification products from nascent strands fractionated according to size. Note that for the analysis described in the
text, the signals for the 0.25- to 0.50-kb fractions in this experiment are assumed to be due to amplification from Okazaki fragments (see
Materials and Methods). Control and marker lanes are as described in the legend to Fig. 2. Below the results are a linear map of plasmid
pDY/377 (in which the hatched box represents the murine genomic insert) and a diagram indicating the positions predicted for replication
initiation on the basis of the PCR results obtained with each of the indicated primer pairs.

ever, the validity of this approach was called into question
by the finding that complementation showed length depen-
dence, such that many fragments larger than 12 kb prefer-
entially showed activity, and by the failure to demonstrate
sequence-dependent initiation (39, 50). Both two-dimen-
sional gel analyses of putative replication intermediates (48,
50) and the inability to obtain functional subclones (39)
indicated that the few sequences studied in detail were not
acting as simple origins. In contrast, we have been able to
rescue a 4-kb fragment that appears to yield very efficient
sequence-dependent complementation from the amplified
domain that is associated with overexpression of the murine
ADA gene. It is difficult to reconcile these results without
sequence comparisons and further studies to determine the
possible effects of differences in cell lines and protocols and
to examine further the generality and/or intrinsic limitations
of the approach. Nevertheless, it appears that in at least
some cases, this functional approach to identifying replica-
tion initiation sequences may be applicable.

Interestingly, it has been found with EBV that the
EBNA-1 protein mediates the formation of a DNA loop
between the dyad symmetry element at which replication
initiates and the nearby repetitive enhancer region (31, 68).
In the functional pDY/377 constructs studied here, a 140-bp
region at the normal initiation site has been replaced by a
4-kb fragment that functions to restore autonomous replica-
tion behavior. Although two reasonably close matches (10 of
12) to the preferred EBNA-1 binding site (3) are found within
the 4-kb sequence, it seems unlikely that these would
fortuitously provide the necessary elements for similar loop

formation in the recombinant constructs. The actual role of
EBNA-1 or other host proteins in the replication initiation
observed within the inserts needs further investigation.
Given the uncertainty of the potential functional ap-

proach, it was felt that mapping of replication initiation sites
by an independent method was crucial. For this, we adapted
the PCR-based analysis of nascent strands developed by
Vassilev and Johnson (71). Results from this assay were
consistent with the presence of an origin of bidirectional
replication within a 1- to 2-kb region of the insert in either
orientation in pDY/377 plasmid derivatives. By use of addi-
tional PCR primers based on sequences flanking this region
in the genome, it was also possible to show bidirectional
replication initiation from the same area in the normal
chromosomal context, both in amplified double-minute chro-
mosomes and at a single-copy level in an independent cell
line. This assay is limited by the fact that most of the nascent
strands isolated tend to be smaller than 10 kb. This fact
appears to be due to a combination of two factors. First,
physically induced or UV-induced damage of the BrdU-
substituted DNA may cause random breakage of the DNA.
Second, because of the short pulse time, newly initiated
DNA is more evenly labeled with BrdU than previously
initiated DNA and, because partially substituted strands
fractionate between the heavy- and light-density peaks in
CsCl gradients, there may be preferential recovery of the
more highly substituted smaller strands. Although these
factors limit the scope of the analysis and make quantitation
difficult, they do not appear to affect significantly the local-
ization of the approximate position of replication initiation
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FIG. 5. PCR analysis of nascent strands from B1/50tk and NIH 3T3 cells. The panels show the PCR amplification products obtained from
size-fractionated nascent strands with primer pairs A to E. The left-hand panel in each set is a photograph of an ethidium bromide-stained
agarose gel showing PCR amplification products obtained from nascent strands from ADA-amplified cell line B1/SOtk. The right-hand panel
in each set is an autoradiograph showing PCR amplification products obtained from nascent strands from an unamplified cell line, NIH 3T3,
after Southern transfer and hybridization with the appropriate labeled PCR products. Lane - shows a mock PCR without DNA; lane + shows
PCR amplification of 20 ng of B1/lSOtk genomic DNA; lane 4Xx shows 4X174 HaeIII DNA size standards. The map shows the positions of
the primer sets used and the location of replication initiation predicted from PCR analysis with each primer pair. The hatched box on the map
is the 4-kb HindIII fragment in the pDY/377 constructs analyzed in Fig. 3 and 4. P, PstI; E, EcoRI; H, HindIII. Blots B and C were exposed
for 6 h. Blot A was exposed for 12 h. Blots D and E were exposed for 30 h. All lanes labeled + and - were from a 6-h exposure.

within a limited (10- to 20-kb) region. It is not clear what the
ultimate level of resolution is for this assay, although it
appears to localize easily an origin to 1 to 2 kb.
Taken together, the results strongly support the presence

of a sequence-specific DNA initiation element within this
region of the mouse genome. The 377 fragment sequence
appears to map about 150 kb 3' of the ADA gene on the
amplified double-minute chromosomes from which it was
first isolated (35). It was shown recently that the double-
minute chromosomes in a related cell line are primarily
500-kb circles comprising an imperfect inverted duplication
of a 250-kb amplicon (59); preliminary characterization of
the double-minute chromosomes in the cells used here is
consistent with this structure (35). Interestingly, subsequent
work to examine the replication timing of the ADA-377
fragment region has shown that the 377 fragment sequence
replicates later in the S phase than the ADA gene itself,
suggesting that the double-minute chromosomes must con-
tain more than one initiation sequence (78). In agreement
with this prediction, a second potential replication origin was
recently independently localized to an 11-kb region lying
approximately 30 kb 5' of theADA gene by use of different
approaches designed to detect early firing origins of replica-
tion (18). Therefore, it appears that the amplified double-
minute chromosomes may contain multiple potential repli-
cation origins, and detailed comparisons of their structural
and functional properties may be very informative. It will
also be important to conduct two-dimensional gel analyses of
replication intermediates in the amplified region. Such stud-

ies with the DHFR locus have indicated nonspecific initia-
tion over a region as large as 55 kb (27), in sharp contrast to
the more specific origin localizations predicted from other
assays. Similar studies with the system used in this work
may help establish whether this apparent paradox is due, for
example, to intrinsic qualitative or quantitative differences
between the intermediates being studied and whether these
results can be reproduced in other genomic regions.
Sequence analyses of putative mammalian chromosomal

replication origin sequences have failed to identify simple
consensus sequences, although a number of general se-
quence and structural features frequently have been found;
these include consensus sequences for a number of putative
transcription and replication factors, polypurine tracts, re-
gions of bent DNA, and potential DNA-unwinding elements
(reviewed in reference 8). Many of these features are con-
sistent with findings obtained with simple eukaryotic sys-
tems, such as yeasts and viruses. However, without reliable
functional analyses to allow genetic dissection of their roles
in chromosomal replication, it is difficult to assess their
importance in this process.
The most prominent feature of the 377 fragment sequence

is the extensive polypurine tract located within the experi-
mentally mapped region of replication initiation. There is
evidence that such sequences can form triplex DNA and
non-B DNA structures and may cause pausing or arrest of
DNA synthesis (5). Also, their distribution is statistically
nonrandom and conserved in vertebrate chromosomes (54,
79), also suggesting functional importance. Within this same

l
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FIG. 6. DNA sequence of the 4-kb HindIII fragment (377 fragment). Consensus protein recognition sequences (see Materials and Methods
for the parameters used) and other sequence features are labeled and underlined.

region are three exact matches to the consensus sequence a PUR element from a yeast ARS plasmid abolished ARS
identified by Bergemann and Johnson (9) as a binding site for activity (60), suggesting that this element may play a con-
a single-stranded DNA binding protein, designated PUR, served functional role in replication. One may speculate that
from HeLa cells, which is hypothesized to act as a helix- if polypurine tracts play an important role in defining pre-
destabilizing protein. This PUR element also has been found ferred initiation sites, the unusual length of the tract in the
near other putative mammalian origins, including those near 377 fragment may contribute to the very high (if not exclu-
the human c-myc, ,B-globin, and rhodopsin genes and the sive) level of usage of sequences at or near this region for
hamster DHFR gene (9, 17, 33). Interestingly, the deletion of replication initiation in the assays described in this work.
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FIG. 7. 377 fragment chromosomal sequence comparisons and analysis. The numbers flanking the sequence are the 5' start positions from
the GenBank data base. The dots represent identical bases. The percent sequence identity and Monte Carlo (MC) simulation index indicate
the level of homology, where >6 indicates probable homology, >3 to <6 indicates possible homology, and <3 indicates no homology.

Another potentially interesting cis-acting element for
which consensus sequences are present is the recognition
site for the protein RIP-60. These sequences were initially
found in the hamster DHFR origin region (16, 23), in which
they were speculated to aid in initiation by enhancing DNA
bending and potentially mediating the interaction of dis-
persed elements. Additionally, RIP-60 copurifies with an
ATP-dependent helicase, highly suggestive of a role in an
initiation complex. A number of transcription factors also
have been implicated as initiation factors for eukaryotic
DNA replication in viral systems; these include SP1, AP1,
NFI (CTF), NFIII (Oct-1), and p53 (20, 21, 36, 47, 57, 58, 62,
67, 76). Consensus sequences for all these elements can be
found in the 377 fragment, but their relatively frequent
representation in DNA because of their short recognition
site sequences makes it difficult to determine their signifi-
cance.

In summary, we have identified a short fragment in
autonomously replicating double-minute chromosomes that
complements the replication defect in an EBV-based plas-
mid derivative and that has been shown to include an
initiation region for DNA replication in several contexts,
including the normal single-copy chromosomal location, by a
nascent-strand PCR assay. Although resolution with this
technique is limited, the results appear to be clearly incon-
sistent with random initiation. Several potentially important
sequence elements are present within the fragment. Further
application of the assay developed in this work should help
in the analysis of the importance of these features within this
sequence and others. Only through such detailed compari-
sons will the mechanisms for the regulation of DNA initia-
tion in mammalian chromosomes be resolved.
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