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DNA replication starts at multiple discrete sites across the human chromosomal c-myc region, including two
or more sites within 2.4 kb upstream of the c-myc gene. The corresponding 2.4-kb c-myc origin fragment confers
autonomously replicating sequence (ARS) activity on plasmids, which specifically initiate replication in the
origin fragment in vitro and in vivo. To test whether the region that displays plasmid replicator activity also
acts as a chromosomal replicator, HeLa cell sublines that each contain a single copy of the Saccharomyces
cerevisiae FLP recombinase target (FRT) sequence flanked by selectable markers were constructed. A clonal
line containing a single unrearranged copy of the transduced c-myc origin was produced by cotransfecting a
donor plasmid containing the 2.4-kb c-myc origin fragment and FRT, along with a plasmid expressing the yeast
FLP recombinase, into cells containing a chromosomal FRT acceptor site. The amount of short nascent DNA
strands at the chromosomal acceptor site was quantitated before and after targeted integration of the origin
fragment. Competitive PCR quantitation showed that the c-myc origin construct substantially increased the
amount of nascent DNA relative to that at the unoccupied acceptor site and to that after the insertion of
non-myc DNA. The abundance of nascent strands was greatest close to the c-myc insert of the integrated donor
plasmid, and significant increases in nascent strand abundance were observed at sites flanking the insertion.
These results provide biochemical and genetic evidence for the existence of chromosomal replicators in
metazoan cells and are consistent with the presence of chromosomal replicator activity in the 2.4-kb region of
c-myc origin DNA.

The bacterial replicon model of Jacob et al. (17) proposed
that a trans-acting initiator protein binds to a cis-acting repli-
cator element, defined as “a specific element of recognition
upon which the corresponding initiator would act, allowing the
replication of the DNA attached to the replicator.” Consistent
with this model, replication initiation in the simple eucaryote
Saccharomyces cerevisiae is regulated by the interaction of cell
cycle-dependent trans-acting factors with cis-acting DNA ele-
ments to establish replication bubbles and cause the initiation
of DNA synthesis (6, 36). In metazoans, however, putative
cis-acting replicator elements may be distributed over larger
distances than the compact replicators of S. cerevisiae (4, 37),
effect initiation at multiple sites, and comprise features of
nuclear, chromatin, or DNA structure as well as DNA se-
quence (6, 8, 14, 15). Biochemical assays suggest that DNA
synthesis can initiate at multiple sites over regions as large as
55 kb in the hamster dihydrofolate reductase (DHFR) locus
(9), the human c-myc locus (39, 41), and elsewhere (2, 7, 24, 35,
42). Replication does not initiate randomly across these large
zones, although the degree to which replication initiates at
preferred sites varies between replicons (13, 18, 20, 32). Nev-
ertheless, the start sites for DNA synthesis may be more nu-
merous than the elements that control replicon firing.

Our laboratory was the first to report that DNA replication
begins 59 to the human c-myc gene, within a 2.4-kb HindIII-
XhoI restriction fragment (23, 28). Subsequent work has con-
firmed that replication starts in this location and at additional
sites over a 12-kb region encompassing the c-myc gene (27, 29,
33, 38–41). The 2.4-kb c-myc origin fragment contains a DNA

unwinding element (DUE), which is a common feature of
eucaryotic origins (11), a unique nucleosome organization, and
three matches to the S. cerevisiae autonomously replicating
sequence (ARS) consensus (39). Plasmids containing the
2.4-kb fragment of the c-myc origin replicate autonomously in
vitro and when transfected into HeLa cells (3, 16, 27). As in the
chromosome, c-myc plasmid replication does not initiate at
random but begins in a zone centered over the 2.4-kb origin
fragment (39, 41). These observations suggest that the 2.4-kb
fragment of c-myc 59 flanking DNA contains cis-acting repli-
cator sequences that control replication initiation.

To test whether the 2.4-kb 59 flanking sequence contains
chromosomal replicator activity as well as start sites for DNA
synthesis, we used the yeast FLP recombinase to integrate the
2.4-kb c-myc origin fragment at a single FLP recombinase
target (FRT) site in the HeLa genome. Competitive PCR was
used to quantitate the amount of short nascent DNAs at the
acceptor site before and after the introduction of the c-myc
origin sequences, or after the introduction of non-myc control
sequences. The results show that a significant increase in the
amount of nascent DNA occurred only after insertion of the
c-myc origin construct. The greatest quantity of nascent DNA
was observed at the sites closest to the c-myc sequences, but
the amount of nascent DNA was also substantially increased at
sites flanking the FRT acceptor. PCR mapping of short nas-
cent strands indicated that the c-myc origin construct induced
replication at new flanking sites in the chromosome. These
data suggest that the 2.4-kb c-myc origin fragment can activate
replication in cis at a novel chromosomal location and support
the chromosomal replicator function of the c-myc origin DNA.

MATERIALS AND METHODS

Cell culture and DNA isolation. HeLa cells were maintained in Dulbecco’s
modified Eagle’s minimal medium (DMEM) with 10% newborn calf serum
(Gibco-BRL) and 50 mg of gentamicin/ml in a humidified 5% CO2 atmosphere
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at 37°C. For diagnostic PCR, genomic DNA was obtained from single colonies
growing in 24-well tissue culture plates (22). DNA for Southern blot analysis was
isolated from ;4.8 3 107 cells (six 10-cm plates) by standard methods (34).

Constructs and transfections. Overlap extension PCR was used to place the
48-bp FRT sequence GAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAA
AGTATAGGAACTTC in reading frame into a fusion gene encoding hygromy-
cin phosphotransferase and herpes simplex virus (HSV) thymidine kinase (TK)
in the plasmid pHyg.TK.Fus (25) to generate the acceptor site plasmid pHyg-
.FRT.TK. The plasmid was linearized with BglI and transfected at a low con-
centration into HeLa cells by electroporation. Stably transfected colonies were
selected in hygromycin (Sigma) at 100, 200, or 400 mg/ml. The origin donor
construct pFRT.Myc was derived from the plasmid pNeo.Myc-2.4 (27, 28), which
contains the 2.4-kb HindIII-XhoI fragment of c-myc 59 flanking sequences. The
mouse metallothionein I promoter was removed from the neomycin phos-
photransferase gene and replaced by a modified 47-bp FRT. The 47-bp FRT
contained a single-base deletion that did not compromise the recombination
function of the FRT and allowed expression of neomycin resistance after
recombination at the acceptor site cytomegalovirus (CMV) promoter but shifted
the HSV TK reading frame, making accurately targeted recombinants resistant
to ganciclovir. A third plasmid, pHyg.FRT.Neo, was constructed to mimic the
structure of the recombinant between the Hyg.FRT.TK acceptor and the pFRT.
Myc donor; it was transfected into HeLa cells to confirm the activity of the
Hyg-FRT-Neo fusion protein and to provide control DNA for PCR with primers
specific for chromosomal recombination events. The structures of all plasmid
constructs were confirmed by DNA sequencing. The control donor construct
pOG45, containing one 48-bp FRT, bacterial vector sequences, and a neomycin
phosphotransferase expression cassette, and construct pOG44, expressing FLP
recombinase, were purchased from Stratagene. 406 cells were cotransfected with

pOG44 and pFRT.Myc as described elsewhere (31). Colonies resistant to G418
and ganciclovir were obtained at a frequency of approximately 0.02%.

In vitro FLP reactions. Plasmids were prepared by alkaline lysis and CsCl
centrifugation. Plasmids were linearized, and 100 ng of a single plasmid, or a
mixture of two plasmids digested to give chimeric recombination products of a
distinct size, was added to FLP reaction buffer (25 mM 3-{[2-hydroxy-1,1-bis
(hydroxymethyl)ethyl]amino}-1-propanesulfonic acid [TAPS] [pH 8.0], 1 mM
EDTA, 2.5 mg of bovine serum albumin [BSA]/ml, 10% polyethylene glycol
[wt/vol], 20% glycerol [vol/vol] and preheated to 30°C. Purified FLP protein (a
gift from M. Cox) in FLP dilution buffer (25 mM TAPS [pH 8.0], 2.5 mg of
BSA/ml, 5% glycerol, 1 M NaCl) was added to a concentration of 136 to 200 nM,
and the reaction mixtures were incubated for 30 min at 30°C. Reactions were
stopped by the addition of GED (50% glycerol, 50 mM EDTA, 0.1% bromo-
phenol blue)–10% sodium dodecyl sulfate (SDS) in a 3:2 ratio, and reaction
products were electrophoresed through 1.0% agarose gels in TAE (40 mM
Tris-acetate [pH 8.3]–1 mM EDTA). DNA was stained in ethidium bromide,
photographed, and subjected to Southern blot hybridization.

MTT assay. Cells were plated in 96-well tissue culture plates (500 cells/well) in
200 ml of DMEM 24 h before the addition of ganciclovir (15 mM). Cells were
grown with or without drug for 6 days, and on the 7th day after plating, the
medium was removed and replaced with fresh DMEM containing 0.5 mg of MTT
(thiazolyl blue tetrazolium bromide; Amresco). Plates were incubated in the dark
at 37°C for 4 h, the medium was removed, and the converted dye was solubilized
by the addition of 50 ml of dimethyl sulfoxide per well. One hundred fifty
microliters of 0.1 M glycine (pH 10)–0.16 M NaCl buffer was added, and the A570
of each well was measured in a plate reader (Spectromax 250; Molecular Devices
Inc.).

FIG. 1. DNA maps. (A) HeLa endogenous c-myc locus. Solid boxes, exons; open boxes, introns or flanking DNA; stippled box, the 2.4-kb c-myc HindIII-XhoI origin
fragment. (B) Acceptor site in 406-M cells after FLP-mediated recombination of pFRT.Myc into the chromosomal FRT of 406 cells. Solid arrowheads indicate locations
and polarity of FRT sites. Hyg, hygromycin resistance gene; Neo, neomycin (G418) resistance gene; pML and open boxes, vector sequences; TK, HSV TK gene. (C)
The FRT donor construct pFRT.Myc (shown linearized at the FRT XbaI site). c-myc, 2.4-kb HindIII-XhoI c-myc origin fragment; Neo, promoterless neomycin
phosphotransferase gene. Dashed lines indicate FLP-mediated integration of the donor construct pFRT.Myc at the pHyg.FRT.TK chromosomal acceptor locus in 406
cells. Shaded (left-pointing) arrowheads indicate locations and polarity of FRT half-sites. (D) Chromosomal acceptor site in 406 cells after the introduction of the FRT
construct pHyg.FRT.TK. (Note that the DNA is shown linearized at the BglI site, although the exact ends of the integrated construct have not been mapped.) (E)
Control non-myc DNA FRT donor construct (shown linearized at the FRT XbaI site). Note that the Neo cassette is a different size in pOG45 than in pFRT.Myc. (F)
Acceptor site in 406-O cells after FLP-mediated recombination of pOG45 into the chromosomal FRT of 406 cells. B, BamHI; Bg, BglII; E, EcoRI; H, HindIII; X, XhoI;
(X), XhoI site destroyed in cloning. STSs used in the experiments of Fig. 6 and 8 are indicated above the maps.
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Diagnostic PCR analysis. Fifty nanograms of genomic DNA was used for PCR
with primer sets specific for either the chromosomal acceptor construct or the
acceptor construct after integration of pFRT.Myc or pOG45. Reaction mixtures
contained 10 mM Tris-Cl (pH 8.0), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM (each)
dGTP, dCTP, dATP, and dTTP, 1.25 U of Taq polymerase (Gibco-BRL), and 25
pmol of each primer for the following amplification conditions: 30 to 35 cycles of
94°C for 30 s, 50 to 57°C for 40 s, and 72°C for 30 s. Products were electropho-
resed on 2% agarose gels and visualized by ethidium bromide staining.

Southern blot hybridization. Ten micrograms of genomic DNA was digested
with 200 U of BamHI (Gibco-BRL) overnight, electrophoresed on 0.8% agarose
gels in TAE, and blot transferred to Hybond N1 membranes (34). After blotting,
the filters were soaked in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) for 20 min, UV cross-linked (Stratalinker), and prehybridized (in 63
SSC, 0.2% Ficoll 400, 0.2% polyvinylpyrrolidone, 0.2% BSA, 1% SDS, and 50 mg
of denatured salmon sperm DNA/ml) for 3 h at 42.5°C. Hybridization was
performed overnight in 50% formamide–63 SSC–1% SDS–50 mg of denatured
salmon sperm DNA/ml at 42.5°C with an [a-32P]dCTP labeled, randomly primed
probe (Pharmacia), which was a gel-purified 465-bp PCR product of the TK gene
in pHyg.FRT.TK. Filters were exposed to Kodak XR-5 film at 280°C with
intensifying screens.

Isolation of nascent DNA. Nascent DNA was isolated essentially as described
previously (39). Approximately 3 3 108 exponentially growing cells were labeled
with 33 mM 5-bromodeoxyuridine (BrdUrd; Sigma) for 15 min at 37°C. All
procedures after this step were carried out under yellow lights to prevent break-
age of the labeled DNA. Plates were rinsed with ice-cold phosphate-buffered
saline, and the cells were lysed with 3 ml of lysis buffer (50 mM Tris-Cl [pH
8.0]–10 mM EDTA–0.5% SDS) and gentle rocking. Lysates were first incubated
with 10 mg of RNase A/ml for 30 min at 37°C, then incubated overnight at 37°C
after the addition of proteinase K (to 800 mg/ml), and dialyzed for 24 h against
10 mM Tris-Cl–1 mM EDTA (pH 8.0) at 4°C. The DNA was concentrated by
extraction with sec-butanol, denatured by the addition of NaOH to a final
concentration of 0.2 N, and adjusted to a density of 1.81 g/ml (refractive index
[RI] 5 1.4095) by the addition of a saturated alkaline CsCl solution (in 50 mM
NaOH–1 mM EDTA). Isopycnic gradients were centrifuged at 35 krpm for 72 h
at 25°C (in a Beckman 75 Ti rotor) and fractionated from below. Fractions
containing heavy DNA (RI, 1.4105 to 1.413; density, 1.82 to 1.84 g/ml) were
pooled, the RI was adjusted to 1.4107 with an alkaline CsCl solution, and the
DNA was recentrifuged under the same conditions. Control experiments using
high-molecular-weight BrdUrd-labeled nascent DNA or lambda DNA showed
no detectable decrease in DNA size as a result of these procedures. The BrdUrd-
labeled DNA was precipitated with isopropanol and pelleted at 12 krpm in a
Sorvall SS-34 rotor for 30 min, then resuspended in sterile water. Approximately
0.03 pg of BrdUrd DNA/cell (range, 0.015 to 0.05 pg/cell) was typically isolated

from each of the pulse-labeled cell lines. Nascent DNA was size fractionated by
alkaline agarose electrophoresis and eluted by using a QIAquick Gel Extraction
Kit (Qiagen).

Construction of PCR competitors. Competitors were designed to be identical
to the genomic sequence-tagged sites (STSs) with the exception of a 20- to 30-
nucleotide (nt) deletion. Competitors were constructed by amplifying genomic
DNA with a wild-type primer and a mutagenic primer. Mutagenic primers (32 to
38 nt) spanned a 20- to 30-nt deletion of wild-type sequence 14 to 16 nt from the
39 end. The 59 18 to 22 nt were identical to the corresponding wild-type primer
sequence, so that the mutagenized PCR product could be amplified by the
wild-type primers. The competitor product was purified by 8% acrylamide gel
electrophoresis after amplification with wild-type primers. The effective concen-
tration of each competitor was quantitated by titration against a known amount
of genomic template (18). Competitor DNA was diluted from concentrated
stocks and quantitated before each set of PCRs. The amounts of nascent DNA
at a given STS in different cell lines were quantitated in parallel.

Competitive PCR analysis of nascent DNA. A constant volume of size-frac-
tionated (0.85 to 1.5 kb) nascent DNA was added to amplification reactions
containing increasing amounts of competitor template. The PCR conditions were
the same as those described earlier except that 40 to 45 cycles were performed
(10). PCR products were resolved on 8% polyacrylamide gels run at 140 V for 3 h
in TBE (9 mM Tris-borate [pH 8.0]–0.4 mM EDTA). Gels were stained in
ethidium bromide for 20 min and photographed by using a Fotodyne charge-
coupled device camera imaging system. The log of the ratio of the signal inten-
sities for the competitor and nascent template PCR products was calculated by
using Collage 4.0 software (Fotodyne, Inc.) and plotted against the log of the
amount of competitor added to each reaction mixture. GraphPad Prism was used
to fit a straight line to the points, and the equation of this line was used to
quantitate the amounts of nascent DNA template (5, 10). Reaction conditions
were selected to avoid heteroduplex formation between the competitor and
nascent PCR products, as evidenced by the r2 values near unity (18). At least four
to six titrations were performed for each competitor with nascent DNA from two
or three independent preparations, and the results were averaged. To compare
DNA from different cell cultures, the amount of nascent DNA in each prepa-
ration was normalized by PhosphorImager quantitation of slot blots (as shown in
Fig. 5) hybridized to a genomic DNA probe.

RESULTS
Efficient FLP-mediated recombination in vitro. To examine

the pattern of replicative intermediates at the same chromo-
somal locus before and after the integration of c-myc origin

FIG. 2. In vitro FLP recombinase reactions. (A) Acceptor and donor plasmid constructs, with or without an FRT, were linearized and incubated in the presence
or absence of purified FLP recombinase. Lanes marked M are size markers generated from control DNA. Lanes 1 and 2, pOG45 linearized with ApaI. No chimeric
products are detectable. Lane 3, a mixture of pOG45 linearized with ApaI or BamHI. Lane 4, pFRT.Myc (cut with BamHI). Lanes 5 and 6, pFRT.Myc (BamHI cut)
and pHyg.FRT.TK (BglII cut). Lane 7, pFRT.Myc (BamHI cut) and pHyg.FRT.TK (SstII cut). Lane 8, pFRT.Myc (BamHI cut) and pHyg.TK (BglII cut). Lane 9,
pHyg.FRT.TK (SstII cut). Lane 10, pNeo.Myc-2.4 (BamHI cut) and pHyg.FRT.TK (HindIII cut). The products were resolved by gel electrophoresis and identified by
hybridization to a probe with sequences common to all of the constructs. Chimeric fragments produced by recombination were of the expected sizes and are indicated
by arrows. (B) Maps of FRT plasmid digests used in panel A. FRT position is indicated by an upward tick mark.
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sequences, a site-specific recombination system based on yeast
FLP recombinase was adapted for use in HeLa cells (Fig. 1).
O’Gorman et al. (31) showed that plasmids containing an FRT
could be targeted to recombine at a simian cell chromosomal
FRT site when cotransfected with a plasmid expressing the
FLP recombinase. In the present work the fidelity and orien-
tation of recombination of the FRT plasmids constructed
for use in cell culture were confirmed in vitro prior to in vivo
recombination. Plasmids containing an FRT (pFRT.Myc,
pHyg.FRT.TK, and pOG45) and plasmids without an FRT
(pNeo.Myc-2.4 and pHyg.TK) were combined as substrates in
the presence of purified FLP recombinase. Plasmids were lin-
earized with restriction enzymes such that the resulting recom-
bination products would be of different sizes than the input
substrates. Recombination products were obtained only when
an FRT was present in both substrate molecules (Fig. 2, lanes
3, 6, and 7). In reactions where only one of two substrate
plasmids contained an FRT, no chimeric recombination prod-
ucts were observed (Fig. 2, lanes 8 and 10). Similarly, no
chimeric recombination products were observed when FLP
recombinase was omitted from reactions in which both sub-
strate molecules contained an FRT (Fig. 2, lane 5). The inten-
sities of the recombination products produced with the com-
mercially obtained FRT plasmid pOG45 (Fig. 2, lane 3) were
similar to the intensities of products resulting from recombi-
nation of the donor and acceptor constructs, suggesting that
these plasmids recombined at comparable efficiencies in the
presence of FLP recombinase.

FLP-mediated recombination in HeLa cells. HeLa cells
were transfected with linearized pHyg.FRT.TK and selected at
one of three concentrations of hygromycin (100, 200, or 400
mg/ml). All three populations of transfected cells showed an
increased sensitivity to ganciclovir compared to untransfected
HeLa cells (Fig. 3) due to expression of the HSV TK gene. In
cells selected at the highest concentration of hygromycin (400
mg/ml), the 50% lethal concentration (LC50) of ganciclovir was
lowest (;10 mM). An acceptor cell line, line 406, resulting
from selection at 400 mg of hygromycin/ml, was characterized
as having a single, unrearranged copy of the Hyg.FRT.TK
acceptor construct. Southern blot analysis with a probe com-
plementary to sequences in the TK gene demonstrated that
digestion of 406 genomic DNA with BamHI produced a single
band of approximately 4.2 kb (see Fig. 4B). This band resulted
from digestion at the single BamHI site in the acceptor con-
struct and a BamHI site in the 59 flanking chromosomal DNA;
it indicated that only one copy of the acceptor construct was
present in this cell line. That the acceptor site construct was
not rearranged during integration in 406 cells was confirmed by
additional restriction enzyme digestions (data not shown) and
by the resistance of the cells to hygromycin and their sensitivity
to ganciclovir.

Integration of pFRT.Myc and pOG45 at the chromosomal
FRT. Cotransfection of the pFRT.Myc origin donor plasmid
and an FLP recombinase expression plasmid (pOG44) into the
acceptor cell line 406 resulted in G418-resistant colonies due
to the expression of the promoterless neomycin resistance cas-
sette from the acceptor site CMV immediate-early promoter.
Culture in G418 selected strongly for appropriately integrated
donor plasmids, since expression of the promoterless neo gene
due to random integration is extremely rare (31). Because
there was no selective pressure for retention of the donor
plasmid as an episome, it was lost during clonal expansion of
transfected cells and was not detected by PCR or DNA hy-
bridization using a Neo probe. Nor were donor plasmid se-
quences detected at any non-FRT site. Integration of pFRT.
Myc introduced simian virus 40 (SV40) polyadenylation se-

quences, multiple translational stop codons in the pFRT.Myc
vector, and a single-base deletion in the downstream FRT that
disrupted the HSV TK reading frame, so that the accurately
targeted acceptor site no longer expressed the HSV TK activ-
ity. FLP-recombined cells could therefore be selected by their
resistance to both G418 and ganciclovir (Fig. 3B). Similarly,
FLP-mediated integration of pOG45 resulted in cell lines that
were resistant to G418 due to expression of the neomycin
phosphotransferase gene from the SV40 early promoter and
resistant to ganciclovir due to disruption of the HSV TK read-
ing frame (Fig. 3B).

Cell lines containing pFRT.Myc (406-M) or pOG45 (406-O)
were characterized further. Diagnostic PCR with primers spe-
cific to junction regions formed by integration of either pFRT.
Myc or pOG45 showed the presence of 502- or 635-bp PCR
products, respectively, confirming that these cell lines con-
tained pFRT.Myc or pOG45 constructs integrated appropri-

FIG. 3. Ganciclovir sensitivity determined by MTT assay. (A) HeLa cells
transfected with the linearized acceptor construct pHyg.FRT.TK and selected at
different concentrations of hygromycin were exposed to increasing amounts of
ganciclovir. The number of cells surviving drug selection after 7 days is expressed
as a fraction of the number of untransfected HeLa cells surviving drug selection
after the same period of time. ■, untransfected HeLa cells; Œ, 100 mg of
hygromycin/ml; �, 200 mg of hygromycin/ml; }, 400 mg of hygromycin/ml. (B)
Ganciclovir resistance was measured before and after FRT-mediated integration
of donor constructs. HeLa, untransfected HeLa cells; 406, chromosomal FRT
acceptor cell line; 406-M, 406 cells with pFRT.Myc integrated at the chromo-
somal FRT; 406-O, 406 cells with pOG45 integrated at the 406 chromosomal
FRT. Cells were grown in the absence (2 GCV) or presence (1 GCV) of 15 mM
ganciclovir for 7 days. The number of cells surviving drug selection is expressed
as the fraction of the number of cells present without drug selection after the
same period (plus the standard error of the mean).
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ately at the chromosomal FRT in 406 cells (Fig. 4A, lanes
406-M and 406-O). Acceptor 406 cells prior to donor plasmid
integration produced a 484-bp PCR product when amplified
with primers complementary to regions flanking the chromo-
somal FRT (Fig. 4A). This product was absent in 406-M,
406-O, and HeLa cells (Fig. 4A).

BamHI digestion produced a 4.2-kb fragment at the accep-
tor site in 406 cells (Fig. 4B). Site-specific integration of unre-
arranged pFRT.Myc at the chromosomal FRT site in 406 cells
was predicted to yield a 6.8-kb BamHI restriction fragment.
Digestion of 406-M genomic DNA with BamHI produced one
band, of the expected size, when the DNA was hybridized with
a probe specific for TK sequences (Fig. 4B). Site-specific inte-
gration of unrearranged pOG45 at the chromosomal FRT site
in 406 cells was predicted to yield a 2.8-kb BamHI restriction
fragment. Digestion of 406-O genomic DNA with BamHI also
produced one band, of the expected size, when the DNA was
hybridized with the same probe (Fig. 4B). In both cases, mul-
tiple probes and restriction digestion with other enzymes con-
firmed that only one pFRT.Myc integration or one pOG45
integration had occurred, respectively, in the 406-M or 406-O
cell line (data not shown).

Quantitation of acceptor site nascent DNAs. The competi-
tive PCR assay for quantitating nascent DNA synthesized
in vivo is outlined in Fig. 5. An asynchronous population of

cells was labeled with BrdUrd for 15 min, and the DNA was
extracted. Low-molecular-weight, uniformly BrdUrd-pulse-
labeled (nascent) DNA was separated from unreplicated,
parental DNA (unlabeled) by two rounds of alkaline CsCl
centrifugation. The nascent DNA was size fractionated on an
alkaline agarose gel, and the DNA was extracted from the size
fraction containing fragments of ;850 to 1,500 nt. Nascent
strand abundance at selected STSs was then quantitated by
PCR amplifications of a fixed amount of nascent DNA in the
presence of several different quantities of competitor template
and by use of the equation for PCR amplification given by
Connolly et al. (5), log (Cj/Nj) 5 log C0 2 log N0, where Cj is
the amount of competitor template after j cycles of amplifica-
tion, C0 is the input amount of competitor template, Nj is the
amount of nascent template after j cycles of amplification, and
N0 is the input amount of nascent template. For each STS, the
quantity of competitor template required to produce equal
amounts of competitor and nascent DNA PCR products in a
single reaction was calculated by plotting the logarithm of the
amount of competitor template against the logarithm of the
signal ratio of the products from the competitor and nascent
templates. The amount of competitor which yielded log (Cj/
Nj) 5 0 was interpolated from the plot, at which point log C0 5
log N0 and C0 5 N0 (12, 20, 32, 38). To allow comparison be-
tween the abundances of nascent strands at STSs in different

FIG. 4. Site-specific recombination in vivo. (A) Genomic DNA was isolated from the cell lines indicated and used in PCR amplifications with primers 1 through
4 as shown. HeLa DNA was used as a control for nonspecific amplification. The last lane for each cell line is an amplification of control DNA to produce PCR products
specific for accurate FLP recombination. (B) Genomic DNA was isolated from 406, 406-M, and 406-O cells and digested with BamHI. Cells containing a single,
unrearranged copy of the acceptor construct (406) and those that had integrated either the pFRT.Myc or the pOG45 donor plasmid specifically at the chromosomal
FRT locus were identified by using a probe that was complementary to sequences common to all three cell lines. (C) Maps of the chromosomal acceptor sites in the
406, 406-M, and 406-O cell lines. Primer oligonucleotides 1 through 4 and their positions in acceptor (406), pFRT.Myc-integrated (406-M), and pOG45-integrated
(406-O) cells are indicated above the linear maps by arrows. Primers 1 and 2 are specific to sequences found only in the acceptor construct, while primers 3 and 4 are
complementary to Neo sequences found in both the pFRT.Myc and pOG45 donor constructs. Probes used in the Southern hybridization analysis are indicated above
the maps. Symbols and abbreviations are as defined for Fig. 1.
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FIG. 5. Competitive PCR assay of nascent DNA abundance. (A) Unsynchronized cells were pulse labeled with BrdUrd to allow the synthesis of dense nascent
fragments of various lengths. Isolated nascent DNA of 0.85 to 1.5 kb was quantitated at STS-A, -B, and -C by coamplification against known amounts of competitor
template specific for each STS. Competitor templates were designed to be ca. 20 bp smaller so that the competitor and nascent PCR products were resolvable by
polyacrylamide gel electrophoresis. The logarithm of the relative intensities of the nascent (Nj) and competitor (Cj) products produced in each reaction was plotted
against the logarithm of the amount of competitor added (C0). The initial quantity of nascent DNA for each STS was determined by the amount of competitor template
required to produce equal amounts of competitor and nascent products after amplification. The STS where the abundance of nascent DNA was greatest would be
located closest to a replication origin. (B) Representative slot blot autoradiogram of filter used for PhosphorImager quantitation of nascent DNA, by interpolation on
a straight-line plot (r2 . 0.99) of DNA amount (10 to 1,000 pg) versus PhosphorImager signal intensity.
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cell lines, the competitive PCR data were normalized to equiva-
lent amounts of total nascent DNA, determined by Phosphor-
Imager quantitation (Fig. 5B).

Quantitation of 406, 406-M, and 406-O nascent DNA by
competitive PCR. Nascent DNA was isolated from 406, 406-M,
and 406-O cells. Competitive PCR was used to quantitate the
amount of nascent strands in the 0.85- to 1.5-kb fraction from
five STSs: STS-Hyg and STS-MLTK (present in all three cell
lines), STS-pBR and STS-pML (present in 406-M cells only),
and STS-pOG (present in 406-O cells only). Figure 6 shows
representative data produced by competitive PCR of 406,
406-M, and 406-O nascent DNA. Each competitive PCR ex-
periment was repeated at least four to six times for each STS.
The logarithm of the signal ratio of competitor template to
nascent DNA template was plotted against the logarithm of
the amount of competitor added, and the total number of
nascent DNA molecules (copies) was derived from this plot, as
indicated below each gel. The coefficient of determination, r2,
was calculated for each plot as an indicator of the validity of
the titration.

Figure 7 summarizes the results of quantitation of the short

nascent DNAs at each STS in 406, 406-M, and 406-O cells.
Before the integration of c-myc origin sequences, roughly 500
to 600 copies of nascent DNA were calculated to be present at
STS-Hyg or STS-MLTK in a standard aliquot (2%) of the 0.85-
to 1.5-kb nascent DNA fraction. After integration of the c-myc
origin fragment in 406-M cells, more than twice as many nas-
cent strands were detected at STS-Hyg (P , 0.001) and STS-
MLTK (P , 0.001) in equivalent amounts of nascent DNA.
The greatest abundance of nascent DNA in 406-M cells was
detected close to the c-myc origin sequences, at STS-pML. The
amount of nascent DNA at this STS was enriched approxi-
mately 6- to 8-fold over the quantities observed at the acceptor
site (STS-Hyg and STS-MLTK) before integration of the c-myc
sequences in 406 cells and was 8- to 10-fold greater than the
quantities observed at these STSs in 406-O cells. In addition,
there was no statistically significant difference in the amounts
of short nascent DNA at STS-Hyg, STS-pOG, and STS-MLTK
in 406-O cells.

These data indicate that the c-myc origin construct induces
replication in cis near the acceptor FRT. To confirm this con-
clusion, PCR mapping was performed on size-fractionated nas-

FIG. 6. Competitive PCR analysis of 406, 406-M, and 406-O nascent DNA. Representative gels of competitive PCRs with nascent DNA from the 406, 406-M, and
406-O cell lines are shown for the following STSs: Hyg, pBR, pML, pOG, and MLTK. pBR and pML are specific for the integrated pFRT.Myc sequences, while pOG
is specific for the pOG45 sequences. Arrows indicate the positions of the nascent (N) and competitor (C) PCR products. The number of competitor molecules (mol.)
added to each reaction is indicated at the top of each lane. The number of nascent molecules, calculated from a plot of the logarithm of the signal ratio versus the
logarithm of the amount of competitor added, and the r2 value are shown below each gel.
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cent DNA from 406 cells and 406-M cells by using a primer set
(STS-A) located in bacterial vector sequences at the acceptor
site. With nascent DNA from 406 cells, amplification occurs
primarily in the highest-molecular-weight fraction, containing
strands of .8 to 23 kb (Fig. 8). This suggests that if replication
of STS-A is from a bidirectional origin, then replication ini-
tiates at least 4 to 11 kb away from STS-A in these cells. If
replication is unidirectional, the origin is .8 to 23 kb away.
The strong preferential amplification of relatively large nascent
strands in this assay also indicates that nascent DNA is not
degraded during the isolation procedure used in these exper-
iments.

In contrast, when the c-myc donor plasmid is integrated at
the acceptor site in 406-M cells, short nascent strands of less
than 300 to 500 nt are readily amplified in equivalent prepa-
rations of nascent DNA from equal numbers of cells. Hence,
integration of the c-myc donor plasmid causes replication to
initiate efficiently in the bacterial sequences at the acceptor
site, within 300 to 500 nt of STS-A.

We have recently reported that replication initiates at mul-

tiple sites in the region of the c-myc origin (39, 41). Here, PCR
mapping shows that replication initiates efficiently within 300
to 500 nt of a second bacterial sequence, STS-Neo, located in
the donor plasmid. STS-Neo is located more than 10 kb from
STS-A, yet replication initiates within 1 kb of each of these
sites in 406-M cells. Thus, as at the endogenous locus, repli-
cation initiates at multiple sites at the transduced c-myc origin
region. Taken together, these data provide biochemical and
genetic evidence that the c-myc origin plasmid displays repli-
cator activity that influences the pattern of replicative inter-
mediates in cis in the chromosome.

DISCUSSION

Data obtained in vitro and in vivo suggest a model of c-myc
replication in which DNA unwinding begins within 2.4 kb 59 of
the c-myc gene and exposes potential start sites for DNA
synthesis on each template strand. The frequency of initiation
at any of the potential start sites depends on the likelihood of
its exposure as single-stranded DNA. Hence, replication may

FIG. 7. Nascent DNA abundance at the chromosomal acceptor site. (A) The relative quantity of nascent strands as determined by competitive PCR is shown at
each STS assayed in 406, 406-M, and 406-O cells. The data are means (plus standard deviations) of at least four to six different competitive PCR titrations of two or
three independent nascent DNA preparations for each cell line. To allow comparison between cell lines, the quantities shown have been normalized to adjust for the
different amounts of nascent DNA in each preparation (based on PhosphorImager quantitation) and are expressed relative to the abundance of nascent strands at
STS-Hyg in 406 cells (defined as 1.0). (B) Acceptor site maps. Symbols and abbreviations are as defined for Fig. 1.
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begin at several possible sites over an extended region, but sites
nearest the initial DUE will be used more often. In this model
a critical regulatory event is DNA unwinding, and the se-
quences or structural elements that control unwinding com-
prise an essential part of the genetically defined replicator. To
test this model, the 2.4-kb upstream region of the human c-myc
gene has been moved to a new chromosomal position and
tested for its ability to initiate replication and influence the
pattern of replication intermediates in its vicinity.

The 2.4-kb 59 flanking sequences contain several structural
elements common to other eucaryotic replication origins, in-
cluding positioned nucleosomes, constitutive nuclease hyper-
sensitive sites, regions of bent DNA, a DUE, and transcription
factor binding sites (3, 11, 26, 30). We have shown previously
that the chromatin structure of the 2.4-kb c-myc upstream
region, as revealed by the positioning of nucleosomes and
DNase-hypersensitive sites, is not altered when this segment is
moved to new chromosomal locations by adeno-associated vi-
rus transduction (21).

In the present experiments the S. cerevisiae FLP recombi-
nase allowed the site-specific targeting of the c-myc origin
fragment to a specific acceptor location and analysis of the
pattern of replicative intermediates before and after integra-
tion of the origin construct. The data indicate not only that the
amounts of nascent DNA at the acceptor site increase after the
introduction of the c-myc construct but also that there is a
strong peak of short nascent fragments near the c-myc origin
sequences compared to their abundance at two flanking loca-

tions in the acceptor site. This distribution of nascent strands is
similar to that found by using competitive PCR to analyze the
hamster DHFR origin (18, 32). In contrast, the introduction of
non-myc sequences did not result in any detectable increase in
the amounts of nascent DNA at either the flanking acceptor
sequences or the introduced sequences.

The c-myc origin sequences increased the abundance of
short nascent strands at both STS-Hyg and STS-MLTK. Since
STS-Hyg and STS-MLTK are 3 to 4 kb away from the c-myc
origin sequences after integration, these data suggest that the
presence of an origin can alter the pattern of replicative inter-
mediates in the surrounding area over large (6- to 8-kb) dis-
tances. Additionally, since the size of the nascent DNA assayed
was 0.85 to 1.5 kb, the short nascent strands found at STS-Hyg
and STS-MLTK did not initiate at the same sites. Similarly,
STS-Neo and STS-A are more than 10 kb apart, and both
appear to initiate replication at sites within 1 kb after intro-
duction of the c-myc origin plasmid. Therefore, the introduc-
tion of the c-myc replicator exposes new sites for replication
initiation in the flanking DNA. In contrast, the levels of nas-
cent DNA observed in 406-O cells remained constant across
the acceptor locus, suggesting that the addition of non-myc
sequences did not influence the pattern of replicative interme-
diates in the same manner as did the c-myc donor plasmid
sequences.

The non-myc DNA used as a control in 406-O cells com-
prises a bacterial transcription unit, not mammalian DNA.
Hence it could be argued that bacterial DNA is less capable of

FIG. 8. PCR mapping of nascent DNA near the FRT acceptor site. (A) Nascent DNA was isolated from 406 and 406-M cells and size fractionated by alkaline gel
electrophoresis. A 5% aliquot of each size fraction was subjected to PCR in the linear range of amplification as described previously (39). Products were detected after
gel electrophoresis by hybridization to probes specific to the internal regions of the products. Indicated above the lanes are the approximate sizes of the nascent DNA
in each fraction. Note that the STS-Neo and STS-A PCR products are ;230 bp and would not amplify smaller Okazaki fragments. (B) Acceptor site maps showing
the locations of STS-A and STS-Neo. Symbols and abbreviations are as defined for Fig. 1.
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supporting initiation in a mammalian background than is DNA
of mammalian origin. That this is not the case was clearly
shown by Calos and coworkers, who directly compared the
abilities of mammalian and bacterial sequences to initiate rep-
lication and stated explicitly that there is no significant bias in
the initiation of replication in bacterial versus mammalian se-
quences in mammalian cells (19). Moreover, our PCR map-
ping data show that the pattern of replication at the bacterial
site STS-A is changed completely upon integration of the c-
myc plasmid at the acceptor site in 406-M cells. The results at
STS-A and STS-Neo suggest that replication can initiate in
bacterial sequences at the FRT acceptor site, although the
abundance of nascent strands is lower than that near the neigh-
boring c-myc origin DNA.

Although the pFRT.Myc origin construct and the negative-
control (pOG) construct differ primarily in the presence of the
c-myc origin fragment, their bacterial sequences are not com-
pletely identical. While we have not excluded the possibility
that the bacterial sequences possess replicator activity, this is
unlikely for several reasons. First, in the absence of c-myc
sequences, the pFRT.Myc vector does not display replicator
activity in more permissive ARS assays in vitro or in vivo (3, 27,
29). Second, the abundance of replicative intermediates peaks
near the c-myc insert of the integrated pFRT.Myc, suggesting
that replication initiation activity is concentrated in this area.
Finally, constructs that are identical to pFRT.Myc except for
deletions of 100 to 1,400 bp of c-myc DNA, removing specific
transcription factor consensus binding sites, show 50 to 100%
loss of replication initiation activity when integrated at the
acceptor site in 406 cells (unpublished data). Therefore, in cells
that are isogenic except for small deletions in the acceptor site
c-myc origin DNA, replicator activity depends on the c-myc
DNA sequences.

According to the model above, the increase in abundance of
short nascent strands at the flanking STSs can be explained by
the introduction of the early-firing c-myc DUE (41). If repli-
cation initiates at the c-myc origin before synthesis from the
endogenous origin for the acceptor site, initiations from the
c-myc origin will appear as a peak in the quantities of nascent
DNA at the acceptor site. Experiments are under way using the
FLP recombinase system and site-specific mutants of the c-myc
core origin to test the hypothesis that early-S-phase activation
of the c-myc DUE is responsible for exposing flanking initia-
tion sites for replication.

During the preparation of this paper, Aladjem et al. re-
ported that short nascent DNAs were synthesized preferen-
tially in a fragment of the human beta globin replicon inte-
grated by the FLP recombinase at an ectopic location in
monkey cells (1).
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