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Analysis of Replication of oriP-Based Plasmids
by Quantitative, Competitive PCR

Ann L. Kirchmaier

1. Introduction
The quantitative, competitive polymerase chain reaction (PCR) assay outlined in

this chapter was designed for the detection and quantitation of replicated DNAs in
both short-term and long-term assays (1). Quantitative, competitive PCR can be used
to study both the contribution of proteins to the replication of oriP-based plasmids (1)
as well as the requirements for specific DNA sequences to support replication of a
plasmid (2). Advantages of this assay include an increased sensitivity and a decreased
time required to analyze samples relative to DNA blots, the traditional assay used to
study replication of oriP-containing plasmids in the presence of EBNA-1 (3–8).

In long-term experiments, quantitative, competitive PCR can be used to determine
whether replicated DNAs are maintained as plasmids in cells under selection and to
determine how many copies of those plasmids are present in those cells. However, this
assay does not allow the determination of what type of rearrangement, if any, the input
DNA may have undergone to be maintained as a plasmid in the host cells under drug
selection. Instead, DNA blots are more useful to determine the nature of rearrange-
ments that may occur in the input DNAs. Therefore, although quantitative, competi-
tive PCR does have limitations, it is a sensitive and powerful experimental approach
for studying the effects of proteins and the requirements for DNA sequences involved
in replication.

For the quantitative, competitive PCR assay, primers are chosen that allow simulta-
neous amplification of up to three templates: the reporter DNA, the replication-
defective DNA and the competitor DNA. Both the reporter DNA, and the replication
defective DNA (generated in a dam + strain of Escherichia coli to incorporate the
prokaryotic methylation signature) are introduced into the host cell. Subsequently,
after culture, low molecular weight DNA is harvested from cells using a modified Hirt
method (9) and digested with DpnI to fragment any remaining DNA with a prokary-
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otic methylation pattern, which corresponds to the unreplicated, input DNA. The
reporter DNA will be amplified during the PCR only if it has been replicated by the
host cell and is therefore DpnI-resistant. The replication defective DNA serves as an
internal control and will be amplified during the PCR only if it too has been replicated,
or if the DpnI digestions have not gone to completion. Mammalian cells do support
synthesis of prokaryotic vectors inefficiently for short times (1,2,10).

In order to quantitate the PCR products, known concentrations of the competitor DNA
are added to a series of PCR assays. The use of 32P-end labeled oligonucleotide primers
allows incorporation of 32P into the PCR products and facilitates the quantification. In a
given PCR, the competitor DNA and the reporter DNA will be amplified with equal
efficiency when the two templates are present in equal amounts, consequently, the
amount of radioactive label incorporated for each template will be identical.

Oligonucleotide primers for use in competitive, quantitative PCR should be
designed that will amplify a region of DNA on the reporter plasmid, the replication-
defective plasmid and the competitor plasmid simultaneously. This region of DNA
should be designed so that it varies in length between the three plasmids, so that ampli-
fication will yield products of three distinguishable sizes. For example, in previously
reported experiments (1) the replication-competent reporter plasmid, oriP-BamHI
C-Luc, contains a wild-type gene encoding aminoglycoside phosphotransferase II. The
replication-defective plasmid, oriP-minus (that serves as an internal control for diges-
tion of nonreplicated DNA by DpnI), lacks oriP and contains a 233 bp insertion at the
MscI site within the gene encoding aminoglycoside phosphotransferase II. The com-
petitor DNA introduced into the PCR assay lacks oriP and contains a 222 bp deletion
between the BsaA1 and MscI sites within the gene encoding aminoglycoside phospho-
transferase II. One pair of primers will anneal to all three plasmids and amplify the
corresponding fragment from each plasmid with equal efficiency. The sizes of ampli-
fied fragments generated for each of these constructs using one set of primers are 964,
742, and 1197 bp, respectively. Other primers and templates for this assay can be
readily designed and used to monitor replication of oriP-based plasmids. However,
these templates must be tested for their ability to be amplified with equal efficiency
using the corresponding primers.

2. Materials
2.1. Cell Culture and DNA Transfection

1. Appropriate complete tissue culture medium (TCM): For example, for 143B cells (11),
Dulbecco’s Modified Eagle’s medium (DMEM-HG), 10% calf serum, 0.2 mg/mL strep-
tomycin sulfate, 200 U/mL penicillin G potassium. Store at 4°C.

2. Phosphate buffered saline (PBS): 0.137 M NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 mM
KH2PO4. Adjust pH to 7.4 and filter through a 0.2-µm filter.

3. 1X trypsin: Dilute 10X trypsin (Gibco BRL, containing 0.5% trypsin, 5.3 mM ethylenidia-
minetetraacetic acid (EDTA)-4Na) in PBS. Filter through a 0.2-µm filter and store at 4°C.

4. 1X Eosin Y: 0.1% Eosin Y, 0.2% sodium azide in PBS. Filter through a 0.2-µm filter.
5. TCM-H: Add 1/20 vol of 1 M HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic

acid, Gibco BRL cat no 15630–023 or equivalent), pH 7.4–7.6, to complete tissue culture
medium, giving a final concentration of 50 mM HEPES. Store at 4°C.
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6. Tissue culture flasks and dishes.
7. 50-mL conical tubes.
8. Hemocytometer.
9. 37°C CO2 humidified incubator.

10. CsCl-gradient purified plasmid DNAs.

2.2. Isolation of Low Molecular Weight DNA
1. Cell resuspension buffer: 50 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.1 M NaCl.
2. Lysis buffer: 1.2% sodium dodecyl sulfate (SDS), 10 mM EDTA, 0.2 M Tris-HCl, pH 7.6.
3. 5 M NaCl.
4. RNAse A: 20 mg/mL, heat to >70°C for 20 min, store at –20°C.
5. Proteinase K: 20 mg/mL, store at –20°C.
6. Phenol:chloroform: 1:1 ratio, buffered to pH 8.0.
7. Chloroform.
8. Glycogen (20 mg/mL).
9. 100% ethanol.

10. 5 M ammonium acetate.
11. 70% ethanol in H2O.
12. 1XTE7.5: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA.
13. 0.1X TE7.5: 10-fold dilution of 1X TE7.5 with H2O.
14. Microfuge tubes and microcentrifuge.

2.3. Competitive, Quantitative PCR

2.3.1. Digestion of Sample DNA and Competitor DNA
1. DpnI and other restriction enzymes and their buffers: store at –20°C.
2. 10X KGB: 1 M K-glutamate, 250 mM Tris-acetate, 100 mM Mg-acetate, 5 mM -mercapto-

ethanol, 0.5 mg/mL bovine serum albumin (BSA); Store at –20°C.
3. Phenol:chloroform: 1:1 ration, buffered to pH 8.0.
4. Chloroform.
5. 100% ethanol.
6. 5 M ammonium acetate.
7. 70% ethanol in H2O.
8. 1XTE7.5 (as in Subheading 2.2.).
9. 0.1X TE7.5: 10 fold dilution of 1X TE7.5 with H2O.

10. Microfuge tubes and microcentrifuge.

2.3.2. Agarose Gel Elecrophoresis
1. 1X TBE: 90 mM Tris, 80 mM boric acid, 2 mM EDTA.
2. 1.0% or 1.5% agarose (as indicated) in 1X TBE, microwaved to melt.
3. 5X Blue Juice: 0.05% Bromophenol Blue, 30% glycerol in H2O.
4. Ethidium bromide (10 mg/mL).
5. Electrophoresis apparatus for slab agarose gels.
6. UV light transiluminator.

2.3.3. End-Labeling Primers
1. T4 polynucleotide kinase (New England Biolabs), store at –20°C.
2. 10X T4 polynucleotide kinase buffer (New England Biolabs), store at –20°C.
3. 32P -ATP (6000 Ci/mmol), e.g., Dupont NEN, store at –20°C.
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4. QIAquick nucleotide removal kit (Qiagen) or equivalent kit.
5. 2-mL microfuge tubes.
6. 10 mM Tris-HCl, pH 8.0, heat to 60°C prior to use.

2.3.4. Competitive, Quantitative PCR
1. Microfuge tubes and microcentrifuge.
2. 0.1X TE7.5 (as in Subheading 2.3.1.).
3. 10X Taq buffer (Boehringer), store at –20°C.
4. 20 µM dNTPs, store at –20°C.
5. 20 µM 5' primer, store at –20°C.
6. 20 µM 3' primer, store at –20°C.
7. Taq polymerase (5 U/µL, Boehringer), Store at –20°C.
8. 500 µL GeneAmp tubes (Perkin Elmer) or equivalent.
9. PCR thermocycler (e.g., Perkin Elmer thermocycler 480).

10. Mineral oil.
11. India ink.
12. 7.5% trichloroacetic acid (TCA), in H2O.
13. Whatman 3MM paper.
14. DE81 paper (Fisher 05-717-A).
15. Saran wrap.
16. Vacuum gel dryer.
17. PhosphorImager with screens (e.g., Molecular Dynamics).

3. Methods

3.1. DNA Transfection into Cells and Subsequent Isolation of Low
Molecular Weight DNA

1. Harvest cells and count viable cells as described in Chapter 12, Subheading 3.1., step 1
and resuspend viable cells to 2 × 107 cells/mL in TCM-H.

2. Electroporate 10 µg of each plasmid DNA (oriP-containing DNA [the reporter], oriP-
minus DNA [replication defective] and effector DNA encoding a derivative of EBNA-1)
into 0.5 mL of cell suspension (1 × 107 cells) as described in Chapter 12 (see Note 1).

3. Incubate one electroporated sample in 20 mL of complete tissue culture medium in a 15-cm
dish at 37°C in 6% CO2 for 94–98 h.

4. Harvest and count the viable cells as described in Chapter 12, Subheading 3.1., steps 1–4.
5. Resuspend the cells to 2 × 107 cells/mL in cell resuspension buffer and transfer the cells

to microfuge tubes, filling the tubes to no more than one third (see Note 2).
6. To each sample, add an equal volume of lysis buffer. Rock gently for 10 min at room

temperature. (Do not pipet or vortex the sample as this may shear the chromosomal DNA).
7. Add 0.5 mL of 5 M NaCl/1 mL sample (equivalent to 2 × 107 cells). Rock gently for

10 min at room temperature.
8. Incubate the samples at 4°C for 24–48 h to precipitate the high molecular weight DNA.
9. Pellet the high molecular weight DNA and cell debris by centrifugation at 9600g at 4°C

for 45 min in a microfuge or other appropriate centrifuge (see Note 2).
10. Carefully transfer the supernatant, which contains the majority of the low molecular

weight DNA to a fresh tube. Discard the pellet (see Note 3).
11. Incubate the supernatant for 2 hours at 42°C with RNAse A added to a final concentration

of 0.1 mg/mL.
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12. Incubate the supernatant for 2 h at 42°C with Proteinase K added to a final concentration
of 0.2 mg/mL.

13. Extract the supernatant with an equal volume of phenol:chloroform, then an equal vol-
ume of chloroform by vortexing the sample with the organic solvent, centrifugation
(10,000–16,000g for 30 s), and collection of the aqueous phase. Repeat if the samples
contain a large amount of proteinaceous material.

14. Add 1 µL of glycogen (20 mg/mL) as carrier to each sample for precipitation. Add ammo-
nium acetate to each sample to a final concentration of 0.3 M. Add 2 vol of 100% ethanol
and mix well. Incubate the samples on dry ice for approx 20 min, or at –70°C for approx
1 h or at –20°C overnight, to precipitate the DNA.

15. Pellet the DNA by centrifugation at 9600g for 10 min in a microfuge, decant the ethanol.
Wash the pellet with 70% ethanol and centrifuge at 9600g for 5 min, decant the ethanol.
Dry the low molecular weight DNA in a Speed Vac or air dry.

16. Resuspend the samples in 300–500 µL of 1X TE7.5. Store the samples at –20°C.

3.2. Competitive, Quantitative PCR

3.2.1. Digestion of Low Molecular Weight Sample DNA

1. Incubate the samples overnight at 37°C with 100–160 U of DpnI per 1 × 107 cell equivalents
of low molecular weight DNA (in the appropriate buffer) to digest any unreplicated DNA.

2. Add a further 80 U of DpnI and 20–40 U of an appropriate restriction enzyme (to linear-
ize the input plasmid DNA) and incubate at 37°C for one hour.

3. To determine whether the digestions with DpnI have gone to completion, perform one
nonradioactive, competitive PCR per sample using 0.1 pg or less of competitor DNA in
the reaction (see Subheading 3.2.4.).

4. If the digestions have gone to completion, extract the sample with an equal volume of
phenol:chloroform and then an equal volume of chloroform as described in Subheading
3.1., step 13.

5. Precipitate the DNAs as described in Subheading 3.1., steps 14–15.
6. Resuspend the samples in 0.1X TE7.5 to a concentration of 1 × 105 cell equivalents/µL.

Store the samples at –20°C (see Note 4).

3.2.2. Generation of Competitor DNA

1. Linearize 20 µg of competitor plasmid DNA with an appropriate restriction enzyme. To
check that the digestion is complete, take an aliquot of competitor DNA and add loading
buffer (to 1X Blue Juice). Electrophorese the aliquot in a 1.0% agarose gel (containing
approx 0.5 µg/mL ethidium bromide) in 1X TBE.

2. Purify the competitor DNA sample by extraction with an equal volume of phenol:chloro-
form and then an equal volume of chloroform (see Subheading 3.1., step 13).

3. Precipitate the competitor DNA as described in Subheading 3.1., steps 14–15.
4. Resuspend the competitor DNA to an estimated concentration of 0.5–1 mg/mL in TE7.5.
5. Determine the concentration of the competitor DNA using a Hoescht dye assay (12), or

by comparing the intensity under ultraviolet (UV) light of serial dilutions of agarose gel
electrophoresed competitor DNA in the presence of ethidium bromide (0.5 µg/mL) to
similar dilutions of known concentrations of a standard DNA (13).

6. Generate a working stock of competitor DNA at 1–10 ng/mL in 1XTE7.5 for PCR. Store
at –20°C in a screw cap tube in a nonfrost free freezer.
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3.2.3. End-Labeling Primers
1. Incubate (separately) 75 pmol of each primer with 10 U of T4 polynucleotide kinase, and

125 pmol of 32P -ATP (750 mCi) in 1X T4 polynucleotide kinase buffer in a 30 µL total
reaction volume for 30 min at 30°C (see Note 5).

2. Add an additional 10 U of T4 polynucleotide kinase to each primer reaction and incubate
for an additional 30 min at 30°C.

3. Separate the primers from unincorporated 32P -ATP by purification using the QIAquick nucle-
otide removal kit according to manufacturer’s instructions as outlined below in steps 4–8.

4. Add 300 µL of buffer PN (Qiagen kit) to the 32P-end labeled primer and mix. Incubate for
1 min at room temperature. Transfer the sample mix to a QIAquick column placed in a
2 mL microfuge tube. Centrifuge the column at approx 4000g in a microfuge for 1 min.
Discard the radioactive eluate.

5. Transfer the column to new microfuge tube. Add 300 mL of buffer PE (Qiagen kit) to the
column. Centrifuge the column at approx 4000g in a microfuge for 1 min. Transfer the
column to a new microfuge tube and discard the radioactive eluate.

6. Add 400 µL of buffer PE (Qiagen kit) to the column. Centrifuge the column at approx
4000g in a microfuge for 1 min. Transfer the column to a new microfuge tube and discard
the radioactive eluate.

7. Centrifuge the column at approx 9600g in a microfuge for 30 s. Transfer the column to a
new microfuge tube and discard the radioactive eluate.

8. Add 40 µL of 10 mM Tris, pH 8.0 (preheated to 60°C) to the column. Centrifuge the
column at approx 9600g for 1 min to elute the 32P-end labeled primer. Transfer the
32P-labeled primer to a screw-cap tube. Store at –20°C.

3.2.4. Quantitative, Competitive PCR Assay
1. Generate the following master reaction mix containing a multiple of each reagent to equal

the number of samples to be analyzed plus two extra (see Note 6). Vortex to mix. Master
reaction mix (per one PCR) for a total reaction volume of 100 mL: 10 µL 10X Taq buffer
(Boehringer), 1 µL 20 mM dNTPs, 1 µL 20 µM 5' primer, 1 µL 20 µM 3' primer, 0.1 µL 32P
-ATP-labeled 5' primer, 0.1 µL 32P -ATP-labeled 3' primer, 75.3 mL H2O, 0.5 µL

5 U/µL Taq polymerase (Boehringer).
2. Dilute the competitor DNA from the working stock (Subheading 3.2.2.) to known con-

centrations (e.g., 0.00025, 0.0010, 0.0040, 0.16, 0.64, and 2.5 pg/µL) in 0.1X TE7.5 in
order to generate a standard curve (see Note 7).

3. To 500 µL tubes add 10 µL of one concentration of competitor DNA, and 1 µL of sample
DNA (1 × 105 cell equivalents/µL). Set up five reactions per sample, with an increasing
amount of competitor DNA per reaction. Then aliquot 89 µL of the master reaction mix to
each tube and mix to give a total volume of 100 µL/tube. Overlay with 70 µL of mineral oil.

4. Set up the PCR using the following conditions: initially denature the DNA templates at
94°C for 5 min once. Then set cycle: denature at 94°C for 30 s, anneal at 55°C for 30 s,
and elongate at 72°C for 1 min. Repeat for 20-25 cycles. Finally, elongate at 72°C for 10 min,
and transfer samples to 4°C. Store the samples at –20°C.

5. Take 15 µL of each PCR reaction, add 4 µL of 5X Blue Juice, and electrophorese the
samples in a 1.5% agarose gel (containing approx 0.5 µg/mL ethidium bromide) in 1X
TBE. When loading the gel, do not load the lane between the lowest amount of competitor
of one sample and the highest amount of competitor in the next sample in order to avoid
obscuring the signal of the lowest amount of competitor DNA and therefore compromising
data analysis. Electrophorese overnight at 0.5–1 V/cm or for approx 4 h at 4 V/cm.
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6. Examine the gel under UV light and mark the location of the molecular weight markers
with a needle dipped in India Ink.

7. Precipitate the DNA in the gel by incubating the gel in 7.5% TCA for approx 30 min, until
the dye front is yellow.

8. Optional: Place the gel on a stack of dry Whatman 3MM paper, cover with Saran wrap
and place a book or equivalently weighted flat object on top for 15 min. This will facili-
tate wicking excess buffer out of the fixed gel, and reduce the amount of time required to
dry the gel.

9. Transfer the gel onto a sheet of DE81 paper with two new sheets of Whatman 3MM paper
underneath. Cover the gel with Saran wrap. Dry the gel in a gel dryer for 2–2.5 h. Remove
the dried gel from the gel dryer and replace the Saran wrap with a new sheet.

10. Expose the dried gel to a PhosphorImager screen overnight. Collect data from the
PhosphorImage (see Fig. 1A) and analyze as described in Subheading 3.2.5.

3.2.5. Data Analysis

1. To measure the amount of replicated reporter DNA in the sample, plot the graph log
(molecules of competitor DNA) vs log (PhosphorImager Units of competitor DNA/
PhosphorImager Units of reporter DNA) (see Fig. 1B).

2. When the amount of the competitor DNA is equivalent to the amount of the reporter DNA
in the sample, the two templates will be amplified with equal efficiency. Graphically, this
represents the point on the x-axis where the log of 1/1 = 0. Therefore, the inverse log of
the intercept equals the number of DpnI-resistant molecules present in 1 × 105 cell equiva-
lents of the sample, assuming all cells took up DNA upon transfection.

3. The average number of replicated molecules per transfected cell can be determined by
correcting for the transfection efficiency of the cell line used in the experiment. To do
this, divide the number of DpnI-resistant molecules present in 1 × 105 cell equivalents of
the sample by 1 × 105 cells and multiply that number by the transfection efficiency of the
cell line tested. A method for determining the transfection efficiency of cell lines is
described in Chapter 12.

4. To ensure that the DpnI digestions have gone to completion, plot the graph log (mol-
ecules of competitor DNA) vs log (PhosphorImager Units of competitor DNA/Phosphor-
Imager Units of oriP-minus DNA) and analyze the data as described earlier.

4. Notes

1. DNA may also be introduced by other means (e.g., calcium phosphate precipitation [14])
depending on the cell type.

2. Use larger tubes appropriate to the centrifugation in Subheading 3.1., step 9 for larger
sample volumes.

3. If desired, the high molecular weight, chromosomal DNA separated from the low molecu-
lar weight DNA can be analyzed as well. To do so, resuspend the pellet (containing pri-
marily chromosomal DNA and cell membranes) in 1 mM EDTA, 0.1 M NaOH. This
resuspension takes time and can be accelerated by incubating at 45°C and by gentle
vortexing. Once resuspended, extract with phenol, phenol:chloroform, and chloroform.
Precipitate the sample as described in Subheading 3.1., steps 14–15. However, do not
dry the sample. Instead, immediately resuspend the high molecular weight DNA in 1X
TE7.5. Continue to process high molecular weight DNA as described in Subheading
3.1., steps 11–16.
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4. Prior to setting up a large experiment using radiolabeled primers, it is often useful to run
a subset of samples in a nonradioactive competitive, quantitative PCR (see Subheading
3.2.4.) to ensure that the number of replicated plasmids detected are within the chosen
range of concentrations of competitor DNA.

5. To increase the efficiency of the labelling reaction, the reaction samples can be incubated
on ice overnight instead of 30 min at 30°C.

6. The quantitative, competitive PCR assay is linear over the range of at least 1 × 104–1 × 106

cell equivalents of sample, and between at least 0.025 and 26 pg of competitor DNA. If

Fig. 1. Short-term replication of a reporter plasmid containing oriP in 143 cells that stably
express wild-type EBNA-1 as measured by quantitative, competitive PCR. (A) Example of
PhosphorImage of a sample analyzed by quantitative, competitive PCR. Ten µg each of reporter
DNA (oriP-backbone) (2) and replication-defective DNA (oriP-minus) (1) were introduced
into 1 × 107 143/EBNA-1 cells (15) and analyzed as described in this chapter. Briefly, the low
molecular weight DNA was harvested 12 d postelectroporation by Hirt extraction (9), digested
with DpnI to fragment any unreplicated DNA, and AccI to linearize the templates. Five quanti-
tative, competitive PCRs with varying amounts of competitor DNA (1) were performed for the
sample. 15 µL of each PCR were run on a 1.5% agarose gel in 1X TBE, and data were analyzed
using a PhosphorImager. The migration patterns of molecular weight markers are noted to the
right of the gel and the migration patterns of oriP-minus, ooriP-backbone, and competitor
DNAs are shown to the left. The amount of competitor DNA in pg added to each PCR is noted
below each lane. (B) Graph of the data from the sample shown in (A). Data from the
PhosphorImage were analyzed as described in this chapter. Briefly, to measure the amount of
replicated reporter DNA (in this case, oriP-backbone) in the sample, the graph log (molecules
competitor) vs log (PhosphorImager units competitor/PhosphorImager units reporter) was plot-
ted. r = correlation coefficient. The number of DpnI-resistant molecules per 1 × 105 cell equiva-
lents of sample was determined from the inverse log of the intercept. The number of replicated
molecules per transfected cell was determined by dividing by the number of cell equivalents
used in the competitive, quantitative PCR and multiplying by the transfection efficiency (approx
25% under the conditions used in this example) of the cell line. In this example, approx 14
copies of replicated oriP-backbone was present per transfected cell.
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1 × 104 cell equivalents of sample DNA are used in the PCR reaction, 1 × 105 cell equiva-
lents of a low molecular weight DNA extracted from non-transfected cells, processed as
described earlier, should be added to each PCR as a carrier DNA. If 1 × 106 cell equiva-
lents of sample are used per point of standard curve, low molecular weight DNA from at
least 5 × 106 cells must be harvested initially. The lower limit of detection in the assay can
be adjusted by either starting with more sample DNA in each PCR or using less Competi-
tor DNA and increasing the number of cycles used during the PCR analysis.

7. A new standard curve (even from the same competitor DNA stock) must be generated for
each experiment.
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