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Abstract
We have developed a simple procedure for determining if a plasmid DNA contains single strand
interruptions that can be sealed by DNA ligase and thus contain single strand interruptions with 5'-
phosphate and 3'-hydroxyl groups. In this procedure, plasmid DNAs with ligatable nicks were ligated by
T4 DNA ligase, supercoiled by E. coli DNA gyrase and analyzed by agarose gel electrophoresis. Our
results show that after sealing nicked circular DNA with DNA ligase, supercoiling by DNA gyrase produces
a rapidly migrating DNA species that can easily be distinguished from nicked circular DNA by agarose gel
electrophoresis.

Introduction
Supercoiled (form I), nicked circular (form II), and linear (form III) DNAs derived from the same plasmid
DNA can be separated by agarose gel electrophoresis1. In the case of nicked circular DNAs, agarose gel
electrophoresis alone cannot distinguish between plasmids that contain one or more ligatable nicks,
which require both 5’-phosphate and 3’-hydroxyl groups2, from those containing non-ligatable nicks or
non-ligatable single-stranded DNA gaps. In addition, depending on the electrophoresis conditions, nicked
circular DNA and relaxed covalently closed circular DNA that is not supercoiled are not always well-
separated from each other.

During the maturation of DNA replication and DNA repair intermediates, the generation of products
containing ligatable nicks that are then sealed by DNA ligase is essential, as the replication of DNA
templates with single strand interruptions generates double-stranded DNA breaks and result in cell cycle
arrest and/or genome instability. To avoid this, cells encode many activities preventing the accumulation
of these sorts of non-ligatable lesions. For example, in every round of mammalian cell division 50 million
Okazaki fragments must be processed to generate a continuous strand3. During Okazaki fragment
maturation, Flap Endonuclease 1 (FEN1, called Rad27 in Saccharomyces cerevisiae) cleaves 5’ �aps
generated by the extension of Okazaki fragment maturation by DNA polymerase delta. FEN1 binds
branched DNA substrates so that a bound one-base 3’ �ap registers the FEN1 active site for precise
cleavage4. Other non-ligatable discontinuities are generated during base-excision repair in which the non-
conventional 5’-deoxyribose phosphate moiety is generated from apurinic/apyrimidinic sites and must be
removed5. Similarly, many forms of DNA damage, particularly those involving environmental agents,
generate “dirty” ends that are further processed by a variety of activities to generate substrates that can
be processed by DNA polymerases and DNA ligases6.

Since evaluation of the ligatability of nicked circular DNAs can provide mechanistic insights into the
nature of the products of DNA repair reactions reconstituted in vitro, we have developed a method to
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readily identify plasmid products that can be ligated. To improve the separation of products that can and
cannot be ligated, we have taken advantage of the fact that only covalently closed DNAs can be
supercoiled by the action of DNA gyrase7. We have applied this method to the analysis of the products of
a Rad27-dependent DNA mismatch repair reaction reconstituted with S. cerevisiae proteins. In these
reactions, the DNA mismatch repair machinery directs a mispair-promoted reaction in which extension of
a pre-existing 5' nick by DNA polymerase delta in combination with Rad27 in a reaction that is regulated
by the Msh2-Msh6 mispair recognition protein generates a product in which 5’ �ap generated by strand
displacement synthesis is cleaved to generate a ligatable nick through the action of Rad27.

Reagents
· T4 DNA ligase M0202, NEB

· T4 DNA ligase buffer (10x), NEB

· Escherichia coli DNA gyrase D0690, Sigma-Aldrich

· Escherichia coli DNA gyrase buffer (2x) (70 mM Tris-Cl pH 7.5, 48 mM KCl, 8 mM MgCl2, 4 mM
dithiothreitol, 3.6 mM spermidine, 2 mM ATP, 12.5% glycerol, 0.2 mg/mL BSA)

· TE buffer (10 mM Tris pH 8.0, 1 mM EDTA)

· Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3), BioRad

Equipment
Only very basic laboratory equipment is required, including the following. (1) An incubator such as a
water bath, heat block or even a PCR machine for performing incubations at 37 °C. (2) An agarose slab
gel electrophoresis setup; we used a BioRad PowerPac 300 power supply and BioRad SubGel GT Cell, but
any manufacturers’ slab gel setup designed for agarose gel electrophoresis should be suitable. And (3) a
system for imaging gels under UV light; we used an Alpha Imager, but other manufacturers systems are
also suitable.

Procedure
Ligase reaction

Make a 10 μL reaction to ligate plasmids:

·     1.0 μL 10x T4 DNA ligase buffer

·     100 ng plasmid DNA in 8.5 μL of buffer (TE buffer or sterile water)

·     0.5 μL T4 DNA Ligase
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Perform 2 reactions, one with and one without T4 DNA ligase. Incubate at room temperature for 2.5
hours.

Supercoiling reaction

Make a 21 μL reaction to supercoil ligated reactions:

·     10.0 μL 2x E. coli DNA gyrase buffer

·     10.0 μL ligation reaction

·     1.0 μL E. coli DNA gyrase

Incubate at 37 °C for 1 hour.

Processed samples were then analyzed by electrophoresis through a 1.0% agarose gel run in TAE for 45
minutes at 100 V, which was subsequently stained with 0.5 mg/mL ethidium bromide in TAE for 30
minutes and destained in water for 30 minutes. Ligated and supercoiled products run faster on the gel
than the nicked starting material. Quantitation can be performed with Alpha Imager HP software
(ProteinSimple) or other gel imaging systems.

Troubleshooting
Troubleshooting requires a positive control plasmid DNA containing a single nick that can be ligated and
a negative control plasmid DNA containing a nick that cannot be ligated. A simple procedure for making
a plasmid DNA, with or without a mispair, and a single nick that can be sealed with DNA ligase has been
described in other studies8,9 and dephosphorylation of such plasmid DNAs with Shrimp Alkaline
Phosphatase can produce a nick that cannot be ligated. By performing separate reactions with each of
these two DNAs, one can ensure that the procedure or modi�cations thereof will convert the nicked
plasmid DNA to supercoiled plasmid DNA and will not convert the dephosphorylated nicked plasmid DNA
to supercoiled plasmid DNA.

Time Taken

Anticipated Results
Because only closed circular DNAs can be supercoiled, treatment of nicked plasmid DNA containing a
nick that cannot be joined with DNA ligase as described above will not alter its electrophoretic mobility. In
contrast, if the nick can be sealed with DNA ligase, the plasmid will be converted to a diagnostic, rapidly
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migrating supercoiled DNA species that is clearly distinct from the nicked plasmid species. For examples,
see Figure 1.
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Figure 1

Plasmids with a ligatable nick can be supercoiled by treatment with DNA ligase and DNA gyrase. a. A
plasmid containing a nick with a 5’ phosphate and a 3’ hydroxyl can be ligated by T4 DNA ligase. In the
absence of E. coli DNA gyrase, the covalently closed circular plasmids with multiple linking numbers are
observed and migrate as heterogeneous species that migrate further than nicked circular DNA. In the
presence of E. coli DNA gyrase, the covalently closed circular plasmids are driven into a supercoiled
plasmid with substantially different migration in an agarose gel than the initial nicked plasmid. b.
Dephosphorylation of the nicked plasmid with Shrimp Alkaline Phosphatase (SAP) removes the 5’
phosphate and prevents ligation of the nick and the accumulation of supercoiled forms in the presence of
both DNA ligase and DNA gyrase. This �gure was constructed from images presented in Supplementary
Figure 3 of Calil et al.10


