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Abstract

Agarose gel electrophoresis is one of the most straightforward techniques that can be used to
differentiate between topoisomers of closed circular DNA molecules. Generally, the products of
reactions that monitor the interconversion of DNA between negatively supercoiled and relaxed

DNA or positively supercoiled and relaxed DNA can be resolved by one-dimensional gel

electrophoresis. However, in more complex reactions that contain both positively and negatively
supercoiled DNA, one-dimensional resolution is insufficient. In these cases, a second dimension of
gel electrophoresis is necessary. This chapter describes the technique of two-dimensional agarose

gel electrophoresis and how it can be used to resolve a spectrum of DNA topoisomers.

1 Introduction

The superhelicity of DNA can have a profound effect on a number of DNA processes
including replication, transcription, and recombination.[1-7] Therefore, it is important to be
able to distinguish DNA molecules that are underwound (negatively supercoiled), contain no
torsional stress (relaxed), and overwound (positively supercoiled). The easiest way to resolve
supercoiled and relaxed DNA topoisomers is by agarose gel electrophoresis. In order to
maintain the topological state of DNA during electrophoresis, the molecules must be in a
“closed” system (i.e. the ends cannot have free-rotation). Therefore, this method applies

primarily to circular DNA molecules.

Because the charges on DNA come from the phosphate groups in the DNA backbone, all
DNA molecules have the same charge-to-mass ratio. Thus, in a vacuum, DNA topoisomers
would all migrate at the same rate. However, when subjected to electrophoresis through a gel
matrix, smaller or more compact molecules migrate more readily through the medium than a
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molecule that has more volume. When DNA is in a “relaxed” state, in which there is no
torsional stress on the molecule, it maintains a more open structure (Fig. 1). Thus, it has a
wide diameter. However, when torsional stress is applied to the molecule by increasing or
decreasing the number of turns of the double helix, free DNA converts ~75% of the torsional
stress to axial stress,[1] which is manifested by the double helix wrapping around itself to
form “superhelical twists.” As seen in Fig. 1, superhelical twisting leads to a more compact
structure of DNA; the greater the superhelical twisting (or supercoiling), the more compact
the structure. Therefore, the more supercoiled the DNA molecule, the faster it will migrate
through an agarose gel toward the cathode. Superhelical twists occur in discrete units (i.e.,
molecules will have 1, 2, 3, ... etc. DNA nodes or crossovers). Individual DNA topoisomers
(i.e., plasmids with a specific number of DNA nodes or superhelical twists) will run as
distinct bands.

When monitoring reactions in which a DNA molecule is being converted from relaxed to
negatively or positively supercoiled, or from supercoiled to relaxed, one-dimensional
electrophoresis is generally sufficient to resolve topoisomers (Fig. 2). In these cases, all of
the intermediate DNA topoisomers will contain a number of supercoils ranging from that of
the substrate to that of the product. In the example shown in Fig. 2, the time course follows a
reaction in which a relaxed plasmid is converted to a negatively supercoiled molecule by an
enzyme known as DNA gyrase.[8,5,6] Hence, all of the individual DNA bands that are
visualized contain either no supercoils (relaxed) or some number of negative supercoils.

In contrast to the reaction shown in Fig. 2, some reactions are more complex. For example,
Fig. 3 shows a time course for the conversion of positively to negatively supercoiled DNA
by gyrase.[9-11] In this case, positive supercoils are removed to produce relaxed DNA
followed by the introduction of negative supercoils. Positively supercoiled DNA is slightly
more compact [1] than its negatively supercoiled counterpart and therefore migrates slightly
further on an agarose gel. [12] However, one-dimensional electrophoresis is insufficient to
determine whether the intermediate bands are positively or negatively supercoiled. Thus, it is
necessary to use two-dimensional electrophoresis to resolve this issue.

The first dimension in two-dimensional gel electrophoresis separates DNA topoisomers as
described above. To distinguish positive from negative intermediate topoisomers, the gel is
then soaked in chloroquine, a DNA intercalative agent. DNA intercalators locally unwind
the double helix. Because the number of turns of the double helix is invariant in a closed
circular system, [1,2] the local underwinding (which is constrained by the presence of the
intercalator) is compensated by a global overwinding.[13-15] Hence, negatively supercoiled
molecules will tend to look less negatively supercoiled (or even fully relaxed) in the
presence of an intercalator and relaxed DNA will tend to look positively supercoiled.
Because molecules that already contain a high level of positive superhelical twists cannot
absorb very much intercalator, positively supercoiled DNA changes very little in the
presence of a DNA intercalator. [12,13] Similarly, the migration of nicked DNA changes
relatively little in the presence of an intercalator. This is because the presence of the nick
opens the topological system and the absorption of an intercalator does not lead to
compensatory overwinding. In the example described below, the amount of chloroquine that
is added is sufficient to make negatively supercoiled DNA appear to be fully relaxed and
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relaxed DNA to be fully positively supercoiled. Once the gel is soaked in chloroquine, it is
turned 90° clockwise and is subjected to electrophoresis once again (Fig. 4). Fully relaxed
DNA, which comigrates with nicked DNA in the first dimension, migrates considerably
further in the second dimension, as it appears to be positively supercoiled. Conversely, the
migration of negatively supercoiled DNA (which now appears to be relaxed) in the second
dimension is greatly retarded compared to positively supercoiled DNA. The addition of the
second dimension allows positively and negatively supercoiled topoisomers to be readily
resolved from one another; intermediate positively supercoiled molecules run in an arc
between fully positively supercoiled DNA and the apex band of relaxed DNA, whereas
intermediately negatively supercoiled DNA runs on an arc between relaxed and fully
negatively supercoiled molecules (Fig. 4).

When samples that correspond to those shown in the one-dimensional gel in Fig. 3 are
subjected to two-dimensional gel electrophoresis (Fig. 5), it becomes obvious that all of the
intermediate bands observed at 30 s are positively supercoiled, that a mixed population is
seen at 90 s, and that all of the intermediate bands observed at 5 min are negatively
supercoiled topoisomers.

2 Materials

Prepare all reagents at room temperature using deionized water and analytical grade
reagents. Unless stated otherwise, all reagents should be stored at room temperature.

1 Electrophoresis Buffer 10X Stock: 1 M Tris-borate, pH 8.3, and 20 mM EDTA.
Add 121.1 g of Tris-base, 61.8 g of Boric acid, and 5.85 g of EDTA to
approximately 600 mL of H,O and stir until dissolved. Transfer the solution to a
graduated cylinder, add H,O to a final volume of 1 L, and mix thoroughly (see
Notes 1-3).

2. Loading Buffer: 60% sucrose, 10 mM Tris-HCI, pH 7.9, 0.5% bromophenol
blue, and 0.5% xylene cyanol FF. Add 6 g of sucrose and 100 pL of 1 M Tris-
HCI, pH 7.9, to 6-8 mL of H,0 in a graduated cylinder and mix (see Note 4).
Add 0.05 g of bromophenol blue, 0.05 g of xylene cyanol FF, and H»O to a final
volume of 10 mL and mix thoroughly. Store in 1 mL aliquots. For long-term
storage (>1 month), store aliquots at —20 °C.

3. Chloroquine: 10 mg/mL solution. Add 50 mg of chloroquine to a graduated
cylinder, bring the final volume to 5 mL with H,O, and mix thoroughly. Store in
a light-proof container at 4 °C (see Note 5).

4, Ethidium bromide: 10 mg/mL. Add 50 mg of ethidium bromide to a graduated
cylinder, bring the final volume to 5 mL with H,O, and mix thoroughly. Store in
a light-proof container at 4 °C (see Notes 5and 6).

3. Methods

1 Preparation of agarose gel: mix 80 mL of Electrophoresis Buffer 10X Stock with
720 mL of H,0 to yield 1X Electrophoresis Buffer. Add 1 g of molecular
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biology grade agarose to 100 mL of 1X Electrophoresis Buffer in a 250 mL
Erlenmeyer flask. Heat the mixture in a microwave until the agarose is
completely dissolved (heat for 1 min on high, swirl the mixture, and heat on high
for an additional 30-45 s until the mixture has reached a low boil, see Note 7).
Swirl the mixture to make sure it is fully dissolved and place it in a 50 °C water
bath until ready to pour. Gently pour the liquid agarose mixture into a 14x14 cm
gel box (avoid trapping bubbles in the gel) and insert a comb ~1 cm from the top
of the gel. For the procedure below, a 16 well comb is used. If two combs are
used, insert the second comb ~7 cm from the top of the gel. Each comb can
support up to 3 samples. Allow the gel to harden at room temperature. It will take
~10-15 min (see Note 8). Cover the solid gel with 1X Electrophoresis Buffer
such that the buffer level is ~8—-10 mm above the top surface of the gel and
carefully remove the comb(s). This protocol will result in a gel that is ~7 mm in
depth. The wells that are left following removal of the combs should be ~5-6
mm deep, ~1.5 mm high, and ~5 mm wide.

2. The example used in this chapter represents a time course for the conversion of
positively supercoiled plasmid DNA (pBR322) (see Note 9) to negatively
supercoiled plasmid DNA in a reaction mixture containing Staphylococcus
aureus gyrase. [11] This electrophoresis protocol can be used to separate
supercoiled/relaxed DNA topoisomers from virtually any reaction.

3. For the purposes of the gel electrophoresis, 25 pL samples are used that contain 2
pL of loading buffer (see Note 10). Samples should contain a minimum of 0.3 pg
of DNA for visibility. Samples (20 uL of the DNA samples described above) (see
Note 11) should be loaded slowly into the wells using a 20 pL micropipette (see
Note 12). If 3 samples are run on the gel, they should be loaded into lanes 1, 6,
and 11 of a 16 well comb. If a second comb is used, a single gel can
accommodate up to 6 samples.

4, Electrophoresis should be carried out at 150 V (~100 mA). The anode should be
at the top of the gel. Electrophoresis should be carried out for ~2 h or until the
bromophenol blue dye front has moved ~halfway down the length of the gel.

5. Turn off the voltage and carefully transfer the gel to a pan containing ~200 mL of
1X Electrophoresis Buffer containing 4.5 ug/mL chloroquine. The chloroquine-
containing solution is prepared by adding 450 pL of 10 mg/mL chloroquine, 100
mL of Electrophoresis Buffer 10X Stock, and H,O to a final volume of 1 L.
Make sure that the gel is covered with the chloroquine-containing buffer and
soak it for 2 h with gentle agitation.

6. Turn the gel 90° clockwise from its original position and place it back into the
electrophoresis apparatus. Add a sufficient volume of 1X Electrophoresis Buffer
containing 4.5 pg/mL chloroquine to cover the gel (once again, by ~8-10 mm),
and subject the gel to electrophoresis for 2 h at 120 V (~80 mA).

7. Turn off the voltage and carefully transfer the gel to a pan containing sufficient
H,0 to cover and soak the gel for ~15 min with gentle agitation. This step
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removes excess chloroquine, which will allow the ethidium bromide to
intercalate more efficiently.

8. To stain the gel in order to be able to visualize the DNA bands, transfer it to a
pan containing sufficient H,O containing 1 pg/mL ethidium bromide to cover
and soak for ~30 min with gentle agitation. The ethidium bromide-containing
solution is prepared by adding 30 pL of 10 mg/mL ethidium bromide to 300 mL
of H-0.

9. Destain the gel to remove excess ethidium bromide by transferring the gel to a
pan containing sufficient H,O to cover for 10-20 min with gentle agitation (see
Note 13).

10. DNA bands are observed using medium-range ultraviolet light (see Notes 14and
15).

1 When mixed together, the Tris-borate-EDTA mixture should have a pH of ~8.3
with no further adjustment.

2. It is preferable to use EDTA, as opposed to NaEDTA, when making the
Electrophoresis Buffer 10X Stock. In the presence of Na* ions, some of the
borate in the buffer can be converted to a borax complex, which tends to
precipitate out of solution over time. Even when using EDTA, some precipitate
may form over several weeks.

3. If the Electrophoresis Buffer 10X Stock is going to be stored for more than a
month, it is desirable to filter it through a 0.22 um sterilizing filter, which further
deters precipitation.

4, If the sucrose has difficulty dissolving in the Tris-HCI, heat it at 37 °C for 5-10
min. Before adding the dyes, cool the solution to room temperature.

5. Chloroquine and ethidium bromide are light-sensitive compounds. If a light-
proof container is unavailable, the vessel can be wrapped in aluminum foil to
protect the solution from light-induced degradation.

6. Ethidium bromide is a mild carcinogen. Therefore, appropriate caution should be
used when handling the compound, (including personal protective equipment)
and solutions containing ethidium bromide should be disposed of according to
proper safety protocols.

7. When heating the agarose gel solution, it is critical to make sure that the
container is properly vented to avoid a potential pressure explosion.

8. The clear liquid agarose solution will become opaque upon solidifying.

9. The described protocol is tailored for use with plasmid pBR322, which is 4363
bp in length. Because all DNA molecules have the same charge-to-mass ratio,
electrophoretic separation is based on the size of the plasmid and its topology.
Therefore, electrophoresis times or the percentage of agarose in gels may need to
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be modified if plasmids that are substantially longer or shorter than pBR322 are
used. A slightly higher percentage of agarose can be used with shorter plasmids
(which will migrate faster than pBR322), and a lower agarose percentage can be
used for longer plasmids (which will migrate slower).

Sucrose is present in the loading buffer to increase the density of the samples so
that they will sink to the bottom of the well. Therefore, the loading buffer should
comprise at least 8% of the total sample volume. Doing so ensures that samples
will stay in the wells following loading and that the DNA bands will remain
tight. Two dyes, bromophenol blue and xylene cyanol FF, are included in the
loading buffer to monitor the electrophoresis. The dyes run differentially when
subjected to electrophoresis in the agarose gel. Bromophenol blue migrates more
quickly and will move as the dye front ahead of the migrating DNA. Xylene
cyanol FF migrates more slowly and follows the DNA.

Even though the assay samples are 25 pL in volume, we generally load only 20
uL into the wells. This keeps the wells from being overloaded and ensures that a
consistent volume can be added into each well.

To keep DNA bands from diffusing, it is best to load wells when the power is on.
As long as the gel is loaded rapidly, there is no discernable difference in
electrophoretic mobility between the first and last samples that are loaded.
Although the low level of current poses no danger, it is best to wear gloves while
loading.

Even though intercalated ethidium bromide fluoresces considerably more
brightly than free molecules, background fluorescence can be seen in the gel.
Thus, the destaining step is recommended to decrease background levels of
fluorescence.

Ethidium bromide fluoresces with an orange color under medium-wave
ultraviolet light. Therefore, an orange filter is generally used when imaging gels.
This results in DNA bands that appear as white on a black background.

The topological state of plasmid DNA affects the amount of ethidium bromide
that can be intercalated. Nicked or linear DNA can absorb the most ethidium
bromide because torsional stress on the DNA induced by intercalation is
unconstrained. Other DNA topoisomers absorb ethidium bromide in the
following order: negatively supercoiled > relaxed > positively supercoiled.
Consequently, the same amount of nicked DNA will fluoresce more brightly than
negatively supercoiled, which will fluoresce more brightly than relaxed DNA,
which will fluoresce more brightly than positively supercoiled DNA. Thus,
images containing different DNA topoisomers should be considered qualitative
and levels of DNA in each band cannot necessarily be compared directly with
one another in a quantitative manner.
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Fig. 1: Interconversion of DNA topoisomers.
DNA that is not under torsional stress is referred to as “relaxed” (center), while over- and

underwinding results in DNA that is positively (left) or negatively (right) supercoiled,
respectively. The term “supercoiled” is derived from the fact that when under torsional
stress, some of the stress is alleviated by the DNA forming superhelical twists about itself.
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Fig. 2. One-dimensional resolution of relaxed and negatively supercoiled DNA topoisomers.
A time course for the conversion of relaxed plasmid to negatively supercoiled molecules by

S. aureus gyrase is shown. Reaction products were resolved by one-dimensional agarose gel
electrophoresis and DNA bands were visualized by mid-range ultraviolet light following
staining with ethidium bromide. The positions of relaxed (Rel) and negatively supercoiled
[(-)SC] DNA are indicated on the gel.
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Fig. 3: One-dimensional resolution of negatively and positively supercoiled DNA topoisomers.
A time course for the conversion of positively supercoiled plasmid to negatively supercoiled

molecules by S. aureus gyrase is shown. Reaction products were resolved by one-
dimensional agarose gel electrophoresis and DNA bands were visualized by mid-range
ultraviolet light following staining with ethidium bromide. The positions of relaxed (Rel),
positively supercoiled [(+)SC], and negatively supercoiled [(-)SC] DNA are indicated on the

gel.
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Fig. 4: Schematic depicting the migration of DNA topoisomer ases following two-dimensional
agarose gel electrophoresis.

The positions of nicked, relaxed, negatively supercoiled [(-)SC], and positively supercoiled
[(+)SC] DNA are shown as black bands. Gray bands represent DNA topoisomers of
intermediate supercoiling. Partially negatively supercoiled molecules migrate as the arc
between relaxed and (-)SC DNA and partially positively supercoiled molecules migrate as
the arc between (+)SC and relaxed DNA.
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Fig. 5. Two-dimensional resolution of negatively and positively supercoiled DNA topoisomers.
A time course for the conversion of positively supercoiled plasmid to negatively supercoiled

molecules by S. aureus gyrase is shown. Reaction products were resolved by two-
dimensional agarose gel electrophoresis and DNA bands were visualized by mid-range
ultraviolet light following staining with ethidium bromide. Samples at the reaction times
shown are from the time course depicted in Fig. 3. The positions of nicked, relaxed (Rel),
positively [(+)SC], and negatively supercoiled [(=)SC] DNA are indicated on the gel and

methods are described below.
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