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ABSTRACT

A technique to prepare relatively large quantities
(≥100 µg) of highly positively supercoiled DNA is
reported. This uses a recombinant archaeal histone
(rHMfB) to introduce toroidal supercoils, and an
inexpensive chicken blood extract to relax unrestrained
superhelical tension. Preparation of positively
supercoiled pUC19 DNA molecules, >50% of which
have linking number changes ranging from +8 to +17, is
demonstrated. Advantages include the high degree of
positive supercoiling that can be achieved, control over
the extent of supercoiling, easy production of relatively
large quantities of supercoiled DNA, and low cost.

There is growing interest in the biological roles of superhelical
tension, given the evidence for its presence in both prokaryotic
and eukaryotic cells (1–3) and its apparent involvement in diverse
cellular processes (4–10). Superhelical tension also alters the
structure and dynamics of DNA in ways that may affect the
selection of targets by genotoxic chemicals such as DNA
intercalators (2,11–13). The full range of superhelical tension has
not been experimentally accessible as methods to prepare
positively supercoiled DNA are limited; therefore, to help solve
this problem, we have developed a straightforward and
inexpensive method that generates preparations of circular DNAs
with high levels of positive supercoiling.

The method exploits the observation of Musgrave et al. (14)
that the archaeal histones from Methanothermus fervidus
(designated HMf) form nucleosome-like structures in which the
DNA molecule is wrapped around the protein core in a
right-handed superhelix. HMf binding to a circular DNA
molecule, followed by relaxation of unrestrained supercoils and
removal of all proteins, results in a DNA molecule that is
positively supercoiled. In contrast, exposing circular DNAs that
contain eukaryal nucleosomes (15) to this procedure results in
negatively supercoiled DNA molecules. Critical reagents are a
clean preparation of circular DNA, purified recombinant HMfB
(rHMfB; 16) and a topoisomerase-containing extract obtained
from chicken erythrocytes. The technique works equally well
with commercially prepared topoisomerase I and the empirically
determined quantities of wheat germ topoisomerase I from
Promega (Madison, WI) are noted throughout the following

procedure as an example. Furthermore, the results shown here to
illustrate the procedure were obtained using plasmid pUC19
DNA, isolated from lysates of Escherichia coli DH5α using
Qiagen Gigaprep kits (Qiagen, Santa Clarita, CA). Another
commercial plasmid isolation kit (Wizard Megaprep, Promega;
Madison, WI) was evaluated but the plasmid preparations
obtained apparently contained materials that interfered with the
topoisomerase I activity (data not shown).

Preparation of rHMfB. rHMfB preparations were purified from
E.coli JM105 cells that contained pKS323, an expression plasmid
that carries the hmfB gene, exactly as described by Starich et al.
(17). [The pKS323 plasmid can be obtained from Dr Kathleen
Sandman (ksandman@postbox.acs.ohio-state.edu).]

Preparation of chicken blood extract (CBE) that relaxes super-
helical tension. As a less expensive alternative to purchasing
purified topoisomerase I, the procedure of Camerini-Otero and
Felsenfeld (18) was used to prepare a topoisomerase-containing
extract from chicken erythrocytes, here referred to as chicken
blood extract (CBE). These preparations contained no detectable
endonuclease or protease activities, and retained activity for at
least 6 months when stored at –80�C.

Production of positively supercoiled pUC19 DNA. Negatively
supercoiled pUC19 molecules isolated from E.coli were relaxed
by incubation at 25 µg/ml with CBE in 200 mM NaCl, 20 mM
Tris–HCl (pH 8), 0.25 mM EDTA–Na2 and 5% glycerol for 1 h
at 37�C. The CBE:DNA ratio must be determined empirically for
each batch of CBE; the present studies were performed with
0.5 µl CBE/µg pUC19 or 4 U wheat germ topoisomerase I/µg
pUC19. The relaxed molecules were purified by exposure to
proteinase K (100 µg/ml) for 2 h at 37�C in the presence of 1%
SDS, phenol/chloroform extraction, ethanol precipitation and
passage through a Sephadex G-50 spin column. The purified
plasmid (25 µg/ml) was then complexed with 1.2–1.4 mass
equivalents of rHMfB by incubation in 10 mM Tris–HCl (pH 8),
2 mM K3PO4, 1 mM EDTA–Na2 and 50 mM NaCl for 15 min at
37�C. To remove unrestrained negative supercoils, the reaction
conditions were adjusted by the addition of 1/3 vol of 186 mM
Tris–HCl (pH 8), 3 mM K3PO4, 8 mM EDTA–Na2 and 72 mM
NaCl, followed by addition of 1/10 vol (adjusted) of CBE and
incubation for 45 min at 37�C. Again, the CBE:DNA ratio must
be determined empirically; the present studies were performed
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Figure 1. Electrophoretic separations of positively supercoiled topoisomers of
plasmid pUC19. (A) Topoisomers of positively supercoiled pUC19, prepared as
described in the text, resolved by two-dimensional agarose gel electrophoresis.
(B) One-dimensional agarose gel separation showing higher resolution of
positively supercoiled pUC19 topoisomers with ∆Lk values indicated to the right
of the figure.

with 6 µl CBE/µg pUC19 or 12 U wheat germ topoisomerase I/µg
pUC19. As a control, a population of negatively supercoiled
pUC19 molecules was subjected to the same treatments except
that CBE dilution and storage buffers were added instead of CBE.
Plasmid DNAs were quantified using the Hoechst dye 33258
(Sigma, St Louis, MO) fluorescence assay (19).

Results with pUC19. An example of the positive supercoiling
achieved with pUC19 is shown in Figure 1. Maximal supercoiling
was obtained with a rHMfB:DNA mass ratio of 1:1.4 and,
although the highest resolvable topoisomer had a change in
linking number (∆Lk) of +11 (Fig. 1B), >30% of the DNA
molecules had electrophoretic mobilities consistent with even
higher ∆Lks, with the maximum ∆Lk estimated to be +17.

This technique is not limited by the size of the DNA substrate,
it allows the extent of positive supercoiling to be controlled, and
it generates substantial quantities of positively supercoiled
product. We routinely prepare >100 µg of positively supercoiled
pUC19 as a single batch, and multiple batches can be prepared
concurrently. Positive supercoiling has been introduced into
plasmids and cosmids with a wide range of different sizes,
including large plasmids such as the 94.5 kb F-factor from E.coli
(data not shown). The extent of positive supercoiling is
determined by the ratio of rHMfB to DNA (14) and, by
optimizing this ratio, substantial quantities of a plasmid DNA
with a specific superhelical configuration can be obtained by band
excision and extraction from a one-dimensional agarose gel.

The use of rHMfB offers several advantages for the preparation
of positively supercoiled DNA. Intercalators such as ethidium
bromide (13) do not generate the high levels of positive
supercoiling achieved with rHMfB and, although high levels of
superhelical tension can be obtained by using reverse gyrase
(20,21), the purification of this enzyme is complicated and
lengthy in comparison with the simple rHMfB purification
procedure (17). Approximately 50 mg of rHMfB can be purified
from a 10 l culture of E.coli and this is sufficient protein to prepare
∼30 mg of positively supercoiled pUC19. Using the CBE rather

than purchasing purified topoisomerase I results in a very
substantial reduction in cost: ∼120 ml of CBE can be obtained
from 250 ml of chicken blood ($100–200) in <1 day that, when
used in this procedure, is functionally equivalent to ∼240 000 U
of commercial topoisomerase I. It should be noted, however, that
we have obtained identical results using commercially available
topoisomerase I from TopoGEN Inc. (human; Columbus, OH),
Promega (wheat germ; Madison, WI) and Gibco-BRL (calf
thymus; Grand Island, NY); other sources are likely to give
similar results. As mentioned earlier, there is potential for
inhibition of topoisomerase I by DNA contaminants introduced
during DNA isolation.

Circular DNAs, with the high and defined levels of positive
supercoiling generated by this procedure, should now be very
valuable in evaluating the role of this superhelical tension in DNA
interactions with small chemical ligands, and also with both
sequence specific and non-specific DNA-binding proteins.

ACKNOWLEDGEMENTS

We wish to thank Deok-Joon Choi for assisting with supercoiling
experiments, Mary O’Dea (NIDDK, NIH) for introducing us to the
wonders of chicken blood extract and for samples provided for our
use, and to M. T. Muller (TopoGEN, Inc., Columbus, OH) for
purified topoisomerases. This work was supported by NIH grants
CA64524 (P.C.D.), CA72936 (P.C.D.) and GM53185 (J.N.R.), the
Samuel A. Goldblith Career Development Professorship (P.C.D.)
and NIEHS training grant ES07020 (W.A.L.).

REFERENCES

1 Sinden, R.R., Carlson, J.O. and Pettijohn, D.E. (1980) Cell, 21, 773–783.
2 Ljungman, M. and Hanawalt, P.C. (1992) Proc. Natl. Acad. Sci. USA, 89,

6055–6059.
3 Wu, H.-Y., Shyy, S., Wang, J.C. and Liu, L.F. (1988) Cell, 53, 433–440.
4 Lee, M.-S. and Garrard, W.T. (1991) Proc. Natl. Acad. Sci. USA, 88,

9675–9679.
5 Mishra, R.K., Gopal, V. and Chatterji, D. (1990) FEBS Lett., 260,

273–276.
6 Kikuchi, Y. and Nash, H.A. (1979) Proc. Natl. Acad. Sci. USA, 76,

3760–3764.
7 Bernstein, L.B., Mount, S.M. and Weiner, A.M. (1983) Cell, 32, 461–472.
8 Liu, L.F., Liu, C.C. and Alberts, B.M. (1979) Nature, 281, 456–461.
9 Garner, M.M., Felsenfeld, G., O’Dea, M.H. and Gellert, M. (1987) Proc.

Natl. Acad. Sci., 84, 2620–2623.
10 Clark, D.J. and Wolffe, A.P. (1991) EMBO J., 10, 3419–3428.
11 Gopalakrishnan, S., Byrd, S., Stone, M.P. and Harris, T.M. (1989)

Biochemistry, 28, 726–734.
12 Waring, M. (1970) J. Mol. Biol., 54, 247–279.
13 Menichini, P., Fronza, G., Tornaletti, S., Galiègue-Zouitina, S., Bailleul, B.,

Loucheux-Lefebvre, M.-H., Abbondandolo, A. and Pedrini, A.M. (1989)
Carcinogenesis, 10, 1589–1593.

14 Musgrave, D.R., Sandman, K.M. and Reeve, J.N. (1991) Proc. Natl. Acad.
Sci. USA, 88, 10397–10401.

15 van Holde, K.E. (1989) Chromatin, Springer-Verlag, New York.
16 Sandman, K., Grayling, R.A., Dobrinski, B., Lurz, R. and Reeve, J.N.

(1994) Proc. Natl. Acad. Sci. USA, 91, 12624–12628.
17 Starich, M.R., Sandman, K., Reeve, J.N. and Summers, M.F. (1996)

J. Mol. Biol. 255, 187–203.
18 Camerini-Otero, R.D. and Felsenfeld, G. (1977) Nucleic Acids Res., 4,

1159–1181.
19 Cesarone, C.F., Bolognesi, C. and Santi, L. (1979) Anal. Biochem., 100,

188–197.
20 Forterre, P., Mirambeau, G., Jaxel, C., Nadal, M. and Duguet, M. (1985)

EMBO J., 4, 2123–2128.
21 Kikuchi, A. and Asai, K. (1984) Nature, 309, 677–681.


