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The presence of supercoiled deoxyribonucleic acid in the form of a relaxation
complex is described for the antibiotic resistance plasmids R64, R28K, and R6K.
The properties of these relaxation complexes indicate that they consist of a
covalently closed circular deoxyribonucleic acid molecule associated with an
activable, single strand-specific endonuclease.

Stable, extrachromosomal genetic elements
in bacteria exist as covalently closed circular
deoxyribonucleic acid (DNA) molecules (8).
Among these, ColEl (4), ColE2 and ColE3 (5),
ColIb (6), Fl (10), A and AA (9), ColV2 (R.
Leavitt and D. Helinski, unpublished data),
and NRl (C. F. Morris and R. Rownd, manu-
script in preparation) also have been isolated as
supercoiled circular DNA-protein complexes
which, when treated with certain agents that
affect protein structure, undergo a conversion
from the supercoiled DNA form to the open
circular (relaxed) form.

In this communication, a comparative study
of the relaxation complexes of three R plasmids,
R6K, R28K, and R64, purified from Escherichia
coli, is reported. Some general properties of
these R plasmids are given in Table 1. The E.
coli strains J5-3 (R64) [Pro-Met- ], RC85 (R6K)
Net ], and RC85 (R28K) were used as donors
of the plasmids R64, R6K, and R28K, respec-
tively, in conjugal transfer with the E. coli
strain CR34 [Thr-, Leu-, Thy-, Lac-, Thi- ] by
a modification of the procedure of Nishioka et
al. (14).

In all of the experiments, the cells were grown
overnight at 37 C in M9 medium (16) contain-
ing glucose (0.2%), Casamino Acids (0.5%), and
thiamine (2 ug/ml). For the CR34 strains,
thymine was added at a concentration of 2
,ug/ml. The overnight cultures were diluted
100-fold in 30 ml of the same medium and, in
the case of the RC85 and J5-3 strains, supple-
mented with 300 ,g of deoxyadenosine per ml to
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promote the incorporation of labeled thymine
(3). [2- 4CIthymine (New England Nuclear, 50
mCi/mmol) at a final concentration of 1 ,g/ml
and [methyl-3H]thymine (New England Nu-
clear 10 Ci/mmol) at a final concentration of 10
ng/ml were used to label the cells. The diluted
suspension was incubated in a rotary shaker at
37 C to a cell density of 5 x 108 cells per ml, the
cells were lysed, and the cleared lysates were
prepared as described previously (12).

Figure 1 shows the relaxation of the R64
DNA-protein complex induced by different
treatments. Cleared lysates containing tritiated
R64 plasmid DNA and [14C]thymine-labeled,
noncomplexed supercoiled and open circular
DNA, prepared (12) by centrifugation in a
CsCl-bouyant density gradient containing eth-
idium bromide from CR34 (R64), were mixed
and exposed to different agents known to induce
relaxation of plasmid complexes. Whereas the
ratio of supercoiled to open circular DNA of the
[14C]thymine-labeled noncomplexed DNA did
not change after the treatment, a substantial
fraction of the tritiated DNA from the cleared
lysates shifted from the faster-sedimenting su-
percoiled DNA to the position expected for open
circular DNA. This conversion was induced by
treatments with sodium dodecyl sulfate (SDS),
Pronase, ethidium bromide (300 ug/ml), and
incubation at 60 C for 30 min.
Table 2 summarizes the results shown in Fig.

1 and the results of similar treatments of the
relaxation complexes of R6K and R28K. The
results were independent of the host strain
harboring the plasmids (Table 1). In all cases
differentially labeled complexed and noncom-
plexed supercoiled and open circular DNA
forms of the same plasmid were used as internal
controls.
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TABLE 1. Characteristics of R plasmidsa

S20,w (S) Molecular wt (x 10)

Host fiCalcu- Calcu-
R plasmid st Antibiotic resistance char- Super- Open lated lated

strainb acter coiled circular Previously from fromacter coiled circular reportedc super- open
DNA DNA coiled circular

DNAd DNAe

R64 J5-3 Tetracycline, streptomycin fi- 89 61 76 (18) to 96.7 94.7
CR34 78.5 (19)

R28K RC85 Ampicillin fi 68 50 44 (11) 51.6 56.2
CR34

R6K RC85 Ampicillin, streptomycin fi | 51 38 26 (11) 26.3 27.6
CR34I

a Strains harboring the R plasmids were labeled with [3H]thymine, and cleared lysates were prepared. The
cleared lysates were centrifuged to equilibrium in a CsCl gradient containing ethidium bromide. The fractions
in the peak of supercoiled DNA were pooled and precipitated with ethanol after isopropanol extraction of the
dye as described previously (12). The s25,0 for supercoiled and open circular DNAs were determined in a 5 to
20% sucrose gradient [0.5 M NaCl, 0.005 M sodium ethylenediamine-tetraacetic acid, and 0.05 M tris(hydrox-
ymethyl)aminomethane, pH 8.0] using an internal markers differentially labeled ColEl supercoiled DNA (s25.w
of 23S [1]) and bacteriophage MS2 (s20., of 78.5S [15]).

t J5-3 (R64) and the R plasmid-containing RC85 strains have been described by Meynell and Datta (13) and
Kontamichalou et al. (11), respectively.

c Numbers in parentheses indicate references.
d The following formula was used s25 w = 0.034 M0 428 (1).
e The following formula was used s21,1 = 0.051 M0-386 (18).

The relaxation complex of the plasmid R28K
(Table 2) is similar in its relaxation properties
to the ColE2 plasmid that has been previously
described (2). The supercoiled DNA of the
R28K complex relaxed when treated with SDS,
Pronase, or ethidium bromide (300,ug/ml), but
it did not relax when heat treated (30 min at
60 C). Furthermore, the heat-treated R28K
complex was insensitive to subsequent treat-
ment with SDS. Similar heat inactivation of the
DNA-protein complex has been reported for the
ColE2 plasmid and the Fl sex factor (10).
The supercoiled DNA of the DNA-protein

complex of the R6K plasmid (Table 2) was
relaxed when treated with SDS or ethidium
bromide. There was virtually no relaxation
upon treatment with heat or Pronase. Further-
more, the Pronase or heat-treated relaxation
complex of the R6K factor was not relaxable
with SDS.
Two models have been proposed to explain

the properties of a supercoiled DNA-protein
relaxation complex (7); one postulates a preex-
isting nick or gap in the supercoiled DNA, with
the complex protein(s) functioning as a bind-
er(s), whereas the other postulates that the
complex consists of covalently closed super-
coiled DNA and an inactive endonuclease or
"nickase" that can be activated by the agents
that induce relaxation. As previously indicated

for the ColE2 and Fl relaxation complexes, the
evidence presented here favors the latter model
for the R28K and the R6K complexes. The fact
that heat treatment inactivates the R28K and
the R6K complexes is directly compatible with
the notion that an active enzyme is required to
induce relaxation. Further evidence supporting
the second model in the case of the R6K
complex is the observation that treatment with
a proteolytic enzyme or high salt concentrations
(Y. Kupersztoch and D. Helinski, manuscript in
preparation) removes the protein from the com-
plex without affecting the supercoiled state of
the plasmid DNA.

In the case of the R6K relaxation complex, it
has been demonstrated that the nick or gap
induced by activating the relaxation complex is
specifically in the poly(UG)-binding strand (Y.
Kupersztoch and D. Helinski, manuscript in
preparation) as in the case of the complexes of
the plasmids ColEl (7) and ColE2 (2) and of the
sex factor Fl (10). It also has been found that
the nick introduced by relaxation of the R6K
complex is at a specific site (Y. Kupersztoch,
M. Lovett, and D. Helinski, manuscript in
preparation), as is the case with the ColEl
plasmid (M. Lovett and D. Helinski, manu-
script in preparation). Thus, in several respects
the properties of the R plasmid relaxation
complexes are similar to those reported for the
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colicinogenic plasmids and the Fl plasmid. The
different response of the DNA-protein com-
plexes with respect to heat inactivation and
relaxability with proteolytic enzymes may be
due to different plasmid-coded protein compo-
nents in the relaxation complexes of the various
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plasmids. Alternatively, these differences may
reflect variation in the nucleotide sequence at
the DNA site of the various plasmids that
interact with the protein components of the
complex.

Finally, it should be stressed that the relaxa-
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FIG. 1. Sedimentation analysis of the relaxability of the R64 DNA-protein complex. From a 30-ml culture of

CR34 (R64) ktbeled with [3H]thymine, cleared lysates were prepared as described in the text. [14C]thymine-
labeled supercoiled and open circular DNA of the same plasmid were added as internal controls. Treatments
were performed in a final volume of 300 uliters of TES buffer [0.05 M NaCI, 0.005 M sodium
ethylenediaminetetraacetic acid, and 0.05M tris(hydroxymethyl)aminomethane, pH 8.0] containing 100 Mliters
of [3H]thymine-labeled cleared lysate and 100 Aliters of [2-'4Clthymine-labeled supercoiled and open circular
DNA. After the treatments, 280 ,gliters of the reaction mixture was layered on a 5 to 20% sucrose gradient [0.05
M NaCI, 0.005 M sodium ethylenediaminetetraacetic acid and 0.05 M tris(hydroxymethyl)aminomethane, pH
8.0] and centrifuged in a Beckman SW50.1 rotor at 45,000 rpm for 45 min at 15 C. The gradients were collected
from the bottom with a hollow needle, fractionated directly into 1-inch (ca. 2.54 cm) squares of Whatman no. 1
filter paper, counted as described previously (1). The DNA samples were treated as follows: (A) no additions
(control); (B) 0.25% SDS, 10 min at 25 C; (C) 1.25 mg of Pronase (self-digested, 30 min at 37 C, concentration of
5 mg/ml in TES buffer prior to use), 10 min at 37 C; (D) as C and then 0.25% SDS for an additional 10 min at
25 C; (E) 300 ug of ethidium bromide per ml, 10 min at 25 C; (F) 3 jig of ethidium bromide per ml, 10 min at
25 C. More than 90%6 of the counts initially layered on the gradients were recovered after centrifugation. A
through D and E and F are two independent preparations. ( ) [3H]thymine-labeled R64 DNA from a cleared
lysate. (-----) ['4C]thymine-labeled, noncomplgxed R64 supercoiled and open circular DNA.
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TABLE 2. Induced relaxation of the complexes of the
R plasmids by various treatmentsa

Supercoiled DNA
relaxed by treatment'

Treatment (%

R6 R28K R6K

SDS, 0.25% 52 40 48
Ethidium bromide, 300 Ag/mlC 50 70 49
Pronase, 1.25 mg/ml 40 60 5
Pronase, 1.25 mg/ml, followed by 40 61 18
0.25% SDS

Heat, 30 min at 60 C 70 2
Heat, 30 min at 60 C, followed by 70 5 3
0.25% SDS

a The complexes were prepared and the relaxation
was assayed as described in the legend to Fig. 1,
except that the R28K and R6K plasmids were cen-
trifuged at 50,000 rpm for 60 min at 15 C. Pronase
treatment was carried out as described in the legend
to Fig. 1. In all experiments, differentially labeled
supercoiled and open circular DNA of the same
plasmid were used as internal controls. In the case of
each plasmid, all of the treatments were carried out
on the same preparation of relaxation complex.

Percent relaxation = 1 - {treated [(counts of
supercoiled DNA per minute)/(counts of supercoiled
DNA per minute + counts of open circular DNA per
minute) Yuntreated [(counts of supercoiled DNA per
minute)/(counts of supercoiled DNA per minute +
counts of open circular DNA per minute) ]I x 100.
cThe use of ethidium bromide as an inducer of

relaxation of the R plasmids is based on the findings
of D. Guiney (personal communication) on the ColEl
relaxation complex.

bility of most DNA-protein complexes by high
concentrations of ethidium bromide must be
taken into consideration when the dye-CsCl
gradient centrifugation technique is used to
estimate the number of copies of supercoiled
plasmid DNA per cell.

Y.M.K. gratefully acknowledges a predoctoral fellowship
from the Centro de Investigacion y de Estudios Avanzados del
Instituto Politecnico Nacional (Mexico). This research was
supported by Public Health Service research grant AI-07194
from the National Institute of Allergy and Infectious Diseases
and by National Science Foundation research grant
GB-29492.

LITERATURE CITED
1. Bazaral, M., and D. R. Helinski. 1968. Characterization

of multiple circular DNA forms of colicinogenic factor
El from Proteus mirabilis. Biochemistry 7:3513-3519.

2. Blair, D. G., D. B. Clewell, D. J. Sherratt, and D. R.
Helinski. 1971. Strand specific supercoiled DNA-
protein complexes: comparison of the complexes of

J. BACTERIOL.

bacterial plasmids ColEl and ColE2. Proc. Nat. Acad.
Sci. U.S.A. 68:210-214.

3. Boyce, R. P., and R. B. Setlow. 1962. A simple method of
increasing the incorporation of thymidine into the
deoxyribonucleic acid of Escherichia coli. Biochim.
Biophys. Acta 61:618-620.

4. Clewell, D., and D. Helinski. 1969. Supercoiled circular
DNA-protein complex in Escherichia coli: purification
and induced conversion to an open circular DNA form.
Proc. Nat. Acad. Sci. U.S.A. 62:1159-1166.

5. Clewell, D., and D. Helinski. 1970. Evidence for the
existence of the colicinogenic factors E2 and E3 as
supercoiled circular DNA-protein relaxation com-
plexes. Biochem. Biophys. Res. Commun. 40:608-613.

6. Clewell, D., and D. Helinski. 1970. Existence of the
colicinogenic factor-sex factor Col Ib-P9 as a super-
coiled circular DNA-protein relaxation complex. Bio-
chem. Biophys. Res. Commun. 41:150-156.

7. Clewell, D. B., and D. R. Helinski. 1970. Properties of a
supercoiled deoxyribonucleic acid-protein relaxation
complex and strand specificity of the relaxation event.
Biochemistry 9:4428-4440.

8. Helinski, D. R., and D. B. Clewell. 1971. Circular DNA.
Annu. Rev. Biochem. 40:899-942.

9. Humphreys, G. O., M. D. F. Grindley, and E. S.
Anderson. 1972. DNA-protein complexes of A-
mediated transfer systems. Biochim. Biophys. Acta
287:355-360.

10. Kline, B. C., and D. Helinski. 1971. Fl sex factor of
Escherichia coli. Size and purification in the form of a
strand-specific relaxation complex of supercoiled de-
oxyribonucleic acid and protein. Biochemistry
10:4975-4980.

11. Kontomichalou, P., M. Mitani, and R. C. Clowes. 1970.
Circular R factor molecules controlling penicillinase
synthesis, replicating in Escherichia coli under either
relaxed or stringent control. J. Bacteriol. 104:34-44.

12. Kupersztoch, Y. M., and D. R. Helinski. 1973. A cate-
nated DNA molecule as an intermediate in the replica-
tion of the resistance transfer factor R6K in Escherichia
coli. Biochem. Biophys. Res. Commun. 55:1451-1459.

13. Meynell, E., and M. Datta. 1966. The relation of resist-
ance transfer factors to the F-factor (sex factor) of
Escherichia coli K12. Genet. Res. 7:134-140.

14. Nishioka, T., M. Mitani, and R. C. Clowes. 1969.
Composite circular forms of R factor deoxyribonucleic
acid molecules. J. Bacteriol. 97:376-385.

15. Overby, I., G. H. Barlow, R. H. Doi, M. Jacob, and S.
Spiegelman. 1966. Comparison of two serological dis-
tinct ribonucleic acid bacteriophages. I. Properties of
the viral particles. J. Bacteriol. 91:442-448.

16. Roberts, R. B., P. H. Abelson, D. B. Cowie, E. T. Bolton,
and R. J. Britten. 1963. Studies of biosynthesis in
Escherichia coli. Carnegie Inst. Wash. Publ. no. 607.

17. Sharp, P. A., S. M. Cohen, and M. Davidson. 1973.
Electron microscope heteroduplex studies of sequence
relations among plasmids of Escherichia coli. II. Struc-
ture of drug resistance (R) factors and F factors. J. Mol.
Biol. 75:235-255.

18. Sharp, P. A., M. Hsu, E. Ohtsubo, and M. Davidson.
1972. Electron microscope heteroduplex studies of
sequence relations among plasmids of Escherichia coli.
I. Structure of F-prime factors. J. Mol. Biol.
71:471-497.

19. Vapnek, D., M. B. Lipman, and W. D. Rupp. 1971.
Physical properties and mechanism of transfer of R
factors in E. coli. J. Bacteriol. 108:508-514.


