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The influence of ribonucleic acid (RNA) and protein synthesis on the
replication of the cloacinogenic factor Clo DF13 was studied in Escherichia coli
cells and minicells. In chromosomeless minicells harboring the Clo DF13 factor,
Clo DF13 deoxyribonucleic acid (DNA) synthesis is slightly stimulated after
inhibition of protein synthesis by chloramphenicol or puromycin and continues
for more than 8 h. When minicells were treated with rifampin, a specific inhibitor
of DNA-dependent RNA polymerase, Clo DF13 RNA and DNA synthesis
appeared to stop abruptly. In cells, the Clo DF13 factor continues to
replicate during treatment with chloramphenicol long after chromosomal DNA
synthesis ceases. When rifampin was included during chloramphenicol treatment
of cells, synthesis of Clo DF13 plasmid DNA was blocked completely. Isolated,
supercoiled Clo DF13 DNA, synthesized in cells or minicells in the presence of
chloramphenicol, appeared to be sensitive to ribonuclease and alkali treatment.
These treatments convert a relatively large portion of the covalently closed Clo
DF13 DNA to the open circular form, whereas supercoiled Clo DF13 DNA,
isolated from non-chloramphenicol-treated cells or minicells, is not significantly
affected by these treatments. These results indicate that RNA synthesis and
specifically Clo DF13 RNA synthesis are involved in Clo DF13 DNA replication
and that the covalently closed Clo DF13 DNA, synthesized in the presence of
chloramphenicol, contains one or more RNA sequences. De novo synthesis of
chromosomal and Clo DF13-specific proteins is not required for the replication of
the Clo DF13 factor. Supercoiled Clo DF13 DNA, isolated from a polA107 (Clo
DF13) strain which lacks the 5'- 3' exonucleolytic activity ofDNA polymerase I,
is insensitive to ribonuclease or alkali treatment, indicating that in this mutant
the RNA sequences are still removed from the RNA-DNA hybrid.

The cloacinogenic factor DF13 (Clo DF13) is a
bacterial plasmid determining the production of
the extracellular antibiotic protein cloacin
DF13. The Clo DF13 factor originates from
Enterobacter cloacae (34); however, Esche-
richia coli can serve as the host as well. The
non-transmissible Clo DF13 factor, a relatively
small circular deoxyribonucleic acid (DNA)
molecule (molecular weight 6 x 106) with a
contour length of 3.0 um (36), is present in E.
coli cells to the extent of 15 copies per cell (25a).
The Clo DF13 DNA directs the synthesis of at
least four messenger ribonucleic acid (mRNA)
species and eight proteins (25, 25a). The func-
tion of only one protein, cloacin DF13, is known.
Cloacin DF13 inhibits protein synthesis of sensi-
tive cells by a specific cleavage of 16S ribosomal
RNA (rRNA) near its 3' terminus (17, 18). This
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action of cloacin DF13 resembles closely that of
colicin E3; in some other aspects its action cor-
responds to that of Col El (4, 17, 18, 32).
With respect to the replication, there is a

remarkable difference between transmissible
and non-transmissible plasmids. Whereas
transmissible plasmids seem to require DNA
polymerase III for their replication (15), Clo
DF13 shows, like other non-transmissible plas-
mids such as Col El and minicircular DNA of
E. coli 15, a unique dependence on DNA polym-
erase I (13, 16, 22, 23, 36a). DNA polymerase
II (36a) and DNA polymerase III (15, 16, 36a)
seem not to be required for the replication of
these latter plasmids. Whereas inhibition of pro-
tein synthesis by chloramphenicol (CAP) blocks
the replication of chromosomal DNA and DNA
of transmissible plasmids (2), de novo protein
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synthesis appeared not to be required for the
replication of the non-transmissible plasmid
Col El (6), minicircular DNA of E. coli 15 (27),
or Clo DF13 (this report). RNA synthesis is a
prerequisite for the replication of chromosomal
DNA and for DNA of transmissible as well as
non-transmissible plasmids (3, 5, 7, 8, 12, 20, 24,
26, 27, 33, 35). It has been shown that rifampin-
sensitive RNA synthesis is required for the ini-
tiation of chromosomal DNA replication at the
fixed origin (26). The synthesis of "Okazaki-
pieces" seems to require rifampin-insensitive
RNA primers (35). It has been shown that Col
El DNA, synthesized in the presence of CAP,
contains one or more ribonucleotides (3). RNA
primer sequences must be rapidly removed
from the DNA-RNA hybrid. It has been sug-
gested that the 5' - 3' exonucleolytic activity of
DNA polymerase I is involved in the degradation
of RNA primers (31, 38). The 5' - 3' exonucleo-
lytic activity, however, seems not to be essential
for the maintenance of the DNA polymerase
I-dependent Clo DF13 factor in E. coli (36a).
The influence of RNA and protein synthesis

on the replication of the Clo DF13 factor in E.
coli cells and minicells was studied. Minicells
are small, spherical bodies produced by an
aberrant cell division of an E. coli mutant strain
(1). They contain little if any chromosomal
DNA, but may contain plasmid DNA. Minicells
were reviewed extensively by Curtiss and Frazer
(R. Curtiss III and A. C. Frazer, Curr. Top.
Microbiol. Immunol., 1973, in press). It has
been demonstrated that Clo DF13 DNA segre-
gates into minicells of a Clo DF13-harboring,
minicell-producing E. coli mutant (25). Clo
DF13-harboring minicells are able to synthesize
Clo DF13 DNA, RNA, and protein (this report;
25, 25a). The minicell system enables us to
study specifically the role of Clo DF13 RNA and
protein synthesis in the replication of Clo DF13
DNA. Synthesis of Clo DF13 DNA in cells
continues when protein synthesis is inhibited by
CAP, but is completely blocked when RNA
synthesis is inhibited by rifampin. Similar re-
sults were obtained with minicells, indicating
that Clo DF13 RNA synthesis, but not de novo
Clo DF13 protein synthesis, is involved in the
replication of the Clo DF13 factor. Supercoiled
Clo DF13 DNA, isolated from cells and mini-
cells after CAP treatment, is sensitive to ribo-
nuclease and alkali treatment, indicating the
presence of RNA sequences. Supercoiled Clo
DF13 DNA, synthesized in cells or minicells
cultured without CAP, appeared to be insensi-
tive to ribonuclease and alkali treatment. Simi-
lar results were obtained with purified Clo DF13

DNA synthesized in a polA 107 (Clo DF13)
strain which lacks the 5' - 3' exonucleolytic
activity of DNA polymerase I.

MATERIALS AND METHODS

Bacterial strains. The minicell-producing strain
E. coli K-12 P678-54 (1), obtained from K. J. Roozen,
has the following markers: thr leu lacY minA gal
minB strr thi (for min genotype see reference 30). A
P678-54 strain, harboring the cloacinogenic factor
DF13 (Clo DF13), was isolated in our laboratory (25).
E. coli K-12 KMBL 1789 (arg thy pheA bio polA107),
obtained from B. W. Glickman, was made cloacino-
genic as described previously (36a).

Media. The media used were as follows: (i) brain
heart infusion (BHI; Oxoid, 3.7%) and (ii) minimal
medium consisting of: KH2PO4 2H2O, 0.3%;
Na2HPO4 2H20, 0.7%; NH4Cl, 0.1%; NaCl; 0.05%,
CaCl2, 0.001%; MgSO4, 0.025%; and glucose, 0.5%.
This medium was supplemented with 0.5% Casamino
Acids (Difco) unless otherwise indicated. Demineral-
ized water was used as solvent. When required, other
supplements were used at the following final concen-
trations (micrograms per milliliter): thiamine-hydro-
chloride, 1; threonine, 40; and leucine, 20.
Growth and labeling of bacteria. E. coli P678-54

(Clo DF13) and KMBL 1789 (Clo DF13), grown
overnight at 37 C in BHI medium, were inoculated
1/100 into fresh BHI medium and allowed to grow to
an optical density of 0.35 at 660 nm. In the absence of
inhibitors, cells were labeled with 10 tCi of [methyl-
3H jthymidine per ml in the presence of 300 "g of
deoxyadenosine per ml. When inhibitors were used, 3
h after the addition of 150 Htg and/or 100 /ig of
rifampin per ml, cultures were labeled with 10 MCi of
[methyl-3H]thymidine per ml in the presence of 300
Ag of deoxyadenosine per ml.

Purification of minicells. The minicell purifica-
tion was performed by the method of Roozen et al.
(30) with minor modifications. A culture of strain
P678-54 (Clo DF13) or P678-54 was grown in 1.6 liters
of BHI medium at 37 C. The culture was centrifuged
in the cold for 30 min at 4,000 rpm in an MSE18 rotor
(6 x 250 ml). The supernatant was then centrifuged
for 15 min at 12,000 rpm in a rotor (6 x 250 ml). The
pellets were suspended in 6 ml of cold, sterile,
buffered saline with gelatine (BSG; see reference 11).
Minicells were isolated from these suspended pellets
by three successive sedimentations through 40-ml, 5
to 20% (wt/vol) sucrose gradients in BSG. These
gradients were centrifuged at 3,700 rpm for 30 min in
a Christ minifuge. After the third sucrose gradient,
the minicells were suspended in minimal medium at
an absorbancy of 0.2 at 620 nm. The purified minicell
fraction usually contained less than 100 contaminat-
ing bacterial cells per 108 minicells. All seperations
were done at approximately 4 C.

Radioactive labeling of minicells. DNA synthesis
in minicells was assayed by the incorporation of
[methyl-3H ]thymidine into cold trichloroacetic acid-
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insoluble material. Purified minicells were suspended
in minimal medium, supplemented with thiamine,
threonine, and leucine, to an absorbancy of 0.2 at 620
nm. After a 15-min preincubation at 37 C, 30 ,uCi of
[3H Ithymidine per ml and 300 ug of deoxyadenosine
per ml were added to the cultures. RNA synthesis in
minicells was determined by the incorporation of
[3Hluridine into cold trichloroacetic acid-insoluble
material. Purified minicells, suspended and prein-
cubated as described above, were labeled with 65 ACi
of [1H]uridine per ml. Protein synthesis in minicells
was assayed by the incorporation of [14C Ileucine into
hot acid-insoluble material. Purified minicells were
suspended as described above, except that leucine
was omitted from the medium. After 15 min of
incubation at 37 C, 20 MCi of ['IC Ileucine per ml was
added to the cultures. For following DNA, RNA, and
protein synthesis, samples (100 ,uliters) were collected
at various times after labeling onto Whatman 3 MM
filter discs. Where specified, inhibitors were added at
the beginning of the preincubation to the following
final concentrations (micrograms per milliliter):
rifampin, 100; CAP, 150; and puromycin, 30.

Isolation of Clo DF13 DNA. Covalently closed Clo
DF13 DNA was purified from labeled cells before and
after incubation with CAP (150 Mg/ml) for 18 h. Cells
were lysed by the method of Clewell and Helinski (9),
with Brij-58 (final concentration, 1%, wt/vol) as
detergent. The crude lysate was centrifuged at 48,000
x g for 30 min in an MSE 75 ultracentrifuge. This
centrifugation step pellets the bulk of the chromo-
somal DNA, leaving plasmid DNA in the superna-
tant. DNA in the supernatant fraction (cleared lysate)
was fractionated by the dye-buoyant density centrifu-
gation procedure of Radloff et al. (29) as described
previously (36a). Fractions containing supercoiled Clo
DF13 DNA were pooled from the dye-buoyant density
gradient. The ethidium bromide was removed from the
pooled fractions by a single passage through a column
(0.5 by 3.5 cm) of analytical-grade Dowex-50 resin.
CsCl was then removed by dialysis at 4 C for 12 h
against TESP buffer (0.05 M tris(hydroxymethyl)-
aminomethane [TrisJ, 5 mM ethylenediaminetetra-
acetic acid [EDTA ], 0.05 M NaCl, and 0.05 M
K2HPO4, pH 8.0). For isolation of Clo DF13 DNA syn-
thesized in minicells, 3H-labeled minicells were lysed,
before and after incubation in the presence of CAP
(150 jg/ml), as described above. After centrifugation
of the crude lysate for 20 min at 40,000 x g, the super-
natant was dialyzed at 4 C for 4 h against TESP buffer.
RNase treatment. A 200-Mliter sample of super-

coiled Clo DF13 DNA, isolated from cells or minicells,
was incubated by the method of Blair et al. (3) with
100 Mliters of a solution containing 3 mg of pancreatic
ribonuclease A (RNase A) per ml and 10,000 U of
RNase Tl per ml in 10 mM Tris (pH 7.5) for 30 min at
37 C. The RNase solution was heated at 100 C for 10
min before use to inactivate deoxyribonuclease. After
RNase incubation, 100 Mliters of a solution containing
5 mg of Pronase per ml in TES (0.05 M Tris, 5 mM
EDTA, 0.05 M NaCl, pH 8.0) was added to the
reaction mixture. Incubation was continued for 10
min at 37 C. The Pronase had been digested for 60

min at 37 C. After Pronase treatment, the reaction
mixture was layered over a 4.0-ml, 5 to 20% (wt/vol)
sucrose gradient prepared in 0.05 M Tris-5 mM
EDTA-0.55 M NaCl (pH 7.5). After centrifugation for
130 min at 30,000 rpm in an SW6 x 5 Ti-rotor of an
MSE 75 ultracentrifuge at 4 C, 100-Militer fractions
were collected from the top of the tube into scintilla-
tion vials.

Alkali treatment. Alkali treatment of isolated Clo
DF13 DNA involved the addition of 150 Mliters of
phosphate buffer (0.2 M K2HPO4, pH 13.0) to 50
gliters of purified DNA. After incubation for 90 min
at 37 C, the reaction mixture was neutralized by the
addition of 200 Mliters of 1.0 M Tris (pH 7.5). The
neutralized mixture was then analyzed by centrifuga-
tion in a 4.0-ml, 5 to 20% (wt/vol) sucrose gradient
containing 0.05 M Tris, 1.05 M NaCl, and 5 mM
EDTA (pH 8.0). After centrifugation for 110 min at
50,000 rpm and 15 C in an SW6 x 5 Ti-rotor of an
MSE 75 ultracentrifuge, 100-Mliter fractions were
collected from the top of the tube for determination of
radioactivity.

Determination of radioactivity. All radioactive
samples except those from the sucrose gradients were
collected onto Whatman 3 MM filter discs and
precipitated with cold 10% trichloroacetic acid. After
being washed successively with 5% trichloroacetic
acid, ethanol-ether and ether, the filters were dried
and placed in scintillation vials containing 10 ml of
toluene-2,5-diphenyloxazole (PPO)-1,4-bis-(5-phen-
yloxazolyl)-benzene (POPOP). Filters with protein
samples were treated with 10% trichloroacetic acid at
80 C instead of cold 10% trichloroacetic acid. Samples
of sucrose gradients were counted with 10 ml of Di-
oxan containing PPO, POPOP, naphthalene, and 10%
water. Scintillation counting was performed in a Nu-
clear-Chicago Mark I or Mark II liquid scintillation
counter.

Chemicals. Reagents and sources were as follows.
Puromycin and Dowex H+ (type 50WX 8, 50 to 100
mesh) were obtained from Serva. Beef pancrease
RNase A (code RASE) and RNase T1 (code RT,) were
purchased from Worthington Biochemical Corp. Ri-
fampin was obtained from Lepetit. CAP was from
Sigma Chemical Co. [methyl-3H Ithymidine (specific
activity 15,000 mCi/mmol), [3H ]uridine (specific ac-
tivity 2,000 to 5,000 mCi/mmol) and [14C Ileucine
(specific activity 50 mCi/mmol) were purchased from
the Radiochemical Centre, Amersham, England. Pro-
nase (B grade, free from nucleases) was from Calbio-
chem. RNase-free sucrose was purchased from Serva
and autoclaved before use. The sources of all other
chemicals used were as described previously (36a).

RESULTS

Influence of RNA and protein synthesis on
Clo DF13 DNA replication in cells. E. coli
P678-54 (Clo DF13) was grown at 37 C in BHI
medium to an absorbancy at 660 nm (A660) of
0.30. The culture was then divided into three
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equal portions (A, B, and C). Culture A was
labeled immediately with 10 MCi of [3H ]thymi-
dine per ml for 1 h. Before being labeled with
10 MCi of ['H ]thymidine per ml, culture B was
incubated for 3 h at 37 C in the presence of 150
,ug of CAP per ml and culture C was incubated
for 3 h at 37 C in the presence of 150 ug of CAP
per ml and 100 ug rifampin per ml. 'H-labeled
DNA was isolated from the cultures by the
lysozyme-Brij 58 technique. The resultant
"cleared lysates" were analyzed in cesium chlo-
ride-ethidium bromide gradients. By this proce-
dure, supercoiled Clo DF13 DNA (peak II in
Fig. 1) is separated from the chromosomal DNA
and from the open circular Clo DF13 DNA
(peak I in Fig. 1). In contrast to chromosomal
DNA, the Clo DF13 plasmid continues to repli-
cate in the presence of CAP (Fig. 1).
To investigate the possibility that during

CAP treatment Clo DF13 DNA with aberrant S
values is synthesized, fractions of peak II (Fig.
1A and 1B) were pooled and analyzed by
sucrose gradient centrifugation as described
before (36a). No differences in S values between
non-CAP-treated Clo DF13 DNA and CAP-
treated Clo DF13 DNA were observed (gradi-
ents not shown). When rifampin was included
during CAP treatment, no incorporation of label
into Clo DF13 DNA was observed (Fig. 1C).
Because the synthesis of Clo DF13 DNA does
not depend on de novo protein synthesis, as
demonstrated by its insensitivity towards CAP
(Fig. 1B), the rifampin effect cannot result from
a block of the transcription of mRNAs which
code for proteins involved in Clo DF13 DNA
replication. Therefore, we conclude that RNA
synthesis itself is required for Clo DF13 DNA
synthesis. That the synthesis of Clo DF13 RNA
is involved specifically in Clo DF13 DNA repli-
cation was shown by experiments with E. coli
minicells.

Influence of RNA and protein synthesis on
Clo DF13 DNA replication in minicelis. It has
been shown previously that the cloacinogenic
factor Clo DF13 segregates into minicells of the
Clo DF13-harboring E. coli strain, P678-54, and
that this Clo DF13 factor is the only DNA
present in these otherwise chromosomeless min-
icells (25). These properties make the minicell
system very valuable for studying replication,
transcription, and translation of the Clo DF13
plasmid. To investigate the effects of transcrip-
tional and translational inhibitors on the repli-
cation of the Clo DF13 DNA, the ability of Clo
DF13-containing minicells to incorporate
[3H]thymidine in the presence and absence of
CAP, puromycin, or rifampin was determined.
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FIG. 1. Effects of CAP and rifampin on the synthe-
sis of Clo DF13 DNA in E. coli cells. 3H-labeled DNA,
synthesized in E. coli P678-54 (Clo DF13), was

isolated and analyzed by dye buoyant density centrif-
ugation as described in Materials and Methods. (A)
Profile obtained from a culture labeled for I h with
[3H]thymidine. (B) Profile obtained from a culture
incubated for 3 h in the presence of 150 Aig of CAP per

ml before being labeled for 1 h with [3H]thymidine.
(C) Profile obtained from a culture incubated for 3 h
in the presence of 150 jig of CAP per ml and 100 Aig of
rifampin per ml before being labeled for 1 h with
[3H]thymidine.

The incorporation of [3H]thymidine by mini-
cells harboring the Clo DF13 factor is not
reduced by protein synthesis inhibitors such as

CAP and puromycin, but actually is slightly
stimulated (Fig. 2). The presence of rifampin in
the incubation medium inhibits the synthesis of
DNA drastically. Chromosomal DNA synthesis
due to contaminating cells present in the mini-
cell preparation is unlikely (less than 100 cells
per 108 minicells). To exclude this possibility,
however, identical experiments were performed

c
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FIG. 2. Effects of CAP, puromycin, and rifampin
on the synthesis of Clo DF13 DNA in E. coli minicells.
Minicells of P678-54 (Clo DF13) and P678-54 were
purified and suspended in minimal medium. After 15
min ofpreincubation at 37 C, 30 gCi of ['H]thymidine
per ml was added, and samples were taken at inter-
vals for determination of radioactivity. (A) Incorpora-
tion of [3H]thymidine by CloDF13plasmid-containing
minicells in the absence (0) of inhibitors and in the
presence of CAP (0), puromycin (A), or rifampin (A).
(B) Incorporation of [3H]thymidine by plasmid-less
minicells in the absence (0) of inhibitors and in the
presence of CAP (0) or rifampin (A). Inhibitors, when
present, were added at the start of the preincubation
at the following final concentrations (micrograms per
milliliter): CAP, 150; puromycin, 30; and rifampin,
100.

with plasmidless minicells, isolated from strain
P678-54, with a similar grade of purity. Only a
low background level of incorporation is ob-
served in noncloacinogenic minicells (Fig. 2B).
The presence of CAP or rifampin does not affect
this background level. From this result it can be
concluded that the incorporation of DNA pre-
cursors by Clo DF13-containing minicells is due
to the presence of the Clo DF13 plasmid.

It has been shown by Kool et al. (25) that Clo
DF13-containing minicells are capable of pro-
tein synthesis. To determine whether CAP and
puromycin do affect protein synthesis in mini-
cells as in cells, the ability of Clo DF13-contain-
ing minicells to incorporate [14C ]leucine in the
presence or absence of CAP and puromycin was
measured. The results (Fig. 3) show that the
presence of CAP or puromycin in the incubation
media reduced the incorporation to its initial
background level. From these results we con-
clude that Clo DF13 DNA synthesis does not
depend on de novo synthesis of Clo
DF13-specific proteins. Similar experiments
were conducted to assess the effects of rifampin,
puromycin, and CAP treatment on RNA syn-
thesis in minicell preparations. Treatment of

Clo DF13-containing minicells with rifampin
caused an almost complete reduction in the
incorporation of [3H ]uridine into Clo DF13
RNA. The rate of incorporation was not re-
duced, but slightly stimulated, by treatment of
minicells with CAP or puromycin (Fig. 4). It has
been demonstrated by RNA-DNA hybridization
experiments that RNA synthesized in minicells
is Clo DF13 specific (25a). From the results ob-
tained from the minicells experiments, we con-
clude the following. (i) Minicells harboring the
Clo DF13 plasmid are able to synthesize DNA,
RNA, and protein. (ii) De novo synthesis of Clo
DF13-specific proteins is not a requirement for
Clo DF13 DNA synthesis. (iii) Clo DF13 RNA
synthesis is a prerequisite for the replication of
the Clo DF13 factor.
Conversion of Clo DF13 DNA, isolated

from ceils and minicells, by ribonuclease and
alkali treatment. The experiments described

700
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FIG. 3. Effects of CAP and puromycin on the incor-
poration of ['4CJleucine by plasmid-containing mini-
cells. Minicells of p678-54 (Clo DF13) were purified
and suspended in minimal medium to an A,,, of 0.20.
After 15 min ofpreincubation at 37 C, 20 MCi of[ 14C];
leucine per ml was added, and samples were taken at
intervals for determination of radioactivity. Inhibitors
were added at the start of the preincubation. Symbols:
0, no inhibitors present; 0, 150 ug of CAP per ml
present; A, 30 gg ofpuromycin per ml present.
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FIG. 4. Effects of CAP, puromycin, and rifampin
on the ability of plasmid-containing minicells to
incorporate [3H]uridine into RNA. Minicells of
P678-54 (Clo DF13) were purified and suspended as
described in Materials and Methods. After preincuba-
tion for 15 min at 37 C, 65 ,Ci of [3H]uridine per ml
was added, and samples were taken at intervals for
determination of radioactivity. Inhibitors, when pres-
ent, were added at the start of the preincubation.
Symbols: 0, no inhibitor present; 0, 150 ,gg of CAP
per ml present; A, 30 jig of puromycin per ml present;
and A, 100,ug of rifampin per ml present.

in the previous sections suggest than RNA
synthesis is involved in the replication of the
Clo DF13 plasmid. When RNA serves as a

primer in the Clo DF13 replication, then there
must exist, at least for a short time, RNA-DNA
duplexes in the Clo DF13 DNA molecule. It has
been shown that Col El DNA synthesized in the
presence of CAP contains one or more ribonu-
cleotides (3). To investigate whether RNA se-

quences are also present in Clo DF13 DNA, it
was decided to test the sensitivity of supercoiled
Clo DF13 DNA, synthesized in the presence or

absence of CAP, to alkaline and RNase hydroly-
sis. DNA duplexes containing a RNA-DNA
hybrid fragment are sensitive to alkaline and
ribonuclease hydrolysis. Incubation of super-

coiled Clo DF13 DNA isolated from CAP-
treated cells, with ribonucleases A and T,
converts more than 25% of the Clo DF13 DNA
from a covalently closed form (sedimenting as

23.5S) to an open circular form (sedimenting as
18.5S) (Fig. 5B, Table 1), whereas supercoiled
Clo DF13 DNA isolated from untreated cells is
not affected by RNase treatment (Fig. 5A and
Table 1).
The sensitivity of supercoiled Clo DF13 DNA

to alkali treatment was examined by incubating
CAP-treated Clo DF13 DNA and non-CAP-
treated Clo DF13 DNA at pH 13.0. After 90 min
of incubation at 37 C, the pH was reduced to 8.0
and the reaction mixtures were analyzed by
sucrose gradient centrifugation. After centrifu-
gation, the percent supercoiled Clo DF13 DNA
of total Clo DF13 DNA recovered from the
gradients was determined (Table 1). Incubation
of CAP-treated Clo DF13 DNA at pH 13 induces
a loss of the covalently closed form, whereas
non-CAP-treated Clo DF13 DNA is scarcely
(1.9% conversion) affected by the high pH
conditions.
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FIG. 5. Sensitivity of covalently closed Clo DF13
DNA, isolated from cells, to RNase. Supercoiled Clo
DF13 DNA, purified from CAP-treated (B) and un-

treated (A) P678-54 (Clo DF13) cells, was incubated
for 30 min at 37 C in the presence (A) and absence
(A) of pancreatic RNase A (1 mg/ml) and RNase T,
(3,000 U/ml). After Pronase treatment, the reaction
mixtures were layered over 5 to 20% sucrose gradients.
Centrifugation conditions were as described in Mate-
rials and Methods. Peak I (s2 a!, value of 18.5 S)
represents open circular Clo DF13 DNA; peak II (s2,,u,
value of 23.5S) represents supercoiled Clo DF13 DNA.
S values are related to the following markers: OX174
DNA (18.4S) and 17S and 26S rRNA.
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TABLE 1. Conversion of supercoiled Clo DF13 DNA
by ribonuclease or alkali treatment

Conversion of super-
coiled Clo DF13

DNAa

Preparation
RNase Alkali
treat- treat-
mentd mentd

A. Non-CAP Clo DF13 DNA" 0 1.9
CAP Clo DF13 DNAc 25.3 42.1

B. Non-CAP Clo DF13 DNA" 0 2.6
CAP Clo DF13 DNAc 20.7 49.2

a Supercoiled Clo DF13 DNA is expressed as a
percentage of total Clo DF13 DNA recovered from the
gradients.
"Non-CAP Clo DF13 DNA indicates purified Clo

DF13 DNA from untreated cells (A) or minicells (B).
c CAP Clo DF13 DNA indicates purified Clo DF13

DNA from chloramphenicol-treated cells (A) or mini-
cells (B).

d Procedures are described in the text.

possesses the polymerase and 3' - 5' exonu-
cleolytic activities but lacks the 5' 3' exonu-
cleolytic activity of DNA polymerase I (19). To
investigate the possibility that the 5' - 3'
exonucleolytic activity of DNA polymerase I is
involved in the removal of the RNA fragment
from the Clo DF13 DNA, we examined the
sensitivity of purified, covalently closed Clo
DF13 DNA, isolated from a polA 107 (Clo DF13)
strain, to RNase and alkali. Assuming that the
5' -. 3' exonuclease is responsible for degrada-
tion of RNA primer sequences, one would ex-
pect that, in this polA107 strain, Clo DF13 DNA
structures containing a short RNA-DNA frag-
ment accumulate. However, supercoiled Clo
DF13 DNA isolated from a polA107 (Clo DF13)
strain, cultured without CAP appeared to be
insensitive to RNase or alkali treatment (Fig.
7A). This result indicates that in a polA107
strain RNA sequences are still removed from
the Clo DF13 DNA molecule. Clo DF13 DNA
molecules, synthesized in the presence of CAP
in polA107 (Clo DF13) bacteria, are sensitive to
RNase treatment (Fig. 7B).

Identical experiments were performed with
purified Clo DF13 DNA synthesized in the
presence and absence of CAP in minicells.
Minicells contain little if any chromosomal
DNA; therefore, isolated DNA from minicells
was hot purified by CsCl-EB gradients after the
clearing centrifugation step, but directly used
for incubation experiments with RNases and
alkali treatment. Treatment of Clo DF13 DNA,
isolated from CAP-treated minicells, with ribo-
nuclease A and T, induces a conversion of the
plasmid DNA from the covalently closed form
to an open circular form of about 20% (Fig. 6B
and Table 1). The covalently closed form of
non-CAP-treated Clo DF13 DNA is not signifi-
cantly affected by this treatment (Fig. 6A and
Table 1). The different response of non-CAP-
and CAP-treated Clo DF13 DNA, synthesized
in minicells, on alkaline treatment is shown in
Table 1B. About 50% of the CAP-treated Clo
DF13 DNA is nicked during incubation at high
pH, in contrast to non-CAP-treated Clo DF13
DNA which is only affected slightly by this
treatment. These results suggest that, in the
presence of CAP, supercoiled RNA containing
Clo DF13 DNA is synthesized in cells and
minicells.
Role of the 5' - 3' exonucleolytic activity of

DNA polymerase I in the removal of RNA
primer sequences. It has been shown that the
Clo DF13 plasmid could be maintained in an E.
coli polA107 strain (36a). The polA107 strain
(KMBL1789), isolated by Glickman et al. (14),
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FIG. 6. Sensitivity of Clo DF13 DNA, isolated from
minicells, to RNase. Clo DF13 DNA, isolated from
chloramphenicol-treated (B) and untreated (A)
P678-54 (Clo DF13) minicells, was tested for its
sensitivity to RNase A and T, as described in the
legend of Fig. 5. A 300-Mliter portion of each reaction
mixture was analyzed on 5 to 20% sucrose gradients.
Symbols: 0, RNase-treated Clo DF13 DNA; 0, un-
treated Clo DF13 DNA.
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FIG. 7. Sensitivity of supercoiled Clo DF13 DNA,

isolated from polA107 (Clo DF13) cells, to RNase.
Covalently closed Clo DF13 DNA isolated from CAP-
treated (B) and untreated (A) polA107 (Clo DF13)
cells, was tested for its sensitivity to RNase A and T,
as described in the legend of Fig. 5. A 300-Aliter
portion of each reaction mixture was analyzed on 5 to
20%/v sucrose gradients. Symbols: A, RNase-treated
Clo DF13 DNA; ,, untreated Clo DF13 DNA.

DISCUSSION
We studied the influence of RNA and protein

synthesis on the replication of the cloacinogenic
factor DF13 in E. coli cells and minicells. The
minicell system has proved to be a valuable
system for specifically studying plasmid repli-
cation, transcription, translation, and the in-
teractions between these processes. We took
advantage of this system to study the role of Clo
DF13 RNA and protein synthesis in the replica-
tion of the Clo DF13 factor. Synthesis of Clo
DF13 DNA in cells continues when protein
synthesis is inhibited by CAP long after chro-
mosomal DNA synthesis had ceased. Inhibition
of RNA synthesis by rifampin, however, blocks
Clo DF13 DNA synthesis completely. When
minicells are treated with CAP or puromycin,
Clo DF13 protein synthesis is inhibited, but the
incorporation of DNA precursors into Clo DF13
DNA is slightly stimulated. Rifampin, an inhib-
itor of DNA-dependent RNA polymerase, inhib-
its Clo DF13 RNA synthesis as well as Clo DF13
DNA synthesis in minicells. From these results
we conclude that Clo DF13 RNA synthesis, but

not de novo Clo DF13 protein synthesis, is
involved in the replication of the Clo DF13
factor. This involvement can be interpreted in
two ways. Synthesis ofRNA may be required for
synthesizing a short RNA segment which serves
as a primer in DNA synthesis (20, 35), or
transcription may facilitate DNA replication by
making the DNA initiation site more accessible
to the replication machinery (11).

Recently, it has been shown that Col El
DNA, synthesized in the presence of CAP,
contains one or more ribonucleotides (3). The
presence of RNA sequences in Clo DF13 DNA,
synthesized in the presence and absence of
CAP, was examined. During extensive treat-
ment of cells or minicells with CAP, Clo DF13
DNA molecules which are sensitive to RNase or
alkali accumulate. Treatment of supercoiled
Clo DF13 DNA, synthesized in the presence of
CAP with ribonuclease or alkali induces a loss of
the covalently closed structure of a relative
large portion of the Clo DF13 DNA molecules.
These results indicate the presence of RNA
sequences in CAP-treated Clo DF13 DNA. As
suggested by Blair et al. (3), the long incubation
period in the presence of CAP may block the
degradation of the RNA segment which is
normally removed after having served as primer
in DNA synthesis.
Assuming that a RNA primer is involved in

Clo DF13 replication, a question was raised of
how the RNA primer sequences are removed.
From the observation that homogeneous DNA
polymerase I from E. coli is capable of degrading
the RNA strand of a RNA-DNA hybrid during
the course of in vitro DNA synthesis, Roychoud-
hury and Kossel (31) have suggested that DNA
polymerase I itself is involved in the removal of
RNA primers. That DNA polymerase I might
function in this proces is also postulated by
Wovcha and Warner (38), since this enzyme
exhibits a 5' 3' exonucleolytic activity which
selectively attacks a DNA strand containing
uracil instead of thymine. In addition, DNA
polymerase I has been shown to be a prerequi-
site for the replication of Clo DF13 factor (36a).
We therefore investigated a possible role of the
5' - 3' exonucleolytic activity of DNA polymer-
ase I in the removal of RNA primer sequences.
The sensitivity of supercoiled Clo DF13 DNA,
isolated from a polA107 (Clo DF13) strain, to
ribonuclease and to alkali treatment was deter-
mined. Covalently closed Clo DF13 DNA, syn-
thesized in this polA107 strain which lacks the
5' - 3' exonucleolytic activity of DNA polymer-
ase I, appeared to be insensitive to these treat-
ments. Apparently no RNA sequences are pres-
ent in supercoiled Clo DF13 DNA isolated from
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the polA107 (Clo DF13) strain. This observation
indicates that either the 5' - 3' exonucleolytic
activity of DNA polymerase I is not involved in
degradation of primer RNA or, besides this
nuclease, another enzyme(s) exists which is
responsible for the removal of RNA primer
sequences. It seems most likely that the RNA is
on the 5' end of the chain, and therefore the 3'
5' exonucleolytic activity of DNA polymerase I
is probably not relevant. We cannot exclude,
however, altemative explanations, e.g., that the
remaining activity of the mutant enzyme pres-
ent in the polA107 strain (19) could account for
degradation of ribonucleotides, or that the mu-
tant retains in vivo its 5' 3' exonucleolytic
activity.

ACKNOWLEDGMENTS
We are grateful to K. J. Roozen and B. W. Glickman for

bacterial strains and to A. J. Kool for his interest and
suggestions during the course of this study.

This investigation was supported by the Netherlands
Foundation for Chemical Research (SON), with financial aid
from the Netherlands Organization for the Advancement of
Pure Research (ZWO).

LITERATURE CITED
1. Adler, H. I., W. D. Fisher, A. Cohen, and A. A. Hardigree.

1967. Miniature Escherichia coli cells deficient in
DNA. Proc. Nat. Acad. Sci. U.S.A. 57:321-326.

2. Barzaral, M., and D. R. Helinski. 1970. Replication of a
bacterial plasmid and an episome in Escherichia coli.
Biochemistry 9:399-406.

3. Blair, D. G., D. J. Sherratt, D. B. Clewell, and D. R.
Helinski. 1972. Isolation of supercoiled colicinogenic
factor El DNA sensitive to ribonuclease and alkali.
Proc. Nat. Acad. Sci. U.S.A. 69:2518-2522.

4. Boon, T. 1972. Inactivation of ribosomes in vitro by
colicin E3 and its mechanism of action. Proc. Nat.
Acad. Sci. U.S.A. 69:549-552.

5. Brutlag, D., R. Schekman, and A. Kornberg. 1971. A
possible role for RNA polymerase in the initiation of
M13 DNA synthesis. Proc. Nat. Acad. Sci. U.S.A.
68:2826-2829.

6. Clewell, D. B. 1972. Nature of Col El, plasmid replication
in Escherichia coli in the presence of chloramphenicol.
J. Bacteriol. 110:667-676.

7. Clewell, D. B., and B. G. Evenchik. 1973. Effects of
rifampicin, streptolydigin and actinomycin D on the
replication of Col El plasmid DNA in Escherichia coli.
J. Mol. Biol. 75:503-513.

8. Clewell, D. B., B. G. Evenchik, and J. W. Cranston. 1972.
Direct inhibition of Col El plasmid DNA replication in
Escherichia coli by rifampicin. Nature (London)
237:29-31.

9. Clewell, D. B., and D. R. 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.

10. Clewell, D. B., and D. R. Helinski. 1972. Effect of growth
conditions on the formation of the relaxation complex
of supercoiled Col El, deoxyribonucleic acid, and
protein in Escherichia coli. J. Bacteriol. 110:1135-1146.

11. Curtiss, R., III. 1965. Chromosomal aberrations associ-
ated with mutations to bacteriophage resistance in
Escherichia coli. J. Bacteriol. 89:28-40.

12. Dove, W. F., H. Inokuchi, and W. F. Stevens. 1971.

ATION IN E. COLI 173

Replication control in phage lambda, p. 747-771. In A.
D. Hershey (ed.), The bacteriophage lambda. Cold
Spring Harbor Laboratory, New York.

13. Durkacz, B. W., and D. J. Sherratt. 1973. Segregation
kinetics of colicinogenic factor Col El, from a bacterial
population temperature sensitive for DNA polymerase
I. Mol. Gen. Genet. 121:71-75.

14. Glickman, B. W., C. A. van Sluis, H. L. Heijneker, and A.
Rorsch. 1973. A mutant of Escherichia coli K12 defi-
cient in the 5' - 3' exonucleolytic activity of DNA
polymerase I. I. General characterization. Mol. Gen.
Genet. 124:69-82.

15. Goebel, W. 1972. Replication of the DNA of the colicino-
genic factor El (Col El) at the restrictive temperature
in a DNA replication mutant thermosensitive for DNA
polymerase III. Nature (London) 237:67-70.

16. Goebel, W., and H. Schrempf. 1972. Replication of the
minicircular DNA of E. coli 15 is dependent on DNA
polymerase I but independent on DNA polymerase III.
Biochem. Biophys. Res. Commun. 49:591-601.

17. Graaf, F. K. de, H. G. D. Niekus, and J. Klootwijk. 1973.
Inactivation of bacterial ribosomes in vivo and in vitro
by cloacin DF13. FEBS Lett. 35:161-165.

18. Graaf, F. K. de., R. J. Planta, and A. H. Stouthamer.
1971. Effect of a bacteriocin produced by Enterobacter
cloacae on protein synthesis. Biochem. Biophys. Acta
240:122-137.

19. Heijneker, H. L., D. J. Ellens, R. H. Tjeerde, B. W.
Glickman, B. van Dorp, and P. H. Pouwels. 1973. A
mutant of Escherichia coli K12 deficient in the 5' - 3'
exonucleolytic activity of DNA polymerase I. II. Purifi-
cation and properties of the mutant enzyme. Mol. Gen.
Genet. 124:83-96.

20. Hiross, S., R. Okazaki, and F. Tamanoi. 1973. Mecha-
nism of DNA chain growth. XI. Structure of RNA
linked DNA fragments of Escherichia coli. J. Mol. Biol.
77:501-517.

21. Keller, W. 1972. RNA-primed DNA synthesis in vitro.
Proc. Nat. Acad. Sci. U.S.A. 69:1560-1564.

22. Kingsbury, D. T., and D. R. Helinski. 1970. DNA
polymerase as a requirement for the maintenance of the
bacterial plasmid colicinogenic factor El. Biochem.
Biophys. Res. Commun. 41:1538-1545.

23. Kingsbury, D. T., and D. R. Helinski. 1973. Tempera-
ture-sensitive mutants for the replication of plasmids
in Escherichia coli: requirement for deoxyribonucleic
acid polymerase I in the replication of the plasmid Col
El. J. Bacteriol. 114:1116-1124.

24. Kline, B. C. 1973. Role of DNA transcription in the
initiation of Escherichia coli sex factor (F) DNA
replication. Biochem. Biophys. Res. Commun.
50:280-288.

25. Kool, A. J., M. Pranger, and H. J. J. Nijkamp. 1972.
Proteins synthesized by a noninduced bacteriocino-
genic factor in minicells of Escherichia coli. Mol. Gen.
Genet. 115:314-323.

25a. Kool, A. J., M. S. van Zeben, and H. J. J. Nijkamp.
1974. Identification of messenger ribonucleic acids and
proteins synthesized by the bacteriocinogenic factor
Clo DF13 in purified minicells of Escherichia coli. J.
Bacteriol. 118:213-224.

26. Lark, K. G. 1972. Evidence for the direct involvement of
RNA in the initiation of DNA replication in Esche-
richia coli 15T. J. Mol. Biol. 64:47-60.

27. Messing, J., W. L. Staudenbauer, and P. H. Hof-
schneider. 1972. Inhibition of minicircular DNA replica-
tion in Escherichia coli 15 by rifampicin. Nature (London)
238:202-203.

28. Miyaki, M., K. Koide, and T. Ono. 1973. RNase and
alkali sensitivity of closed circular mitochondrial DNA
of rat ascites hepatoma cells. Biochem. Biophys. Res.
Commun. 50:252-258.



VELTKAMP, BARENDSEN, AND NIJKAMP

29. Radloff, R., W. Bauer, and J. Vinograd. 1967. A dye-
buoyant density method for the detection and isolation
of closed circular duplex DNA: the closed circular DNA
in HeLa cells. Proc. Nat. Acad. Sci. U.S.A.
57:1514-1522.

30. Roozen, K. J., R. G. Fenwick, Jr., and R. Curtiss III. 1971.
Synthesis of ribonucleic acid and protein in plasmid-
containing minicells of Escherichia coli K-12. J. Bacte-
riol. 107:21-33.

31. Roychoudhury, R., and H. Kossel. 1973. Transcriptional
role in DNA replication: degradation of RNA primer
during DNA synthesis. Biochem. Biophys. Res. Com-
mun. 50:259-265.

32. Senior, B. W., and I. B. Holland. 1971. Effect of colicin
E3 upon the 30S ribosomal subunit of Escherichia coli.
Proc. Nat. Acad. Sci. U.S.A. 68:959-963.

33. Staudenbauer, W. L., and P. H. Hofschneider. 1972.
Replication of bacteriophage M13: inhibition of single-
strand DNA synthesis by rifampicin. Proc. Nat. Acad.
Sci. U.S.A. 69:1634-1637.

34. Stouthamer, A. H., G. A. Tieze. 1966. Bacteriocin pro-

duction by members of the genus Klebsiella. Antonie
van Leeuwenhoek J. Microbiol. Serol. 32:171-182.

35. Sugino, A., S. Hirose, and R. Okazaki. 1972. RNA-linked
nascent DNA fragments of Escherichia coli. Proc. Nat.
Acad. Sci. U.S.A. 69:1863-1867.

36. Tieze, G. A., A. H. Stouthamer, H. S. Jansz, J. Zandberg,
and E. F. J. van Bruggen. 1969. A bacteriocinogenic
factor of Enterobacter cloacae. Mol. Gen. Genet.
106:48-65.

36a. Veltkamp, E., and H. J. J. Nijkamp. 1973. The role of
DNA polymerase I, II and III in the replication of the
bacteriocinogenic factor Clo DF13. Mol. Gen. Genet.
125:329-340.

37. Wickner, W., D. Brutlag, R. Schekman, and A. Kornberg.
1972. RNA synthesis initiates in vitro conversion of
M13 DNA to its replicative form. Proc. Nat. Acad. Sci.
U.S.A. 69:965-969.

38. Wovcha, M. G., and H. R. Warner. 1973. Synthesis and
nucleolytic degradation of uracil-containing deoxyribo-
nucleic acid by Escherichia coli deoxyribonucleic acid
polymerase I. J. Biol. Chem. 248:1746-1750.

174 J. BACTERIOL.


