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The replication of the bacteriocinogenic plasmid Clo DF13 has been studied in
the seven temperature-sensitive Escherichia coli mutants defective in deoxyribo-
nucleic acid (DNA) replication (dnaA-dnaG). Experiments with dne initiation
mutants revealed that the replication of the Clo DF13 plasmid depends to a great
extent on the host-determined dnaC (dnaD) gene product, but depends slightly
on the dnaA gene product. The synthesis of Clo DF13 plasmid DNA also requires
the dnaF and dnaG gene products, which are involved in the elongation of
chromosomal DNA replication. In contrast, the Clo DF13 plasmid is able to
replicate in the dnaB and dnaFE elongation mutants at the restrictive tempera-
ture. When de novo protein synthesis is inhibited by chloramphenicol in
wild-type cells, the Clo DF13 plasmid continues to replicate for at least 12 h, long
after chromosomal DNA synthesis has ceased, resulting in an accumulation of
Clo DF13 DNA molecules of about 500 copies per cell. After 3 h of chlorampheni-
col treatment, the Clo DF13 plasmid replicates at a rate approximately five times
the rate in the absence of chloramphenicol. Inhibition of protein synthesis by
chloramphenicol does not influence the level of Clo DF13 DNA synthesis at the
restrictive temperature in the dna mutants, except for the dnaA mutant.
Chloramphenicol abolishes the inhibition of Clo DF13 DNA synthesis in the
dnaA mutant at the nonpermissive temperature. Under these conditions, Clo
DF13 DNA synthesis was slightly stimulated in the first 30 min after the
temperature shift, and continued for more than 3 h at an almost uninhibited

level.

The cloacinogenic plasmid DF13 (Clo DF13)
is a non-essential, extrachromosomal deox-
yribonucleic acid (DNA) molecule that deter-
mines the production of the extracellular antibi-
otic protein cloacin DF13. The aim of our work
is to study the replication and regulation of
replication of the Clo DG13 plasmid. The Clo
DF13 plasmid orginates from Enterobacter
cloacae (36); however, Escherichia coli can also
serve as a host. The nontransmissible Clo DF13
plasmid is a relative small circular DNA mole-
cule (molecular weight 6 x 10°) with a contour
length of 3.0 + 0.2 um (39) and is present in E.
coli cells to the extent of about 10 copies per cell
(23). The Clo DF13 DNA directs the synthesis of
at least four messenger ribonucleic acid (RNA)
species and eight proteins (22, 24). The function
of the protein cloacin DF13 is known: it abol-
ishes protein synthesis of sensitive cells by
inhibiting the binding of formylmethionine-
transfer RNA to the messenger RNA-30S ribo-

some complex (14). de Graaf et al. (15) have
shown that this inhibition of protein synthesis is
caused by a specific cleavage of 16S ribosomal
RNA near its 3' terminus. Recently, one other
Clo DF13-specific protein has been purified and
characterized as the immunity substance (14;
Kool and Nijkamp, manuscript in preparation).
With respect to replication, Clo DF13 shows,
like other nontransmissible bacteriocinogenic
plasmids, a unique dependence on DNA polym-
erase I (7, 12, 20, 21, 41). DNA polymerase II
and III seem not to be essential for the replica-
tion of these plasmids (12, 41). We have recently
shown that de novo synthesis of chromosomal
and Clo DF13-specific proteins is not required
for the replication of the Clo DF13 plasmid,
whereas de novo synthesis of RNA, and specifi-
cally Clo DF13 RNA, is involved in Clo DF13
DNA replication (40). To determine which bac-
terial functions are involved in the replication of
Clo DF13 DNA, the multiplication of Clo DF13
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was studied in various E. coli strains carrying
temperature-sensitive mutations for DNA syn-
thesis. Temperature-sensitive mutants of E.
coli that are defective in DNA replication have
been isolated (3, 18, 28, 33, 42, 43, 47), and the
mutations have been placed in seven distinct
locations on the E. coli chromosome, designated
as dnaA, -B, -C, -D, -E, -F, and -G (42). Genetic
evidence that the dnaC and the dnaD genes are
identical has been reported by Wechsler, using
in vivo complementation tests (43).

With regard to the inhibition of chromosomal
DNA synthesis at the nonpermissive tempera-
ture, the dna mutants fall into two classes. The
first class of mutants appears to be defective in
the initiation of chromosome replication (dnaA,
-C, and -D); they are able to complete rounds of
replication at the restrictive temperature. In the
other class of mutants, dna elongation mutants,
DNA synthesis ceases immediately when the
organism is placed at the nonpermissive tem-
perature (dnaB, -E, -F, and -G). (For a review of
the properties of the various temperature-sensi-
tive dna mutants see reference 17).

Little is known about the nature of the
defective gene products of these thermosensi-
tive DNA replication mutants. The dnaE gene
product has been identified as DNA polymerase
III, the DNA polymerase directly involved in
chromosomal DNA replication (9, 29), whereas
the dnaF gene product has been characterized
as ribonucleotide reductase (8). The gene prod-
ucts of dnaB, -C, (-D), and -G have been
purified, but their enzymatic function in DNA
synthesis is unknown (44, 45). With respect to
their dependence on host-specified functions,
there are remarkable differences between the
various extrachromosomal DNA elements. The
replication of Col E1 DNA depends on the dnaA
and dnaC gene products, but does not seem to
require the elements that are defective at the
restrictive temperature in dnaB and dnaE mu-
tants (10, 11, 13). In contrast, several large
plasmids such as Col V, Col Ib, Hly, and the
Pl-like DNA of E. coli 15 are not able to
replicate in dnaB and dnaE mutants (12, 13).

In addition, it has been demonstrated that
dnaA and dnaF mutants can support the growth
of bacteriophage ¢X174 at the restrictive tem-
perature, whereas bacteriophage ¢$X174 cannot
grow in temperature-sensitive dnaB, -C, -D, -E,
and -G mutants at the nonpermissive tempera-
ture (25, 27, 37).

Inhibition of protein synthesis by chloram-
phenicol (CAP), blocks the synthesis of chromo-
somal DNA (1); however, de novo protein syn-
thesis appeared not to be required for the
replication of the Clo DF13 and Col E1 plasmids
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(4, 40). Recently, it has been demonstrated by
Goebel (11) that the inhibition of Col E1 DNA
synthesis in the dnaA mutant at 43 C is abol-
ished by CAP. This paper reports a study on the
replication of the Clo DF13 plasmid in the seven
hitherto known E. coli mutants defective in the
initiation or elongation of chromosomal DNA
replication. The ability of Clo DF13 DNA to
replicate at 43 C in these mutants, in the
presence as well as in the absence of the protein
synthesis inhibitior CAP, was examined.

MATERIALS AND METHODS

Bacterial strains. The characteristics and origins
of E. coli strains used in this study are summarized in
Table 1. The nomenclature of genetic markers follows
the proposals of Demerec et al. (6) and Taylor and
Trotter (38).

Media. Nutrient broth contained (percent, weight/
volume): yeast extract (Oxoid), 0.5; NaCl, 0.5; and
nutrient broth no. 2 (Oxoid, 0.80 Super nutrient broth
contained nutrient broth (above) supplemented with
0.1% (wt/vol) glucose and 30 ug of thymine per ml.
Phosphate-buffered minimal medium contained (per-
cent, weight/volume): NH,Cl, 0.1; KH,PO,, 0.15;
Na,HPO,, 0.35; Casamino Acids (Difco), 0.5; MgSO,,
0.02; glucose, 0.2%; and thiamine-hydrochloride
0.02. It was supplemented, unless otherwise stated,
with 10 ug of thymine per ml. Demineralized water
was used as solvent.

Conjugal transfer of the Clo DF13 plasmid. The
bacteriocinogenic factor DF13 was transferred to the
seven temperature-sensitive DNA replication mu-
tants by using S941 HfrR4 harboring the Clo DF13
factor as donor strain. Conjugations were carried out
as described previously (41), and the mating mixtures
were plated on selective medium. The temperature-
sensitive recombinants were examined for the pres-
ence of the Clo DF13 plasmid by determining cloacin
production according to the double-layer method of
Stouthamer and Tieze (36).

Determination of the number of Clo DF13 copies
per cell. Strain JC411TS214, temperature-sensitive
for DNA polymerase I, was made cloacinogenic in our
laboratory (23). The kinetics of segregation of the
DNA polymerase I-dependent Clo DF13 plasmid from
the cloacinogenic strain JC411 (strain N3165) and the
estimation of the number of Clo DF13 copies per cell
were as described by Durkacz and Sherratt (7).

Growth and labeling conditions. For radioactive
labeling of DNA, the seven temperature-sensitive
DNA replications mutants harboring the Clo DF13
plasmid were grown at 30 C to a density of about 3 x
10® cells per ml. The cultures were then shifted to
43 C, and at various times after the temperature shift
samples were removed and labeled for 40 min with 10
uCi of [methyl-*H thymidine per ml. After the label-
ing, the reaction was stopped by the addition of 100 ug
of KCN per ml, followed by rapid chilling on ice.
Labeled cells were harvested by centrifugation for 15
min at 10,000 x g.

Preparation of cleared lysates. Lysates were pre-
pared by the procedure of Clewell and Helsinski (5). It
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TaBLE 1. Bacterial strains

Strain

Relevant Properties

Origin or Reference

Escherichia coli

S941 HfrR4 (Clo DF13) Tieze et al. (39)

CRT46 F- thrleu thy thiilv lacY mal st'® dnaA Hirota et al. (18)°
CRT266 F- thrleu thy thi str®dnaB Y. Hirota

Q91 F- leu thy str® dnaC Carl (3)°

Q93 F- leu thy str& dnaD Carl (3)°

Q94 F- thrleu thy thi str® dnaE Wechsler and Gross (42)°
Q96 F- thrleuthy thistr®dnaF Wechsler and Gross (42)®

Q97 F- thrleu thy thistr® dnaG

JC411 TS214 F- leu thy his arg met str® polA,,,,,

N3165 F- leu thy his arg met str® polA,,,,.
(Clo DF13)

DG76 F- thrleu str®

Kelbsiella edwardsii
S15

Sensitive to cloacin DF13

Marinus and Adelberg (28)°
Kingsbury and Helinski (21)¢
Kool et al. (24)

Wolf (47)¢

Tieze et al. (39)

% Obtained from W. Goebel.

® Obtained from M. B. Yarmolinsky.
¢ Obtained from D. J. Sherratt.

4 Obtained from B Wolf.

essentially involves the lysis of ethylenediaminetet-
raacetic acid-lysozyme spheroplasts with Brij-58
(final concentration 1%, wt/vol) as detergent. Centrif-
ugation of the crude lysate was performed for 30 min
at 48,000 x g at 4 C in an MSE 75 or Beckman L5-65
ultracentrifuge. DNA in the supernatant fraction
(cleared lysate) was fractionated by cesium chloride-
ethidium bromide gradient centrifugation as de-
scribed previously (41). The percentage of the Clo
DF13 DNA released by this technique is 88% or more
both at 30 C and 43 C.

Preparation of Sarkosyl lysates. Cells were har-
vested and suspended in 1 ml of 25% sucrose-0.05 M
tris(hydroxymethyl)aminomethane (pH 8.0) and lysed
by the method of Clewell (4).

Dye-buoyant density centrifugation. Cesium
chloride-ethidium bromide gradients were prepared
as described previously (41). Centrifugation was per-
formed in an SW6X5 rotor of an MSE 75 or Beckman
L5-65 ultracentrifuge for 60 h at 120,000 x g at 15 C.
At the end of the run, the gradients were removed
from the top of the tube with a saturated CsSO, solu-
tion, and 100-uliter fractions were collected either
directly onto Whatman filter disks or in small vials,
from which samples were taken for the determination
of radioactivity. Fractions containing supercoiled Clo
DF13 DNA were pooled from the dye-buoyant density
gradients. Cesium chloride and ethidium bromide
were removed as described previously (40).

Sucrose density gradients. Linear sucrose density
gradients (5 to 20%, wt/vol) were prepared in TES
buffer [0.03 M tris(hydroxymethyl)aminomethane, 5
mM ethylenediaminetetraacetic acid, and 0.05 M
NaCl, pH 8.0]). After centrifugation in an SW50.1
rotor at 50,000 rpm for 120 min in a Beckman L5-65
ultracentrifuge, 100-uliter fractions were collected
from the top of the tube onto Whatman filter disks.

Counting of radioisotopes. Radioactive samples
were collected onto Whatman 3MM filter disks and

precipitated with trichloroacetic acid as described
previously (41). Filters were dried and counted in
vials containing 10 m! of a toluene-based scintillation
fluid (41) in a liquid scintillation counter (Nuclear-
Chicago Mark I or II).

Chemicals. CAP was obtained from Sigma Chemi-
cal Co. Pronase (B grade, free from nucleases) and
ethidium bromide were from Calbiochem. Dowex H*
(type 50WX 8, 50 to 100 mesh) was obtained from
Serva. [Methyl-*H Jthymidine (specific activity 40,000
mCi/mmol) was purchased from the Radiochemical
Centre, Amersham, England. Ribonuclease-free su-
crose was from Serva and autoclaved before use. The
sources of all other chemicals used were as described
previously (2).

RESULTS

Replication of Clo DF13 DNA in temper-
ature-sensitive dna initiation mutants. To
study replication of the Clo DF13 DNA in dna
initiation mutants, the temperature-sensitive
E. coli mutants CRT46dnaA, Q91dnaC, and
Q93dnaD were first made cloacinogenic. The
conjugal transfer of the Clo DF13 factor, which
does not exhibit a sex factor activity, was
promoted by E. coli S941 HfrR4 harboring the
Clo DF13 plasmid. Temperature-sensitive re-
cipients that produced cloacin were isolated and
used in further experiments. Cultures of E. coli
CRT46 (Clo DF13), Q91(Clo DF13), and Q93
(Clo DF13) were grown at 30 C in phos-
phate-buffered minimal medium to a density of
about 3 x 10° cells per ml. The cultures were
then divided in several equal portions. One part
of each culture was kept at 30 C; the others were
shifted to 43 C. DNA was labeled for 40 min
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with 10 uCi of [methyl-*H Jthymidine per ml at
various times after the temperature shift.
3H-labeled DNA was isolated from the cul-
tures by the lysozyme-Brij 58 technique. The
resultant cleared lysates were analyzed in ce-
sium chloride-ethidium bromide gradients. By
this procedure supercoiled Clo DF13 DNA is
separated from the chromosomal DNA and
from the open circular Clo DF13 DNA (41). In
most cases the fractions containing supercoiled
Clo DF13 DNA were pooled from the dye-buoy-
ant density gradients and then analyzed on
neutral sucrose gradients. There was no indica-
tion of an appreciable amount of open circular
plasmid DNA under these conditions. The
amount of *H radioactivity incorporated into
supercoiled Clo DF13 DNA synthesized at the
restrictive temperature was determined and
compared with the amount of radioactivity
incorporated into Clo DF13 DNA in an equal
number of exponential-phase cells at 30 C. The
amount of radioactivity incorporated into su-
percoiled Clo DF13 DNA at 30 C was taken as
100%. The results shown in Fig. 1 demonstrate
that the synthesis of Clo DF13 DNA decreases
in the temperature-sensitive initiation mutants
at the restrictive temperature. In the dnaA mu-
tant CRT46, Clo DF13 DNA synthesis de-
creased slowly, suggesting that several new
cycles of replication of this plasmid can be initi-
ated at the restrictive temperature (Fig. 1A).

The incorporation of [*H Jthymidine into Clo
DF13 DNA at the restrictive temperature in the
dnaC and dnaD mutant is quite different from
that in the dnaA mutant (Fig. 1B, C). The
synthesis of Clo DF13 DNA declined rapidly in
these mutants and roughly followed the reduc-
tion in the incorporation of [*H ]thymidine into
chromosomal DNA. From these results, we
conclude that the replication of the Clo DF13
plasmid depends to a great extent on the
host-determined dnaC (dnaD) product, but de-
pends slightly on the dnaA product, since the
synthesis of Clo DF13 DNA does not immedi-
ately cease in the dnaA mutant upon a shift to
the nonpermissive temperature.

Replication of Clo DF13 in temperature-
sensitive dna elongation mutants. The syn-
thesis of Clo DF13 DNA in the temperature-sen-
sitive dna elongation mutants, E. coli
CRT266dnaB, Q94dnaE, Q96dnaF, and
Q97dnaG, was examined. To study replication
of the plasmid, the same procedure was followed
as described in the previous section. The dna
elongation mutants were first made cloacino-
genic by conjugation with E. coli S941 HfrR4
(Clo DF13) as donor strain. Cultures of the dna
elongation mutants, all harboring the Clo DF13
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F16. 1. Incorporation of [*Hthymidine into chro-
mosomal DNA and Clo DF13 plasmid DNA at 43 C in
the dna initiation mutants. Exponential-phase cul-
tures of CRT46, Q91, and Q93, all harboring the Clo
DF13 plasmid, were shifted to 43 C and labeled for 40
min with [*H)thymidine at the indicated times.
*H-labeled DNA was isolated and analyzed by cesium
chloride-ethidium bromide and as described in Mate-
rials and Methods. The amount of DNA synthesized
at 43 C is expressed as a percentage of that synthe-
sized at 30 C under the same conditions (set as 100%).
(A) DNA synthesis in the dnaA mutant CRT46 (Clo
DF13). (B) DNA synthesis in the dnaC mutant Q91
(Clo DF13). (C) DNA synthesis in the dnaD mutant
Q93 (Clo DF13). Symbols: O, chromosomal DNA; @,
Clo DF13 plasmid DNA.

210

plasmid, were grown in minimal medium at
30 C. At a density of about 3 x 10° cells per ml,
the cultures were divided into several parts and
shifted to 43 C. DNA was labeled, isolated, and
analyzed in cesium chloride-ethidium bromide
and sucrose gradients. In contrast to the synthe-
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sis of chromosomal DNA, the replication of Clo
DF13 DNA does not cease at the restrictive
temperature in the temperature-sensitive dnaB
mutant CRT266 (Fig. 2A). Replication of Clo
DF13 DNA in this mutant continued at a
reduced level for at least 2 h at 43 C. Clo DF13
DNA synthesized at the nonpermissive temper-
ature in the dnaB mutant sedimented in sucrose
gradients predominantly as 23.5S, representing
supercoiled Clo DF13 DNA (Fig. 3A). The
synthesis of Clo DF13 DNA continues also in
the dnaE mutant Q94 at the restrictive temper-
ature (Fig. 2B). As described previously (41),
the incorporation of [*H Jthymidine into DF13
DNA in this mutant continued during the first 2
h after the temperature shifted from 30 to 43 C.
Clo DF13 DNA synthesized under these condi-
tions sedimented in sucrose as 18.5S (open
circular Clo DF13 DNA) and 23.5S (supercoiled
Clo DF13 DNA) material (Fig. 3B). At the
permissive temperature open circular and cova-
lently closed Clo DF13 DNAs were also synthe-
sized at values of 18.5S and 23.5S (41), respec-
tively. Thus, in this respect, Clo DF13 DNA
synthesized at 43 C in the dnaB and dnaE
mutants does not differ from Clo DF13 DNA
synthesized in wild-type cells. The replication
of the Clo DF13 plasmid in the thermosensitive
dnaF and dnaG mutants ceased immediately
upon a temperature shift from 30 to 43 C (Fig.
2C, D). The experiments described indicate
that the replication of the Clo DF13 plasmid
depends on the dnaF and dnaG gene products
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but does not seem to require the dnaB and dnaE
gene products.

Influence of CAP on Clo DF13 replication
in wild-type and dna mutant strains. It has
been shown previously that the cloacinogenic
plasmid Clo DF13 replicates in E. coli cells and
minicells in the presence of the protein synthe-
sis inhibitor CAP (40). Before studying the
effect of CAP on the Clo DF13 replication in dna
mutants, we examined further the influence of
CAP on the Clo DF13 replication in wild-type
cells. Wild-type cells were treated for 12 h with
CAP (final concentration 150 ug/ml) and the
rate of replication and the number of Clo DF13
copies per cell were estimated. We have shown
previously that the Clo DF13 plasmid requires
DNA polymerase I for its replication (41); the
Clo DF13 factor is unable to replicate at the
restrictive temperature (43 C) in strain JC411
(Clo DF13) with a temperature-sensitive DNA
polymerase I (strain N3165). Cell divisions of
strain JC411 (Clo DF13) occur at the nonper-
missive temperature and result in the genera-
tion of non-cloacinogenic cells. If the Clo DF13
DNA continues to replicate in the presence of
CAP, then plasmid DNA molecules accumulate,
resulting in more Clo DF13 copies per cell than
in non-CAP-treated cells, and more cell divi-
sions must occur at 43 C before the first plasmid-
free cells arise. The kinetics of loss of the Clo
DF13 plasmid from CAP-treated and untreated
JC411 cells are shown in Fig. 4. In a non-CAP-
treated culture of strain JC411 (Clo DF13), no
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Fic. 2. Incorporation of [*H Jthymidine into chromosomal DNA and Clo DF13 plasmid DNA at 43 C in the
dna elongation mutants. DNA was labeled and isolated from the cells as described in the legend to Fig. 1. The
percentages are defined in the legend to Fig. 1. (A-D) Amount of DNA synthesis at 43 C in CRT266dnaB (Clo
DF13), Q94dnaE (Clo DF13), Q96dnaF (Clo DF13), and Q97dnaG (Clo DF13), respectively. Symbols: O,
chromosomal DNA; @, Clo DF13 plasmid DNA.
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Fic. 3. Sucrose gradient analysis of supercoiled
Clo DF13 DNA synthesized at 43 C in E. coli
CRT266dnaB (A) and Q94dnaE (B). Cultures of both
dna elongation mutants were shifted to 43 C and
labeled after 60 min of incubation at 43 C. DNA was
isolated and separated in cesium chloride-ethidium
bromide gradients. Fractions containing supercoiled
Clo DF13 DNA were subsequently analyzed in neutral
sucrose gradients (see Fig. 2). S values are related to
the following markers: ¢X174 (18.4S) and 17S and

268 ribosomal ribonucleic acid.

1
Top 10

plasmid-free cells were observed until the third
or fourth generation at 43 C (Fig. 4; see also
reference 24). In a culture of strain JC411 (Clo
DF13) treated with CAP for 12 h before the
shift to the nonpermissive temperature, at least
seven or eight cell divisions at 43 C must occur
before non-cloacinogenic cells arise. To analyze
these data further, we plotted the values from
Fig. 4 as described by Durkacz and Sherratt (7).

The slopes in Fig. 5 were drawn from least
square fit values. These lines have an intercept
on the ordinate of log.(M,/N,) in which M /N,
stands for the average value of Clo DF13 plas-
mid copies per cell at the moment of the shift to
43 C. The intercepts on the ordinate give a
value of about 10 Clo DF13 copies per cell for
non-CAP-treated culture, whereas CAP-treated
culture contains about 580 Clo DF13 copies per
cell. Data from other identical experiments give
an average value between 480 and 600 Clo DF13
copies per cell.

Another method of determining the effect of
CAP on the number of Clo DF13 copies per
cell involved isotopic labeling experiments. To
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an exponential-phase culture of strain JC411
(Clo DF13) growing in nutrient broth medium
containing 0.1% glucose and 10 xCi of [*H lthy-
midine per ml, 150 ug of CAP was added per
ml, and samples were removed at 0, 3, 6, 9 and
12 h. Lysates were prepared by the Sarkosyl
procedure and centrifuged to equilibrium in ce-
sium chloride-ethidium bromide density gradi-
ents. The gradients were fractionated and the
radioactivity was determined. After 3 h of CAP
treatment the level of chromosomal DNA re-
mained constant and the amount of *H radioac-
tivity incorporated into supercoiled Clo DF13
DNA could be related to the amount of incorpo-
ration into chromosomal DNA. Figure 6 shows
the ratios of plasmid DNA to chromosomal
DNA after 3, 6, 9, and 12 h of CAP treatment of
JC411 (Clo DF13) cells. After 3 h of exposure to
CAP, replication of Clo DF13 DNA occurred
linearly for several more hours and then leveled
off.

100

aH [
S 3 3

% Cloacin producing colonies
N
S

1 i 1 1 1

4 8

1
12
Generations at 43°C
Fic. 4. Kinetics of loss of the Clo DF13 plasmid
from CAP-treated and untreated JC411 polA ts 214
(Clo DF13) cells (strain N3165) at 43 C. Bacteria were
grown at 30 C to a density of 10® cells per ml. The
cultures were shifted to 43 C and grown for one
generation, measured by absorbance increase. The
cultures were then diluted 1:1 into prewarmed me-
dium and grown for one more generation at 43 C. This
protocol was followed for 14 generations at 43 C. At
the intervals indicated, samples were removed, plated
and grown at 30 C, and the resulting colonies were
tested for the presence of the Clo DF13 plasmid by the
double-layer technique. Symbols: O, JC411 (Clo
DF13); @, JC411 (Clo DF13) treated for 12 h with
CAP before the shift to 43 C.
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Fic. 5. Data in Fig. 4 replotted to determine the
number of Clo DF13 plasmid copies per cell at the
moment of the shift to 43C. Y = loglog, (1/1 -
F,)-F, stands for the fraction of cells that contain at
least one plasmid after m generations at 43 C. Sym-
bols: O, untreated JC411 (Clo DF13); @, CAP-treated
JC411 (Clo DF13).

After 12 h of CAP exposure, the incorporation
of [*H]thymidine into Clo DF13 DNA ap-
proached a level that represents about 79.2% of
the level of chromosomal DNA. In the absence
of CAP, 1.7% of cellular DNA was isolated as
supercoiled Clo DF13 DNA, which corresponds,
as calculated from the segregation kinetics ex-
periments, to about 10 Clo DF13 copies per cell.
These results indicate that JC411 (Clo DF13)
cells, treated for 12 h with CAP, contain on
the average 47 times more Clo DF13 plasmids
per cell than non-CAP-treated cloacinogenic
JC411 cells, corresponding to about 470 copies
per cell. From the results obtained with both
methods, we conclude that when de novo pro-
tein synthesis is inhibited by CAP the Clo DF13
plasmid continues to replicate for at least 12 h,
resulting in an accumulation of Clo DF13 DNA
molecules of about 500 copies per cell.

In nutrient broth medium, cells have a nor-
mal doubling time at 30 C of 50 min. A net
doubling of Clo DF13 DNA per cell in one
generation corresponds to the synthesis of about
10 copies per 50 min. From these data an
average rate of 0.2 Clo DF13 copies per min can
be calculated. The rate of Clo DF13 replication
in the presence of CAP was estimated by the
method of Clewell (4). The rates were calcu-
lated from the slope of the line in Fig. 6; the
difference between the number of Clo DF13
copies at two arbitrarily chosen time points was
determined and divided by the time elapsed
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between the two points. After CAP treatment,
the replication rate of Clo DF13 DNA increased,
resulting in a maximal average rate of 1.0 copies
per min. This implies that the rate of replica-
tion in the presence of CAP is approximately
five times the rate of replication in the absence
of CAP.

We wanted to determine whether inhibition
of de novo protein synthesis by CAP affected
the Clo DF13 DNA synthesis at 43 C in temper-
ature-sensitive dna mutants. It has been dem-
onstrated recently that CAP restores the syn-
thesis of Col E1 DNA at 43 C in dnaA mutants
(11). To study Clo DF13 plasmid replication in
the presence of CAP, exponential-phase cul-
tures of the dna initiation and dna elongation
mutants were shifted to 43 C and labeled after
various periods of time. CAP was added at the
moment of the temperature shift from 30 to 43
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Fi1G. 6. Synthesis of Clo DF13 DNA during treat-
ment with CAP. A culture of E. coli JC411 (Clo DF13)
was grown at 30 C in nutrient broth medium contain-
ing [*H Jthymidine. CAP was added to the culture, and
at the indicated times samples were removed and
lysed by the Sarkosyl procedure. Lysates were centri-
fuged to equilibrium in cesium chloride-ethidium bro-
mide gradients. The ratio of plasmid DNA to chromo-
somal DNA was estimated on the basis of the areas
enclosed in two peaks of the dye-buoyant density gra-
dients. After 3 h of CAP exposure, replication of
chromosomal DNA ceased, and it is reasonable to as-
sume that the level of chromosomal DNA remained
constant, in which case the amount of Clo DF13
plasmid DNA can be measured relative to the level of
chromosomal DNA. After 3 h of CAP treatment, the
ratio of Clo DF13 DNA (138,075 counts/min) to
chromosomal DNA (600,172 counts/min) is 0.23.



1234

C at a final concentration of 5 ug/ml. *H-labeled
DNA was isolated and analyzed as described.
As shown in Fig. 7A, addition of CAP led to a
considerable increase in the level of Clo DF13
synthesis in the dnaA mutant CRT46 (Clo
DF13). Clo DF13 DNA synthesis was stimu-
lated in the first 30 min after the temperature
shift and continued for more than 3 h at an
almost uninhibited level. Higher concentrations
of CAP (150 wg/ml) did not influence this
pattern significantly. In contrast, thete was no
stimulatory effect by CAP on the Clo DF13
DNA synthesis in the dnaC mutant Q91 at 43 C
(Fig. 7B). Inhibition of protein synthesis by
CAP did not influence the level of Clo DF13
DNA synthesis at the restrictive temperature in
the dna elongation mutants (figures not shown).
The results obtained with the different temper-
ature-sensitive DNA replication mutants are
summarized in Table 2.

DISCUSSION

The replication of the cloacinogenic plasmid
Clo DF13 has been studied in seven thermosen-
sitive dna mutants of E. coli. In the dnaA
initiation mutant, synthesis of Clo DF13 DNA
decreased slowly at 43 C; however, replication
of the Clo DF13 plasmid stopped immediately
in the dnaC and dnaD initiation mutants upon
a shift to 43 C. These data indicate that the
synthesis of Clo DF13 DNA depends to a great
extent on the dnaC (dnaD) gene product, but
depends slightly on the dnaA gene product.

VELTKAMP AND NIJKAMP

J. BACTERIOL.

Recently it has been demonstrated by Goebel
(11) that the replication of the Col E1 plasmid
depends strictly on the dnaA gene product,
whereas Col E1 DNA synthesis decreases slowly
at 43 C in the dnaC mutant. Thus, with regard
to the replication in dna initiation mutants, the
Clo DF13 plasmid clearly differs from the Col
E1 plasmid. The Clo DF13 plasmid does not
require the dnaB function for its replication.
There are data that suggest that the defect in
the dnaB mutant involves an alteration in the
cell membrane (19, 35). A possible explanation
for the observation that Clo DF13 DNA repli-
cates at 43 C in the dnaB mutant could be that
a membrane replication site(s) involved in Clo
DF13 DNA synthesis differs from that involved
in the replication of chromosomal DNA. An-
other possibility is that the Clo DF13 plasmid as
phage P1 (Yarmolinsky, personal communica-
tion) determines a product analogous in func-
tion to the protein determined by the dnaB gene
of its host, E. coli.

With respect to replication, there is a remark-
able difference between transmissible plasmids,
such as Col V, Col Ib, and P1-like DNA, and
nontransmissible plasmids, such as Clo DF13,
Col E1, and minicircular DNA, of E. coli 15.
Whereas transmissible plasmids seem to require
the dnaB gene product for their replication, Clo
DF13, like Col E1 and minicircular DNA of E.
coli 15, replicates at 43 C in the dnaB mutant
(13; this report). In addition, the Clo DF13
plasmid depends for its replication on DNA
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Fi6. 7. Synthesis of Clo DF13 DNA in the dna initiation mutants at 43 C in the presence of CAP. Cultures of
E. coli CRT46dnaA (Clo DF13) and Q91dnaC (Clo DF13) were grown at 30 C to a density of 3 x 10 cells per ml.
The cultures were then shifted to 43 C, and CAP at a final concentration of 5 ug/ml was added at the moment of
the shift. Isolation of Clo DF13 plasmid DNA was the same as described in the legend to Fig. 1. (A) Clo DF13
DNA synthesis at 43 C in CRT46 (Clo DF13) in the presence (®) and absence (O) of CAP. (B) Clo DF13 DNA
synthesis at 43 C in Q91 (Clo DF13) in the presence (@) and absence (O) of CAP. The percentage Clo DF13
DNA synthesized is expressed as a percentage of that synthesized at 30 C in the absence of CAP (set as 100%,

corresponding to 48,253 counts/min).
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polymerase I, whereas DNA polymerase III,
which is the replicase of chromosomal DNA and
DNA of transmissible plasmids, seems not to be
essential (12, 41, this report). The replication of
the Clo DF13 plasmid requires the function of
ribonucleotide diphosphate reductase, which
has been shown to be the protein defective in
dnaF mutants (8). The replication of the Clo
DF13 factor also depends on the dnaG gene
product. Lark (26) has presented data indicat-
ing that this product is involved in the elonga-
tion process of chromosomal DNA replication,
possibly by controlling the initiation of the
discontinuously synthesized DNA segments in
the daughter strand. Inhibition of protein syn-
thesis by CAP blocks the replication of chromo-
somal DNA (1); however, de novo protein syn-
thesis appeared not to be required for the
replication of the Clo DF13 plasmid. When
wild-type cells were treated with CAP, the Clo
DF13 plasmid continued to replicate for at least
12 h, resulting in an accumulation of the num-
ber of Clo DF13 plasmids per cell. Estimations
of the number of Clo DF13 copies per cell show
that cells treated with CAP for 12 h contain
about 500 copies per cell, whereas untreated
cells contain only 10 Clo DF13 copies per cell.
After 3 h of CAP treatment, the Clo DF13
plasmid replicated at a rate approximately five
times the average rate that would be required
for a net doubling of Clo DF13 DNA per cell in
one generation.

An explanation for this stimulatory effect of
CAP could be that the indirect inhibition of
chromosomal DNA replication makes more rep-
licating enzymes accessible to Clo DF13 DNA.
The Clo DF13 plasmid depends for its replica-
tion on DNA polymerase I (41). This replicase is
normally present to the extent of about 400
molecules per cell (31); therefore it is difficult to
imagine that this enzyme is the rate-limiting
factor. Another possibility is that the replica-
tion of the Clo DF13 plasmid is negatively
regulated. Several investigators have proposed
that the regulation of DNA synthesis is nega-
tively controlled (2, 30, 32). If initiation of Clo
DF13 DNA synthesis were under negative con-
trol by a replication repressor, then inhibition of
protein synthesis by CAP treatment would
block the synthesis of the repressor leading to a
derepressed situation with an increased fre-
quency of initiation. According to Clewell (4),
the Col E1 DNA also replicates at an increased
rate in the presence of CAP, whereas it has been
demonstrated by Sherratt and Helinski (34)
that the replication time in CAP is not signifi-
cantly different to that in exponentially growing
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TaBLE 2. Replication of Clo DF13 DNA in
temperature-sensitive dna mutants of Escherichia

coli
Clo DF13 DNA synthesis
Strain® Properties
43.C, ~CAP | 43 C, +CAP
DG76 Wild type + +
CRT46 dnaA - +
CRT266 dnaB + +
Q91 dnaC - -
Q93 dnaD - -
Q94 dnaE + +
Q96 dnaF _ -
Q97 dnaG - -

2The characteristics and origins of the bacterial
strains are described in Table 1.

cells. These data can be explained by assuming
that in the presence of CAP the frequency of
initiation of Col E1 DNA synthesis is increased.
The synthesis of Clo DF13 DNA is restored by
CAP in the dnaA mutant at the restrictive tem-
perature. Whereas in wild-type cells the Clo
DF13 plasmid replicates in the presence of
CAP at a rate five times the rate under non-CAP
conditions, the rate of Clo DF13 DNA synthesis
in the dnaA mutant at 43 C in the presence of
CAP does not differ much from the rate of Clo
DF13 DNA synthesis in this mutant at 30 C in
the absence of CAP. Apparently rate-limiting
factors are still present. The function of the
dnaA gene product is still unknown. Our results,
however, indicate that the dnaA gene product
is not acting in a direct, positive way on the
initiation of Clo DF13 DNA replication. As
suggested by Goebel (11), the dnaA gene prod-
uct could act as an “antirepressor”’ substance,
removing the repressor from the origin. How-
ever, there is little experimental evidence at
present to suggest which model, the negative
control or positive control model, is correct for
the regulation of Clo DF13 replication. Studies
are in progress to get more insight in the regu-
lation of Clo DF13 replication.
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