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The existence of nonintegrated plasmid-chromosome complexes has been de-
duced in previous work from the cosedimentation of covalently closed, circular
plasmids with host folded chromosomes. In the present work, it is shown that
about 70 to 90% of the covalently closed, circular F deoxyribonucleic acid could
be released in vitro from chromosome complexes by ribonuclease treatment but
not by protease, Sarkosyl, or ethidium bromide. Consistent with the in vitro
studies, Escherichia coli cells treated for 5 min with rifampin, an inhibitor of
ribonucleic acid initiation, released upon lysis 90% of their plasmid deoxyribonu-
cleic acid as freely sedimenting molecules.

Many bacteria harbor plasmids. Identification
of the location of these plasmids within the
bacterial cell can be useful in determining the
mechanism(s) of plasmid maintenance. Only one
type of cellular binding site for plasmid DNA,
the cell membrane (7, 8), has been identified.
Recently, we found another potential binding
site, the host chromosome (11-13). This infer-
ence is based on the cosedimentation of plasmid
and host chromosomal DNA which is observed
in neutral sucrose gradients when care is taken
to preserve the folded chromosome structure
(15, 18, 21). Since the plasmid DNA is identified
as covalently closed, circular (CCC) DNA, it
cannot be integrated into the host chromosome.
Our preliminary data (11) indicated RNA in-

volvement in the association of the F plasmid to
the folded chromosome in Escherichia coli. Ac-
cordingly, we have investigated the biochemical
nature of the linkage between these replicons in
greater depth. The data presented here are in
complete accord with our original inference that
RNA links F DNA to the chromosome.

(A portion of this work was done by J.R.M. in
partial fulfllment of the requirements for a doc-
toral degree in the Department of Biochemistry
at the University of Tennessee, Knoxville.)

MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli

strains CR34 and CSH50 as well as their F+ derivatives
have been described (12). Bacteria were grown at 37°C
in M9 minimal medium supplemented with 0.5%
(wt/vol) Casamino Acids, 300 ytg of deoxyadenosine

t Present address: Department of Microbiology and Im-
munology, University of Louisville, Health Science Center,
Louisville, KY 40201.

per ml, 0.2% glucose, and [3H]thymidine or ['4C]thy-
mine as described previously (12). Thymidine (4 jg/
ml) was added to the medium when strain CR34 was
used.

Isolation of folded chromosomes (nucleoids).
Bacteria were lysed, and the nucleoids from the crude
lysates were purified in neutral sucrose gradients by
procedures previously listed (11, 12). Conditions of
centrifugation were 17,000 rpm at 4°C in an SW50.1
rotor unless otherwise indicated. Procedures for frac-
tionation of sucrose gradients, detection of radioiso-
topes, and computation of the percentage of plasmids
cosedimenting with folded chromosomes have been
described (12).
Enzymes and chemicals. Pronase (B grade) was

purchased from Calbiochem and was autodigested at
a concentration of 5 mg/ml in TES buffer (0.05 M
Tris, 0.005 M EDTA, and 0.05 M NaCl, pH 8.0, for 3
to 5 h before use. Proteinase K was purchased from E-
M Biochemicals and used without further treatment.
RNase A and T, RNase were purchased from Calbi-
ochem and were dissolved in lx SSC (0.15 M NaCl
plus 0.015 M sodium citrate), pH 5.0. RNase A was
heated at 95°C for 10 min to destroy any contaminat-
ing DNase. Sarkosyl NL-30 was a gift from the Geigy
Chemical Co.

Stability of F plasmid-folded chromosome
complexes. The objective of these experiments was
to characterize the biochemical basis for the plasmid-
folded chromosome complexes. In general, the exper-
imental protocol consisted of four steps. For step i, a
lysate with plasmid-chromosome complexes was sedi-
mented through a neutral, 10 to 30% sucrose gradient
to purify and isolate the complexes. In step ii, the
isolated complexes of step i were treated with an
enzyme or detergent. In step iii, the treated complexes
were resedimented through a neutral 10 to 30% sucrose
gradient and fractionated into tubes, and samples of
each fraction were counted. In step iv, the appropriate
regions of the gradient were pooled (see Fig. 1 for an
example), and the amount of CCC F DNA in each
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pool was determined by dye-CsCl centrifugation (11,
13, 17).
The release of plasmid DNA was monitored either

by following the distribution of CCC and chromosomal
DNA in the sucrose gradient of step iii (for example,
see Fig. 1 and Table 1) or by the loss of CCC plasmid
DNA from the chromosome peak, i.e., lack of cosedi-
mentation of plasmid and chromosome. To normalize
for differences in amount of material in the control
and treated samples, the amount of CCC DNA in a
peak or gradient region was divided by the amount of
chromosomal DNA in the same region, and the ratio
was multipled by 100. This normalized number is
referred to as the percent CCC DNA.

RESULTS

Effect of RNases. The alkaline lability (11)
of the linkage between supercoiled F DNA and
a folded chromosome isolated in high salt sug-
gests that RNA is involved in the complexing of
these DNAs. Consequently, CCC F DNA should
also be released from chromosomal DNA by
RNase treatment. To verify this prediction, T,
RNase was added to 1,800S plasmid-folded chro-
mosome complexes, and they were immediately
pipetted onto the top of a 10 to 30% neutral
sucrose gradient. Because the chromosomes are
slowly unfolded by this procedure, the genera-
tion of sheared DNA is minimal (J. Miller, un-
published observations). After incubation of the
complexes for 60 min at 40C, the treated mate-
rial was sedimented to separate CCC F DNA
from the bulk of the chromosomal material (Fig.
1). More than 80% of the [3H]DNA sedimented
with coefficients between 200 and 300S (10%
sedimented to the shelf of 70% sucrose present
at the bottom of the gradient). Drlica and Wor-
cel (3) and Hecht et al. (6) have shown that an
increase in angular velocity results in an appar-
ent lowering of the sedimentation coefficient for
unfolded chromosomes. Thus, because of the
centrifugation conditions, the sedimentation
coefficients reported here are minimal values.
The distribution of F DNA in the gradient

shown in Fig. 1 was determined by measuring
the amounts of CCC DNA in each of regions A,
B, C, and D (Table 1). Clearly, most of the F
DNA (70%, pool C) sedimented independently
from the bulk of chromosomal DNA (pools A
and B). Similar results were obtained when
RNase A replaced T, RNase (data not shown).
Incubation of plasmid-chromosome complexes
without RNase did not release CCC F DNA, and
these complexes maintained a sedimentation
coefficient of 1,800S (11).

Since 90% of the DNA in pool C has the
density characteristic of linear chromosomal
DNA, the possibility exists that the F DNA in
this pool is complexed to such fragments. If this
were true, then such CCC DNA would not co-
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FIG. 1. Sedimentation of T, RNase-treated plas-
mid-folded chromosome complexes. CSH50 (F+), cul-
tured with ['Hlthymidine (20 ,uCi/ml) for four gener-
ations, was harvested and lysed as described pretvi-
ously (12). Complexes were purified by sedimenting
crude Iysates through a 10 to 30% neutral sucrose
gradient (data not shown). Folded chromosomes
(1,600-1,900S) were then pooled, diluted with buffer
to 0.4 M NaCl, and treated with 250 U of T, RNuse
in a total uolume of 0.5 ml for 60 min at 4°C. Next,
the treated complexes were centrifuged for 200 min at
17,000 rpm through a 10 to 30%lc neutral sucrose gra-
dient containing a 70%c sucrose cushion. Sedimenta-
tion in this and all subsequent sucrose gradients is
from right to left. Fractions (0.18 ml) were taken by
puncturing a hole in the bottom of the tube, and 20-
jil samples were counted to determine radioactiity.
Four pools (A-D) were then analyzed for CCC F DNA
by ethidium bromide (EtBr)-CsCl centrifugation. Re-
cotvery of applied counts per minute was greater than
95% for the neutral sucrose and EtBr-CsCI gradients
in this experiment and in the experiments presented
in all subsequent figures. The results of the EtBr-
CsCl analyses are given in Table 1.

sediment with added '4C-labeled 80S CCC F
DNA. To test this possibility, crude lysates con-
taining 3H-labeled F plasmid-folded chromo-
some complexes and free '4C-labeled 80S F DNA
were sedimented in 20 to 30% neutral sucrose
gradients for an extended period after RNase
treatment of the mixture. The results in Fig. 2B
show that the 3H-labeled F DNA cosedimented
with the 4C-labeled F marker and, therefore,
indicate that essentially free CCC F DNA was
released from complexes by RNase treatment. A
comparable amount of free CCC F DNA was not
observed when RNase treatment was omitted
(11; Fig. 2A).
Effect of deproteinizing agents. Although

the folded structure of the chromosome resists
destruction by deproteinizing agents such as
Pronase or the nonionic detergent Sarkosyl (22),
the association of F plasmid with the chromo-
some may be labile to such agents. Complexes
were incubated with or without Sarkosyl, and
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TABLE 1. Release of CCC F DNA by T1 RNase
treatment

CCC F Chromosome

Pool' Distribu- Distribu-
cpm tion (%) cpm tion (%)

A 127 5 40,806 35
B 481 19 53,631 46
C 1,775 70 15,156 13
D 152 6 6,995 6

aThe regions of the gradients in Fig. 1 labeled A
through D were pooled and centrifuged to equilibrium
in dye-CsCl gradients to separate CCC DNA from
linear and open circular DNA. The total counts per
minute found in each peak were corrected for base line
contamination.

after incubation, folded chromosomes were re-
sedimented through sucrose gradients as shown
in Fig. 3. From a comparison of the percent CCC
F DNA in the treated (1,660S) and untreated
(1,740S) nucleoids, we conclude that less than
10% of the CCC F DNA was released by expo-
sure to the detergent. Consistent with this con-
clusion, the data also show no enrichment of
CCC F DNA in the slowly sedimenting material
of the gradient containing treated nucleoids.
Treatment ofcomplexes with Pronase (1 mg/ml)
or proteinase K (200 ytg/ml) never resulted in a
significant release of plasmid (eight determina-
tions). The results with proteolytic agents were
the same regardless of concentration of enzyme,
salt concentration in the reaction mixtures (tests
were not made below 0.4 M NaCl because nu-
cleoids spontaneously unfold), incubation tem-
perature (0 to 25°C), or conditions of lysis (for
example, see 12). There is one exception; treat-
ment of F plasmid-chromosome complexes with
sodium dodecyl sulfate did release CCC F DNA.
However, this treatment also released RNA
from nucleoids, and this likely accounts for an
observed efficacy of plasmid release that is com-
parable to RNase treatment (data not shown).
Ethidium bromide induced sedimenta-

tion changes of plasmid-folded chromo-
some complexes. The possibility exists that
entrapped CCC F plasmids are released from
complexes simply because the chromosome's hy-
drodynamic volume expanded as the result of
the unfolding induced by RNase or sodium do-
decyl sulfate. To test this possibility, the hydro-
dynamic volume of the plasmid-nucleoid com-
plexes was expanded by exposure to 2 ytg of
ethidium bromide per ml. At this concentration
of ethidium bromide, supercoils are completely
removed from folded chromosomes. Conse-
quently, the chromosomes show a lower sedi-
mentation coefficient (1,200S) because of an in-
creased hydrodynamic volume induced without
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FIG. 2. Sedimentation behavior of CCC F DNA
released from RNase-treated plasmid-folded chro-
mosome complexes. Tritium-labeled CSH50 (F+) cells
(2 x 108) were lysed in a final volume of 1 ml to
release plasmid-folded chromosome complexes. Next,
a 0.3-ml sample of lysate containing added '4C-la-
beled CCC F DNA was mixed (A) with buffer or (B)
with buffer containing RNase A (final concentration,
100 ,ug/ml). The samples were incubated at 25°C for
30 min and then slowly layered onto 4.5-ml 20 to 31%
neutral sucrose gradients containing 0.5M NaCl (10).
Each gradient tube also contained a 0.5-mi cushion
of 35% sucrose saturated with CsCI. After centrifu-
gation for 100 min at 45,000 rpm and 15°C in an
SW50.1 rotor, each gradient was fractionated into
tubes, and 20-[Ll samples of each fraction were
counted. In (A) fractions 11 to 30 are replotted to
depict the small amount of freely sedimenting 3H-
labeled CCC F DNA (arrow). The fractions under-
neath the horizontal lines in (A) and (B) were pooled
and analyzed by isopycnic centrifugation in ethidium
bromide-CsCl gradients to determine the relative
amount of CCC plasmid DNA in each pool. The
results, expressed as percent CCC DNA, are listed
under each horizontal line. The total counts per
minute analyzed were: pool A, 137,000; pool B, 85,000.
The conclusion that the peak in (B) at fraction 14 is
CCC FDNA was verified by centrifuging the remain-
der offractions 12 to 16 in a dye-CsCl gradient (data
not shown).

removal of RNA (15, 21; Fig. 4). Conditions of
lysis were such that membrane-associated (peak
II) and membrane-released (peak III) folded
chromosomes were observable. The sedimenta-
tion rates of both chromosomal species de-
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FIG. 3. Sedimentation of Sarhosyl-treated com-

plexes. Purified complexes from 8TH-labeled CSH50
(Ft) bacteria were incubated for 15 min at 250C writh
(A) no additions or (B) in the presence of 0.5('
(vol/ olJ Sarkosvl. The treated or untreated comti-
plexes wvere then mixed with '-C-labeled T4 phage
atndl seclimented for 25 min at 17,000 rpm. Sedimen-
tati(on coefficients (1, 740 and 1,660S) uere calculated
fr-om the peak fraction of folded chromosomes com -
pared to the position of T4 phage (1,025S f211). DNA
material was pooled separately, as indicated by the
horizontol1 lines, into regi,ons representing chromo-
somelcs sedlimenting with rates greater thani or less
thatn 1,000S (fraction 22). The CCC F DNA in each
pool was determined by ethidium bromide-CsCl gra-
dient centrifugation, and the measured percent CCC
DNA is gilen above each pool. The total counts per
minute analyzed in the 1, 740S pool u'ere 108,663 and
represented 88'' of the totail counts in this gr adient
(A); the total counts per minute analyzed in the 1,660S
)oool u-c-re 101,515 ancl represented 80'-, of the total
counts in thi's gradient (B).

creased approximately 35% in 2 ,ig of ethidium
bromide per ml (Fig. 4); however, the percentage
of CCC DNA present in the reduced forms was
essentially unchanged. Identical results were ob-
tained when this experiment was repeated with
R6K and Clo DF13 plasmid-folded chromosome
complexes (M. Wlodarczyk, J. R. Miller, and B.
C. Kline, unpublished data). These plasmids are
much smaller than F and have masses of 26 and
6 mega daltons, respectively, Hence, the size of
the plasmid in this type of analysis does not
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FIG. 4. Sedimentation of complexes through neu-
tral sucrose gradients containing ethidium bromide
(EtBr). CSH50 (F+) bacteria were cultured for three
generations in M9 minimal medium supplemented
with L-proline (20 pg/ml), harvested, and lysed. Crude
lysates (0.3 ml) were mixed with 14C-labeled T4phage,
layered onto 10 to 30% neutral sucrose gradients
containing (A) 0 or (B) 2 jug of EtBr per ml, and
centrifuged for 20 min. Gradients were fractionated
as in Fig. 1, and 20-pl samples of each fraction were
counted. The fractions under each horizontal bar
shoun in the gradient profiles were pooled and rese-
dimented to equilibrium in EtBr-CsCl gradients to
determine the percentage of CCC F DNA. The arrow
in (A) represents the position of 4C-labeled T4 phage
(1,025S) in both gradients A and B. Fraction 3 of B
contained 19,000 cpm. The numbers below each pool
represent the percent CCC DNA. The total counts per
minute detected in each pool were: (A) I, 320,000; II,
602,000; III, 558,000; and IV, 117,000; (B) I, 481,000;
II, 561,000; III, 620,000; and IV, 100,000. The percent
CCC DNA in pool (A) IV is 7.0 and that in pool (B)
IVis 7.5.

seem to be a significant factor.
Lability of plasmid-folded chromosome

complexes in vivo. Consistent with the obser-
vations of others (15), lysates of rifampin-treated
cells were found by us to contain essentially
unfolded chromosomes (Fig. 5). Material iso-
lated from pool A had a sedimentation rate
greater than 150S. Eighty-five percent of the
supercoiled CCC DNA was recovered from re-
gion B (only 20% of the chromosomal DNA was
found in this region). This released plasmid
DNA cosedimented with authentic 80S F DNA
as judged by an analysis similar to that repre-
sented in Fig. 2B (data not shown). The experi-
ment in Fig. 5 was repeated several times and
up to 90%cX of the CCC F DNA could be released
from its association with chromosome (data not
shown).

DISCUSSION
The folded chromosome of E. coli is a con-

densed molecule composed of 40 to 80 domains
of supercoiling (15, 21). Each domain is stabilized
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FIG. 5. Sedimentation of plasmid and chromo-
somal material isolated from rifampin-treated bac-
teria. [1H]thymidine-labeled CSH50 (F+) bacteria
were treated with 500 Hg of rifampin per ml at 370C
for 5 min and then harvested and lysed as described
in the legend to Fig. 2. A 0.3-ml sample of lysate was
layered onto a 4.5-ml 10 to 30% neutral sucrose gra-

dient formed over a 0.5-ml cushion of 70%o sucrose.

The gradient was centrifuged for 200 min at 17,000
rpm and 4°C in an SW50.1 rotor and then processed
as described in the legend to Fig. 1. The results are

plotted above. Subsequently, the fractions underneath
horizontal lines A and B were pooled and analyzed
in ethidium bromide-CsCl gradients. The percent
CCC F DNA in each pool is given in brackets. The
total counts per minute analyzed were: pool A, 89,000;
pool B, 25,000.

by nascent RNA and RNA polymerase to which
the nascent RNA is bound (4, 5, 15, 21). Some
additional folding may result from protein-DNA
interaction, but this was only detectable after
removal of RNA by RNase (3). A recent study
raises questions about the validity of this last
finding, and the authors contend that RNA (via
RNA polymerase) is the major way of stabilizing
folding in vitro (6). We found that RNA is also
responsible for the in vitro association of F mol-
ecules with host cell folded chromosomes. The
nature of this RNA is unknown, but the results
with rifampin-treated cells suggest that it is a

short-lived or nascent RNA species.
In our experiments 10 to 30% of the CCC F

DNA cosedimented with the unfolded chromo-
somes. This may be an artifact in which released
F is entrapped or aggregated to chromosomal
DNA. This possibility is indicated by a recon-

struction experiment which showed that this
level of entrapment can occur (data not shown).
Likewise, the hypersharpness of the DNA peak
(Fig. 1, pool A) suggests that aggregation of
DNA is occurring. We feel, however, that this

hypersharpness is an artifact resulting from the
large amount of highly viscous chromosomal
DNA in the sucrose gradient and our technique
of fractionating the gradient with a hollow
needle. If this is the case, the F DNA in pool A
may not have been released by RNase. Resolu-
tion of this uncertainty is very difficult because
the obvious approach of using more dilute con-
centrations of DNA leads to great difficulty in
observing the minor plasmid DNA species.
Thus, we are uncertain whether RNase can re-
lease all of the CCC F DNA or only up to 70 to
90% of it. The appearance of a second chromo-
somal peak, the DNA in Fig. 1, pool B, was
variable, and this is without consequence since
we found no correlation between the size of this
peak and the release of CCC F DNA from chro-
mosomal complexes.
One would like to know how representative

the CCC plasmid DNA form is for the total F
population. It is generally considered that in
vivo the majority of F DNA molecules are main-
tained in the CCC form. It is also well known
that there is approximately one F per replicating
chromosome and, under our growth conditions
(generation time, 40 min), the ratio of plasmid
to chromosome masses expressed as a percent-
age should be 1.82 (i.e., [64 x 106 x 102/2.5 x
109] x 1/ln 2) (16). Thus, the fact that we ob-
served levels of 1.4 to 1.8% CCC plasmid DNA
in complexes indicates that we were examining
the majority of the F population.

Archibold et al. (1) found that lowering the
NaCl concentration to 0.25 M released R6K
monomers from folded chromosome complexes
and concomitantly decreased the sedimentation
coefficient of the chromosome to 700S. R6K
replicative intermediates, however, remain
bound to the 700S entity but can be released
subsequently by RNase or protease treatment.

Archibold and co-workers suggest that the
nonreplicative R6K may be entrapped and re-
leased by the unfolding of chromosome in 0.25
M NaCl, whereas the replicative intermediates
may have a more specific attachment mediated
by RNA and protein. As an alternative expla-
nation, we propose that the lower ionic strength
might permit endogenous RNases to operate,
and the binding of the nonreplicating R6K may
be more vulnerable to such RNases than the
binding of replicative molecules.

Indirect evidence also suggests that plasmids
are non-integratively associated with chromo-
somes isolated from other bacterial species.
Taichman and Rownd (19) reported that F-de-
rived plasmids are isolated preferentially from
"rapidly sedimenting material" obtained from
certain Proteus mirabilis lysates. D. Kopecko
(personal communication) also reported greater
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yields of large F' plasmids if lysates of Proteus
species are treated with RNase before separation
of plasmid from chromosome. Likewise, S. Pal-
chaudhuri (personal communication) related
that the critical factor in the recently successful
isolation (14) of degradative plasmids from
Pseudomonas species was the alkaline hydroly-
sis ofRNA in the crude lysate. Similarly, Hansen
and Olsen (4) found that alkali treatment of
lysates made from Pseudomonas, Salmonella,
Escherichia, and Agrobacterium species mark-
edly enhanced recovery of most but not all plas-
mids.
The fact that chromosome folding is stabilized

by nascent RNA which has a great tendency to
aggregate in high salt concentrations (2) makes
it possible that RNA stabilization of nucleoid
folding is an artifact (9). Likewise, plasmid-chro-
mosome complexing mediated by RNA may be
an artifact for the same reason. However, exten-
sive observations indicate that the frequency
with which a given plasmid complexes to chro-
mosome can be reproducibly varied to reflect
events of plasmid maintenance, genetic struc-
ture, and metabolic activity (12, 13, 20). These
findings do not support the possibility of artifact
but neither do they completely eliminate it.

In summary, the weight of observations
clearly indicates that RNA maintains plasmid-
chromosome complexes, and in some cases pro-
tein may also be involved in maintenance. Com-
plexes may form for different reasons related to
replication, nonreplication, or the presence of a
transposon (13). Moreover, the biochemical na-
ture of complexes may differ from plasmid spe-
cies to plasmid species. However, knowledge
that plasmid-chromosome complexes do exist
and are mediated by RNA in a number of bac-
terial genera is proving quite useful in biochem-
ical and physiological studies of plasmid main-
tenance (1, 13).
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