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Multicopy plasmids in Escherichia coli are not randomly distributed throughout the cell but exist as defined
clusters that are localized at the mid-cell, or at the 1/4 and 3/4 cell length positions. To explore the factors that
contribute to plasmid clustering and localization, E. coli cells carrying a plasmid RK2 derivative that can be
tagged with a green fluorescent protein-Lacl fusion protein were subjected to various conditions that interfere
with plasmid superhelicity and/or DNA replication. The various treatments included thymine starvation and
the addition of the gyrase inhibitors nalidixic acid and novobiocin. In each case, localization of plasmid clusters
at the preferred positions was disrupted but the plasmids remained in clusters, suggesting that normal plasmid
superhelicity and DNA synthesis in elongating cells are not required for the clustering of individual plasmid
molecules. It was also observed that the inhibition of DNA replication by these treatments produced filaments
in which the plasmid clusters were confined to one or two nucleoid bodies, which were located near the midline
of the filament and were not evenly spaced throughout the filament, as is found in cells treated with cephalexin.
Finally, the enhanced yellow fluorescent protein-RarA fusion protein was used to localize the replication
complex in individual E. coli cells. Novobiocin and nalidixic acid treatment both resulted in rapid loss of RarA
foci. Under these conditions the RK2 plasmid clusters were not disassembled, suggesting that a completely

intact replication complex is not required for plasmid clustering.

The development of methods for tagging bacterial plasmids
with specific fluorescent fusion proteins or by fluorescence in
situ hybridization has greatly facilitated the microscopic anal-
ysis of the location and movement of plasmids in a bacterial
cell during growth and division. Contrary to the generally ac-
cepted view that plasmids randomly diffuse throughout the
cell, it has now been shown that the low-copy-number plasmids
F (16, 18, 49), P1 (16, 45), and R1 (31, 63) and the multicopy
plasmids RK2 and pUC (4, 25, 53, 54) are not randomly dis-
tributed throughout out an Escherichia coli cell but are present
as clusters at preferred locations. Using differentially labeled
probes and fluorescence in situ hybridization analysis, it has
been shown that except for plasmid R1, which is located at
mid-cell or at the cell poles (31), clusters of plasmids F, P1,
RK2, and pUC generally are located at the mid-cell position in
newborn E. coli cells and at the 1/4 and 3/4 positions in larger
cells (16, 25, 44). For these plasmids it has been shown further
that the movement of newly duplicated plasmid clusters from
the mid-cell to the quarter-cell positions occurs with relatively
rapid kinetics (16, 18, 25, 44, 49).

Much has yet to be learned about cell- or plasmid-specified
factors that are responsible for the localization and movement
of plasmid clusters. It has been shown for plasmids F (18, 49),
P1 (6, 44), R1 (63), R27 (39), and pB171 (5) that the mutation
of plasmid-encoded partition loci perturbs the regular pattern
of plasmid localization or, in the case of plasmid R1, results in
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an interference with the separation of plasmid pairs and the
movement of plasmids to opposite poles in the cell (31). In-
terestingly, the ParM component of the R1 partitioning system
forms double helical protofilaments with features similar to
F-actin (48, 61). It has been proposed that ParM moves newly
duplicated plasmid R1 molecules by an actin-like insertional
polymerization mechanism (15).

Virtually nothing is known regarding the factors that are
responsible for the clustering of individual plasmid molecules.
One model that has been considered is that the clusters of
individual plasmid molecules are tethered to the cellular repli-
some (53). The finding that DNA replication occurs in station-
ary factories in the regions of the mid-cell and quarter-cell
positions in Bacillus subtilis (41) and in E. coli (36) at least
raises the possibility that plasmid duplication occurs at the
mid-cell position and that after duplication the replication
complexes with the attached plasmid clusters segregate to
quarter-cell positions prior to the next round of cell division.
Using a temperature-sensitive replication initiation protein for
the F plasmid, evidence has been obtained in support of du-
plication of this plasmid at the mid-cell immediately followed
by movement of each of the duplicated plasmids to their re-
spective quarter-cell positions (51). Consistent with the notion
that DNA replication proteins play a role in the segregation of
plasmids, or plasmid clusters, to new fixed positions is the
report of Miller and Cohen (46) that DNA replication proteins
contribute to plasmid pSC101 segregation in addition to their
role in replication of this plasmid. It has been argued, however,
from studies with derivatives of plasmid pSC101 that are tem-
perature sensitive for replication that declustering of plasmids
can occur in the absence of plasmid replication (21, 50). It is
also clear that while plasmid-encoded partition proteins play a
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role in the localization of plasmid elements in E. coli, par
derivatives of plasmid R1 continue to form clusters, indicating
that although the par system contributes to localization of
plasmid clusters it is not the binding force for clustering of
individual plasmid molecules (64).

A number of different antibacterial agents have been shown
to directly or indirectly inhibit DNA replication and/or cell
division, but little is known about the effects of these agents on
plasmid localization or movement. Cephalexin, which inhibits
cell division but not DNA replication, produces filaments with
evenly spaced nucleoids (30). Interestingly, fluorescence mi-
croscopy analysis of the location of tagged plasmids in cepha-
lexin-treated cells has demonstrated that plasmid clusters are
also evenly spaced along the length of the filaments within the
nucleoid bodies (25). Nalidixic acid addition rapidly interferes
with DNA replication in E. coli by causing the covalent attach-
ment of gyrase to the DNA substrate, with the subsequent
production of double-strand breaks in the DNA (12, 22, 23,
58). Novobiocin also inhibits DNA gyrase (13) but, unlike
nalidixic acid, this inhibition does not result in the covalent
attachment of gyrase to DNA (43, 57) and, therefore, there is
no extensive formation of double-strand DNA breaks. The
addition of either nalidixic acid or novobiocin also results in
filament formation.

In this work, we have examined the effect of the addition of
nalidixic acid and novobiocin as well as the inhibition of DNA
synthesis by thymine starvation on plasmid RK2 cluster forma-
tion and localization in E. coli. Plasmid RK2 is present at five
to eight copies per chromosome (9, 55, 59, 60). These copies
form one or several clusters in E. coli, Pseudomonas aerugi-
nosa, and Vibrio cholerae, depending on cell size and growth
conditions (25). For this analysis, a plasmid RK2 construct was
used that both expresses the green fluorescent protein (GFP)-
Lacl fusion protein and contains an array of lacO operator
sequences that serve as a binding site for GFP-LaclI (16, 53). In
addition, an enhanced yellow fluorescent protein (EYFP)-
RarA fusion protein was used to localize DNA replication
complexes (38). Evidence has been obtained for an association
of the RarA protein with the E. coli replication factory (2, 38).
Inhibition of DNA synthesis by thymine starvation or the ad-
dition of nalidixic acid or novobiocin results in filament for-
mation. In each case the filaments contain extended nucleoids
as measured by 4',6'-diamidino-2-phenylindole (DAPI) stain-
ing and a dislocation of plasmid clusters that are contained
within the extended nucleoid region. Furthermore, there is a
relatively small increase in the number of plasmid foci, sug-
gesting a partial breakdown of plasmid clusters. Interestingly,
both novobiocin and nalidixic acid addition results in a rapid
loss of RarA foci without a significant increase in RK2-tagged
foci, indicating that an intact replication complex is not re-
quired for plasmid clustering.

MATERIALS AND METHODS

Strains, media, and growth conditions. Strains MG1655(Seq) (F~ N~ ilvG
1fb-50 rph-1; CGSC 7740) or DG76 [F~ leuB6(Am) N~ thyA47 rpsL153 (strR)
deoC3] were grown at 30°C in M63 medium (52) prepared with 0.2% glycerol or
in Lennox L broth (LB; Sigma, St. Louis, MO). DG76 cultures were supple-
mented with thymine at 50 pg/ml. Strains containing plasmid pZZ15 were grown
in the presence of penicillin (250 pg/ml) and tetracycline (15 wg/ml), while
MG1655(pBS8) was grown in the presence of penicillin. Plasmid pZZ15 (53) is
an RK2 derivative containing GFP fused to Lacl expressed by the pBAD pro-
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moter (19) and approximately 256 lacO sequence repeats. Plasmid pZZ15 con-
tains the partitioning and conjugal transfer functions of the native plasmid. Upon
induction with L-arabinose, GFP-Lacl is produced from pZZ15 and specifically
binds to the lacO repeats to provide a fluorescent tag of the plasmid. Plasmid
pBS8 is derived from pBAD24 and expresses an EYFP-RarA fusion protein after
L-arabinose induction (38).

Microscopy. To achieve GFP tagging of plasmids, strains were grown over-
night at 30°C in LB and then diluted 1:100 into LB or M63 with 0.2% glycerol as
a carbon source (time zero). After growth at 30°C to an optical density at 600 nm
(ODgqp) of 0.1 over inoculum, GFP-Lacl expression was induced by adding
L-arabinose to a final concentration of 0.6% and then, after the appearance of
tagged plasmid foci, repressed by adding glucose to a final concentration of 0.6%.
Foci typically became visible approximately 1 h after induction with L-arabinose.
MG1655(pZZ15) was treated with 15 pg/ml nalidixic acid at 3 h, with 1 mg/ml
novobiocin at 4 h, or with 200 pwg/ml cephalexin immediately after inoculation.
DG76(pZZ15) cells were grown either with or without thymine at 50 pg/ml as a
supplement. Samples were harvested at various time points for visualization by
fluorescence microscopy.

For tagging of replication complexes, MG1655(pBS8) was grown overnight in
LB at 30°C and then diluted 1:100 into 20 ml of M63 with 0.2% glycerol as the
carbon source. After reaching an ODg, of 0.2 over preinoculated culture, cul-
tures were diluted 1:4 and EYFP-RarA expression was induced by adding L-
arabinose (in M63) to a final concentration of 1%. After an additional 3 h of
growth, the culture was split into three portions: one portion was untreated and
the other two were treated with 15 wg/ml nalidixic acid or 1 mg/ml novobiocin
(final concentration).

For visualization by fluorescence microscopy, 8 ul of cells were stained with
DAPI (5 pg/ml) and added to poly-lysine-treated slides without fixation. Cells
were visualized with a BX60 fluorescence microscope (Olympus), and images
were captured with a C-5050 digital camera (Olympus). Cells and foci were
measured using public domain NIH Image software (National Institutes of
Health; http://rsb.info.nih.gov/nih-image/).

Thymidine incorporation assay. E. coli strain MG1655 was grown overnight at
30°C in LB medium supplemented with 50 pg/ml thymidine. After 1:100 dilution
with fresh medium, cells were grown at 30°C to an ODg, of 0.1 and 100 pnCi
[*H]thymidine was added to the medium. After an additional 90 min of growth,
cells were either untreated or treated by adding at a final concentration of 15
pg/ml nalidixic acid or 1 mg/ml novobiocin to the cultures. At 15- or 30-min
intervals, 200-pl samples were removed and incubated for 5 min at 4°C in 5 ml
of prechilled 5% trichloroacetic acid with 1 mg/ml cold thymidine to precipitate
DNA (8). Samples were then passed through GF/C filters and washed twice with
5 ml of 5% trichloroacetic acid at 4°C, three times with 1 ml of water, and twice
with 1 ml of 95% ethanol. Filters were dried and subjected to liquid scintillation
counting.

RESULTS

Effects of nalidixic acid, novobiocin, and cephalexin on RK2
localization. Nalidixic acid and novobiocin are known to inhibit
E. coli gyrase activity (12, 13, 58). As a consequence of gyrase
inhibition, there is a rapid inhibition of DNA synthesis (23)
and eventually cell division, leading to the formation of fila-
mentous cells. A thymidine incorporation assay was performed
to determine the timing and extent of DNA inhibition by
nalidixic acid and novobiocin under the conditions of our ex-
periments. As shown in Fig. 1A, there was an apparently im-
mediate inhibition of [*H]thymidine incorporation after the
addition of either drug compared to untreated cells.

The RK2 derivative pZZ15 was used to localize this plasmid
in MG1655 cells grown in minimal medium. Plasmid pZZ15
encodes an L-arabinose-inducible GFP-Lacl fusion protein and
a lacO binding site cassette. Addition of L-arabinose results in
expression of GFP-Lacl and specific binding of this fluorescent
fusion protein to the plasmid. After approximately 1 h of treat-
ment, nalidixic acid-treated cells began to filament. By 3 hours
after treatment, some nalidixic acid-treated cells achieved a
length of approximately 10 wm. Some of the elongated cells
contained as many as eight plasmid foci, compared with no
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FIG. 1. Treatment of MG1655(pZZ15) cells with nalidixic acid,
novobiocin, and cephalexin. A. Thymidine incorporation during
growth of MG1655(pZZ15) cells either untreated or treated with na-
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more than five in untreated cells (Fig. 1B and D). This increase
in foci number upon treatment with nalidixic acid under con-
ditions of DNA replication inhibition suggests some destabili-
zation of plasmid clusters. However, the possibility that this
increase in the number of plasmid foci is due to less-than-
complete inhibition of plasmid replication cannot be ruled out.

It was also observed that in cells treated with nalidixic acid,
foci were often grouped near the midline of the elongated cell
(Fig. 3B and H). In untreated cells with two foci, the foci were
located at approximately the 1/4 and 3/4 positions, as expected
(Fig. 2A and 3A and G). In nalidixic acid-treated cells with two
foci, however, the foci were not well spaced but tended to be
centered around the cell midline (Fig. 2B and 3B and H). Of
the nalidixic acid-treated cells in our study, 65% were filamen-
tous with a midline grouping of two or more foci. The remain-
ing cells were filamentous with foci dispersed throughout the
cell (7%) or were cells of normal length with foci dispersed
randomly throughout the cell (28%). Staining of the nucleoid
by DAPI revealed that foci were almost always confined to the
region of the nucleoid in nalidixic acid-treated cells (Fig. 3E
and H).

Novobiocin had a similar effect on the distribution of plas-
mid foci. Like nalidixic acid-treated cells, many cells were
elongated with an approximately twofold increase in the num-
ber of foci 4 hours after the addition of novobiocin (Fig. 1C
and D and 3K). In addition, as with nalidixic acid treatment,
the addition of novobiocin resulted in the grouping of foci near
the midline and within the region of the nucleoid as revealed
by DAPI staining. After 4 h of treatment 65% of novobiocin-
treated cells had one or two foci at locations typical of un-
treated cells, while 31% demonstrated mid-cell grouping of
foci (Fig. 3K, panel i). These effects of drug treatment were
even more pronounced after 24 h (Fig. 3L, panel i). There
were, however, some differences between nalidixic acid- and
novobiocin-treated cells. In addition to cells with midline-
grouped foci, 4% of novobiocin-treated cells had foci with a
“spaced” grouping 4 h after treatment (Fig. 3K, panel ii). In
these cells, foci were predominately in two groups, one on
either side of the cell midline. After 24 h of treatment, the
number of cells with spaced grouping increased to 14% of the
total (Fig. 3L, panel ii).

The localization of plasmid foci after treatment with nali-
dixic acid or novobiocin is unlike that observed with cephalexin
addition. Growth of cephalexin-treated MG1655(pZZ15) cells
in either M63 prepared with glycerol (Fig. 3C, F, and I) or LB

lidixic acid or novobiocin. The black arrow indicates time of addition
of inhibitor. B. Foci per cell versus cell length for cells either untreated
or treated with nalidixic acid for 3 h or cephalexin for 5 h. Each point
represents one cell. A total of 325 cells were counted. C. Foci per cell
versus cell length for cells either untreated or treated with novobiocin
for 4 h. Each point represents one cell. A total of 325 cells were
counted. D. Histogram of cells with a given number of foci. The y axis
is expressed as the percentage of total cells with a given number of foci.
Cells were either untreated or treated with nalidixic acid for 3 h or
novobiocin for 4 h. A total of 254 cells were counted. Over 90% of the
nalidixic acid-treated cells and 98% of the novobiocin-treated cells that
were stained with DAPI contained a single nucleoid; the remaining
cells contained two nucleoids. The results presented are from a single
experiment for each treatment, but each treatment was carried out in
more than one experiment with similar results.
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FIG. 2. Nalidixic acid interference with RK2 localization. Position of individual foci in MG1655(pZZ15) cells with two foci (A and B) and
untreated (A) or treated with nalidixic acid (B). The y axis is the length in micrometers of the host cell, while the x axis is the fractional distance
of the foci from the cell pole. Each point represents a single focus and is represented by the first focus and second focus from a pole.

medium (Fig. 3J) resulted in filaments with evenly spaced clusters seen with nalidixic acid and novobiocin treatment, and
nucleoids with the foci located within the nucleoid bodies. not seen with cephalexin treatment, is directly or indirectly due
Since cephalexin does not inhibit DNA replication, the fila- to the inhibition of DNA replication and not the inhibition of
ments contained large numbers of evenly spaced foci (Fig. 1B cell division alone. In 35% of cephalexin-treated cells, the
and 3C and I). This suggests that the mislocalization of plasmid filament contained a region with a large number of somewhat
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FIG. 3. Effect of inhibitors on the positions of nucleoids and RK2 foci. MG1655(pZZ15) cells were untreated (A, D, and G) or treated with
15 pg/ml nalidixic acid for 3 h (B, E, and H), 200 wg/ml cephalexin for 4 h (C, F, I, and J), or 1 mg/ml novobiocin for 4 (K) or 24 (L) hours. Cells
were visualized by fluorescence microscopy, and plasmid foci were visualized by tagging with LacI-GFP (A, B, C, and J, i panels). Chromosomal
DNA was stained with DAPI (D, E, F, and J, ii panels). GFP and DAPI images were merged to give the images shown in panels G, H, I, J (panel
iii), K, and L.
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Visualization with GFP and bright field; (D, E, and F) staining with DAPI; (G, H, and I) merged GFP, bright field, and DAPI images. White arrows

show the positions of cell division septa.

less intense foci (Fig. 3C, panel i, and I, panel i), suggesting
declustering of foci in these regions, but these foci were evenly
distributed throughout the region and did not show the local-
ization pattern characteristic of cells that were treated with the
gyrase inhibitors.

Effect of thymine starvation on RK2 localization. In E. coli
strains auxotrophic for thymine, thymine starvation results in
the inhibition of DNA replication as well as a number of other
direct and indirect effects, including DNA breakage and the
induction of the SOS response (1). DG76, a thyA46 strain, was
subjected to thymine starvation to determine the effect of thy-
mine-mediated replication inhibition on plasmid localization.
DG76(pZZ15) cells were grown overnight in LB supplemented
with thymine and then diluted into M63 with or without thy-
mine. DG76(pZZ15) cells grown in thymine were somewhat
longer, up to 6 wm long, and had more foci than
MG1655(pZZ15) cells (Fig. 1C; see also Fig. 5A). After 6 h
without thymine, however, many cells had become highly fila-
mentous, reaching as much as 25 pm in length (Fig. 4A and 5A
and B). These cells also contained up to 14 plasmid foci, with
an average of 5.5 per cell compared to 3.2 for cells supple-
mented with thymine, again suggesting some destabilization of
plasmid clusters, as seen with nalidixic acid and novobiocin
treatment. Like MG1655(pZZ15) cells treated with nalidixic
acid or novobiocin, DG76(pZZ15) cells grown without thy-
mine displayed dispersed foci (56%) (Fig. 4A, panel i, and G,
panel i) and mid-cell grouping of foci (33%) (Fig. 4A, panel ii,
and G, panel ii). A further 11% of thymine-starved cells dis-
played the spaced grouping phenotype seen after novobiocin
addition (Fig. 4A, panel iii, and G, panel iii). As with cells

treated with either gyrase inhibitor, plasmid foci were largely
confined to the region occupied by the nucleoids (Fig. 4D and
G).

Redistribution of plasmid foci in thymine-starved cells after
the reintroduction of thymine. To observe the effect of cell
recovery after thymine starvation on plasmid localization, thy-
mine was added back to cells after 6 h of starvation. One hour
after the addition of thymine, foci had largely become dis-
persed throughout the cell (Fig. 4B and H). At this time point,
only 5% and 2% of cells counted displayed mid-cell and spaced
groupings of foci, respectively. Instead, the plasmid foci in
most cells were more evenly distributed throughout the cells
and within the nucleoid regions (Fig. 4E and H). At 2 h after
the addition of thymine, foci appeared to be evenly distributed
throughout the cell (Fig. 4C and I, panels i and ii). In addition,
cell division had apparently resumed, as single cells were ob-
served separating from the ends of the bacterial filaments and
there was a high proportion of cells (48%) of unit length, with
the remainder being filaments of various lengths.

Analysis of foci number and cell length at 3 h after the
addition of thymine indicated the emergence of a large pro-
portion of cells (Fig. 5C) that were of a length and foci count
similar to cells that have not been deprived of thymine (Fig.
5A). Thus, the addition of thymine to thymine-starved cultures
appears to result, in a large proportion of cells, in the redis-
tribution of nucleoids and plasmid foci to their characteristi-
cally normal locations and the resumption of cell division.

Localization of the replisome with EYFP-RarA. It has been
reported that novobiocin addition to Caulobacter crescentus
results in a rapid disassembly of the replisome (33). In view of
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Of the thymine-starved cells that were stained with DAPI, 60% contained a single nucleoid. The remaining cells contained two nucleoids. The
results are from a single experiment, but the thymine starvation was carried out a second time with overall similar results.

the possible role of the replication complex in plasmid cluster
formation and localization, it was of interest to determine if
novobiocin and/or nalidixic acid cause a similar disassembly of
the replisome in E. coli MG1655. Evidence has been obtained
for an association of the E. coli RarA protein with the repli-
some and can be used as an EYFP-RarA fusion protein to
localize the replication complex by fluorescence microscopy (2,
38). MG1655 cells carrying pBS8, which expresses EYFP-
RarA in response to L-arabinose, were treated with either
nalidixic acid or novobiocin after the appearance of RarA foci
(usually 1 to 2 h after the addition of L-arabinose to exponen-
tially growing cells). Samples were removed over a 60-min
period to determine the effect of addition of each of these two
gyrase inhibitors on the EYFP-RarA foci. Novobiocin reduced
the proportion of cells that exhibited one or more foci from
76% to less than 4% within 5 minutes after the addition of the
inhibitor (Fig. 6A). Under the same growth conditions, novo-
biocin did not reduce the number of cells exhibiting foci con-
sisting of GFP-Lacl-tagged RK2 plasmid (Fig. 6B). Greater
than 95% of the cells displayed RK2 foci before and after
treatment with novobiocin over the 60-min period. In addition,
the number of RK2 foci per cell did not increase substantially
(Fig. 6C and E) despite the disassembly of the replisome,
suggesting that a fully intact replication complex is not a crit-
ical factor in the clustering of individual RK2 molecules. A
similar result was obtained after nalidixic acid addition, except

that the RarA-tagged replication complexes reappeared in
most cells after 30 to 60 min of treatment (Fig. 6A). Again, the
addition of nalidixic acid did not result in a change in the
proportion of cells exhibiting RK2 foci, or in a substantial
change in the number of foci per cell, during the 60-min treat-
ment despite the substantial loss of RarA foci during the initial
30 min after nalidixic acid addition (Fig. 6C and D). The
reappearance of RarA foci after 30 to 60 min of nalidixic acid
treatment may be due to repair synthesis of double-strand
breaks, which are known to occur after addition of this gyrase
inhibitor. As discussed previously, both nalidixic acid and no-
vobiocin cause some RK2 cluster destabilization after 3 or 4 h
of treatment, but neither shows significant destabilization
within the first hour of treatment.

DISCUSSION

Both the chromosomal replication origin and plasmids ex-
hibit specific localization and dynamic movement during bac-
terial cell growth and division (for reviews, see references 17,
24, and 56). After duplication, clusters of plasmids P1, F, R1,
and RK2 have been shown to separate rapidly to specific lo-
cations at some time prior to cell division (16, 18, 31, 44, 49,
53). It has been estimated that plasmids P1 and F in E. coli
separate five times faster than oriC (18). While the machinery
for chromosomal origin movement and plasmid segregation
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may be the same or share common elements, it is clear that the
separation of chromosomal origins and plasmid clusters are
not coordinated with each other at a specific time in the cell
cycle (15, 18, 25). Little is known about the role of plasmid- or
host-encoded factors in clustering, localization, and movement
of plasmids, but several recent studies have begun to provide
some insight. Evidence has been obtained for a role of the
MreB and the SetB proteins in chromosome segregation (7,
37). In the case of plasmid R1 the plasmid-encoded ParM
protein, a member of the F-actin family, is likely to play a key
role in segregation (32, 47). The partition systems of plasmids
P1, F, and RK2 do not appear to encode actin-like proteins.
The partition systems for these plasmids, however, do play a
role in their specific localization (4, 6, 49). On the other hand,
plasmid cluster formation occurs with or without a functional
partition system (25, 64). While the par region of a plasmid
does not appear to play a role in plasmid clustering, it is not
unreasonable to expect that the plasmid replication origin with
or without an associated plasmid-specified initiation protein is
important in plasmid clustering.

It is likely that both plasmid-encoded and host factors con-
tribute to plasmid clustering. There is accumulating evidence
that both in E. coli and B. subtilis the DNA replication com-
plexes are fixed in the region of the mid- and quarter-cell
positions (36, 41, 42). It has also been demonstrated for the E.
coli chromosome that in fast-growing cells, new replisomes are
assembled and replication is initiated at the quarter positions,
even before termination at the mid-cell replisome and before
cell division (38, 40). For plasmids, however, it is not yet known
if there is movement of the fully formed replication assembly
from the mid- to the quarter-cell positions or if the assembly is
reformed at the quarter-cell positions after disassembly at the
mid-cell position. Nor is it known whether or not one or more
components of the replication factory play a role in plasmid
clustering, localization, and movement. Studies with plasmid
pSC101 in E. coli supported a role for DNA replication pro-
teins in segregation of this plasmid (46). In addition, it is
conceivable that a plasmid cluster nucleates a replication com-
plex that is dedicated specifically to the replication of that
plasmid element. In C. crescentus, using a fusion of the '
component of DNA polymerase III to GFP to identify the
position of the replication complex, additional foci were ob-
served in cells that harbored a plasmid element (33). Similarly,
it was recently reported that B. subtilis cells containing clusters
of a multicopy plasmid also contained additional foci that were
tagged with GFP fused to a subunit of DNA polymerase (62).
The fact that the clusters of different replicons occupy different
positions at the mid- or quarter-cell locations (25) may be the
result of targeting of individual replication complexes with
associated plasmid clusters to distinguishable locations within
these regions of the cell.

The present study was directed at determining the effect of
gyrase inhibition and/or the inhibition of DNA synthesis and,
possibly, the disassembly of replication complexes on plasmid
clustering and localization. It has been shown in vitro that the
inhibition of gyrase activity prevents the initiation of plasmid
RK2 replication (34). The fact that both of the gyrase inhibi-
tors used in this study at best cause only partial declustering of
plasmid pZZ15, which is present at five to eight copies per
chromosome (9, 55, 59, 60), suggests that a normal level of
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plasmid superhelicity is not a requirement for plasmid cluster-
ing. It is of course possible that there is sufficient residual
superhelicity in plasmid pZZ15 after addition of the gyrase
inhibitors to retain plasmid clustering. It is well established
that DNA gyrase inhibition and thymine starvation of an E. coli
thymine auxotroph inhibit DNA synthesis and indirectly inhibit
cell division. After several hours the filaments that are pro-
duced by these treatments contain one or two extended nucle-
oids along the mid-line of the cell (Fig. 3 and 4). In the present
study, using GFP-Lacl to tag RK2 containing an array of lacO
sequences, it was found that shutting down DNA synthesis
interferes with the localization of plasmid foci at their charac-
teristic mid- or quarter-cell position as the cell elongates prior
to cell division. Under these conditions the foci are disordered
but remain confined to the region of the nucleoid body, as
revealed by DAPI staining. This disruption of the orderly spac-
ing of both nucleoids and RK2 foci is not simply due to fila-
mentation, since cephalexin treatment, which inhibits cell di-
vision but not replication, results in orderly spacing of
nucleoids and foci clusters (Fig. 3). In addition, gyrase inhibi-
tion by the addition of nalidixic acid or novobiocin and thymine
starvation result in a small increase in the number of foci per
cell without a significant increase in the number of nucleoids,
suggesting some declustering. On the basis of RK2 copy num-
ber, complete declustering of the plasmid would yield 5 to 8
foci in young cells and 10 to 16 foci in older cells prior to cell
division. Interestingly, the readdition of thymine to thymine-
starved cells results in a relocalization of plasmid foci over time
and a reduction in the number of foci per cell, suggesting a
reversal of the partial declustering and movement of the plas-
mid clusters to their normal fixed positions (Fig. 4).

Because of the direct and indirect effects of nalidixic acid,
novobiocin, and thymine starvation on cell processes, the im-
mediate cause of foci delocalization and partial declustering is
not clear. Direct effects of thymine starvation, in addition to
inhibition of DNA synthesis, are the formation of single- and
double-strand breaks (10, 65), the induction of the SOS system
(28, 29), and activation of DNA repair processes (see reference
1 for review). Indirect effects include inhibition of cell division
(29) and filamentation (3). In the cases of novobiocin and
nalidixic acid treatment, an immediate effect is the inhibition
of gyrase and, therefore, a reduction of negative superhelical
turns in plasmid and chromosomal DNA (12, 13, 58). In addi-
tion, as shown in Fig. 1A and reported by others (23, 57), there
is a rapid inhibition of DNA synthesis by these two inhibitors
and eventually an inhibition of cell division. Both nalidixic acid
and novobiocin also inhibit E. coli topoisomerase IV (20, 26,
35). By virtue of its mode of action on E. coli gyrase, nalidixic
acid also produces an irreversible lesion in DNA, which can
lead to double-stranded breaks (22, 27). Unlike nalidixic acid,
the coumarin novobiocin is a competitive inhibitor of the
ATPase reaction of gyrase, and this inhibition does not result
in the extensive formation of double-stranded breaks in DNA.
It is of interest that despite the different modes of action and
consequences with respect to the intactness of the DNA, sim-
ilar effects on localization and clustering were obtained. This
may suggest that inhibition of DNA synthesis in growing cells,
a consequence of each of these treatments, is responsible for
the changes observed in the localization of plasmid ZZ15. This
difference in the extent of DNA breakage depending on the
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gyrase inhibitor used is consistent with the differential effect of
these two gyrase inhibitors on the appearance of RarA foci (2,
38). Inactivation of the rar4 gene in otherwise-wild-type cells
does not result in a mutant phenotype; however, there is evi-
dence that the RarA protein is associated with the replication
complex in addition to being implicated in recombination
events at the replication fork (2, 38). As shown in Fig. 6, the
addition of either nalidixic acid or novobiocin causes a dra-
matic loss of RarA foci within 5 minutes of treatment. How-
ever, unlike novobiocin treatment, most of the nalidixic acid-
treated cells began to redisplay RarA foci between 30 and 60
min after addition of the inhibitor. This reappearance of RarA
foci in nalidixic acid-treated cells may be due to the production
of double-stranded breaks and the attempts of the cell to
repair these DNA breaks. At least for bacteriophage T4 there
is a tight linkage between DNA replication and double-strand
break repair in the life cycle of this bacteriophage in E. coli
(14). The reappearance of RarA foci may thus also be related
to attempts on the part of the cell to restart stalled replication
forks, a process that may involve the induction of the SOS
system and an accumulation of enzymes at the replication fork,
including a replication complex.

The rapid disappearance of RarA foci after novobiocin or
nalidixic acid treatment is interpreted as a partial or complete
disassembly of the replisome as a direct or indirect result of
inhibition of gyrase. In C. crescentus it was observed that no-
vobiocin treatment caused the loss of replisomes tagged by a
fusion protein consisting of GFP and the core &' subunit of
DNA polymerase III (33), suggesting that treatment with this
gyrase inhibitor results in more than just a loss of the RarA
component of the replication factory in our experiments. Sig-
nificantly, although there is disordering of the GFP-Lacl-
tagged RK2 foci, treatment with either gyrase inhibitor does
not result in a significant increase in the overall number of foci
or the distribution of foci per cell within 60 min (except for
perhaps a somewhat higher number of cells with four or more
foci after 60 min of treatment with novobiocin). Three to four
hours of treatment is required to see an approximate doubling
of the average number of foci, which is far less than a five- to
eightfold increase that would be observed if the plasmid were
completely declustered. These results suggest that while a fully
intact replisome may play a roll in the targeting of the plasmid
cluster to a specific location, it is not an essential factor in the
clustering of plasmids. The disassembly of the replication fac-
tory, however, could result in an untethering of the plasmid
cluster at its receptor site. Nevertheless, while the plasmid foci
become disordered they remain confined to the region of the
nucleoid body, even in substantially elongated filaments. This
confinement may be due to a specific or nonspecific attach-
ment of the plasmid cluster to the chromosomal matrix or a
physical barrier to movement of detached plasmid clusters
beyond the nucleoid body. The recent report of the reorgani-
zation of chromosomal DNA into ordered toroidal structures
that are highly condensed and exhibit crystallographic features
when E. coli cells enter the stationary state (11) may be rele-
vant in this regard. It is possible that not unlike this effect of
the stationary phase, a highly condensed state of chromosomal
DNA occurs after gyrase inhibition and thymine starvation that
may prevent the free movement of detached plasmid clusters
and their confinement to the nucleoid body. Studies with plas-
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mids P1 and R1 that lack functional partitioning genes and an
oriC plasmid have shown the presence of plasmid foci outside
of the nucleoid under normal growth conditions, indicating
that plasmids are not in every case confined to the nucleoid
body (6, 31, 49). It is of course possible that the partitioning
genes of plasmid RK2 similarly are required for the normal
positioning of this plasmid within the nucleoid body. The con-
tinued use of inhibitors that disrupt plasmid dynamics and the
analysis of host and plasmid mutants that are defective in
plasmid localization and movement should eventually provide
a mechanistic insight into these complex processes.
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