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ABSTRACT

To study the structure of partially replicated plasmids,
we cloned the Escherichia coli polar replication
terminator TerE in its active orientation at different
locations in the ColE1 vector pBR18. The resulting
plasmids, pBR18-TerE@ Siyl and pBR18-TerE@ EcoRl,
were analyzed by neutral/neutral two-dimensional
agarose gel electrophoresis and electron microscopy.
Replication forks stop at the Ter-TUS complex,
leading to the accumulation of specific replication
intermediates with a mass 1.26 times the mass of
non-replicating plasmids for pBR18-TerE@ Styl and
1.57 times for pBR18-TerE@ EcoRl. The number of
knotted bubbles detected after digestion with Scal
and the number and electrophoretic mobility of
undigested partially replicated topoisomers reflect
the changes in plasmid topology that occur in DNA
molecules replicated to different extents. Exposure
to increasing concentrations of chloroquine or
ethidium bromide revealed that partially replicated
topoisomers (CCCRIs) do not sustain positive super-
coiling as efficiently as their non-replicating counter-
parts. It was suggested that this occurs because in
partially replicated plasmids a positive ALk is
absorbed by regression of the replication fork.
Indeed, we showed by electron microscopy that, at
least in the presence of chloroquine, some of the
CCCRIs of pBR18-Ter@Styl formed Holliday-like
junction structures characteristic of reversed forks.
However, not all the positive supercoiling was
absorbed by fork reversal in the presence of high
concentrations of ethidium bromide.

INTRODUCTION

Brewer—Fangman neutral/neutral (N/N) two-dimensional (2D)
agarose gel electrophoresis, originally designed to separate
branched from linear molecules (1), has been extensively used
to map replication origins, termini and fork barriers in prokaryotes
as well as in eukaryotic cells (2). In contrast, the capacity of N/N

2D gels to resolve different forms of undigested plasmids has
been exploited far less frequently. Martin-Parras and co-workers
(3) used these N/N 2D gels to characterize the different forms
a bacterial plasmid can adopt. Topoisomers, catenanes and
knotted forms corresponding to non-replicating plasmids were
readily identified, but no discrete signal was observed that
could be assigned to supercoiled replication intermediates
(CCCRIs). When pBR322 was allowed to replicate in Xenopus
cell extracts, labeled with radioisotopes in vivo and analyzed in
a 2D gel system where the second dimension occurred in the
presence of ethidium bromide, a smeary signal, termed
‘Niagara Falls’, was detected between the positions where
monomeric non-replicating covalently closed circles (CCC)
and open circles (OC) migrated in the gel (3). It was argued
that this ‘Niagara Falls’ pattern was generated by partially
replicated supercoiled molecules. The signal appeared smeary
because RIs with different masses and different ALk values
exhibit different electrophoretic mobilities. This interpretation
is in agreement with observations made for SV40 (4,5) and the
2 um plasmid of Saccharomyces cerevisiae (6,7).

To prove this hypothesis, we constructed two new plasmids
in which specific RIs become accumulated with time. In this
way we were able to visualize the supercoiled forms of specific
RIs. To force the accumulation of specific RIs, we cloned the
Escherichia coli polar replication terminator TerE (8,9) at two
different locations in the ColE1 vector pBR18. These partially
replicated RIs were then analyzed by N/N 2D agarose gel electro-
phoresis undigested and after digestion with a restriction
enzyme that cut the plasmids only once, outside the replicated
portion. On the other hand, it was recently proposed that in
partially replicated plasmids a positive ALk is absorbed by
regression of the replication fork (10). We wanted to confirm
and extend this observation, studying the effects on these two
new plasmids of different concentrations of drugs that are
known to affect DNA supercoiling.

The results obtained indicate that plasmid topology changes
significantly as replication progresses. As a consequence, the
electrophoretic mobility of the whole population of CCCRIs
becomes highly heterogeneous. This explains why CCCRIs
generate a smeary pattern in N/N 2D gels (3). In addition,
treatment with different concentrations of chloroquine and
ethidium bromide allowed us to confirm that in partially
replicated plasmids the induction of positive supercoiling can
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lead to replication fork reversal (10). However, we found that
not all positive supercoiling was absorbed by replication fork
reversal in the presence of high concentrations of ethidium
bromide.

MATERIALS AND METHODS

Bacterial strains and culture medium

The E.coli strain used in this study was DH5oF’. Competent
cells were transformed with monomeric forms of the plasmids
as described (11). Cells were grown at 37°C in LB medium
containing 50 mg/ml ampicillin.

Plasmid constructs

To construct pBR18-TerE@Styl two oligos (5-CCGAGTTA-
AAGTAGTTTGTAACTAAGCCC and 3’-CAATTTCATAC-
AACATTGATTCGGGGTTC) containing the 23 bp that
constitute the E.coli TerE terminator (8,9) with 3" Styl and 5’
Aval tails were annealed to each other and inserted between the
unique Styl and Aval sites of pBR18. To construct pBR18-
TerE@ EcoRI two different oligos (5'-AATTCGGCTTAGTT-
ACAACATACTTTAAA and 3-GCCGAATCAATGTTGT-
ATGAAATTTTCGA) including the 23 bp that constitute the
E.coli TerE terminator (8,9) with 5" EcoRI and 3" HindIII tails
were annealed to each other and inserted between the unique
EcoRI and HindlIlI sites of pBR18.

Isolation of plasmid DNA

Isolation of the plasmid DNA was performed as described
previously (3,12,13).

Two-dimensional gel electrophoresis and Southern
transfer

The first dimension was in a 0.4% agarose gel in TBE buffer at
1 V/cm and at room temperature for 20-24 h. The lane
containing the A DNA/HindIIl marker sizes was excised,
stained with 0.3 mg/ml ethidium bromide and photographed.
During this, the lanes containing the problem DNA sample
were kept in the dark. The second dimension was in a 1%
agarose gel in TBE containing 0.3 mg/ml ethidium bromide at
90° with respect to the first dimension. The dissolved agarose
was poured around the excised lane from the first dimension
and electrophoresis was at 5 V/cm in a 4°C cold chamber for
7-10 h. Southern transfer was performed as described
previously (3,12,13).

Non-radioactive hybridization

Probes were labeled using a Random Primer Fluorescein Kit
(NEN Life Sciences Products). Membranes were pre-hybridized
in a 20 ml pre-hybridization solution (2x SSPE, 0.5% Blotto,
1% SDS, 10% dextran sulfate and 0.5 mg/ml sonicated and
denatured salmon sperm DNA) at 65°C for 4-6 h. Labeled
DNA was added and hybridization lasted 12—16 h. Then,
membranes were successively washed with 2x SSC and 0.1%
SDS, 0.5x SSC and 0.1% SDS and 0.1x SSC and 0.1% SDS
for 15 min each at room temperature, except for the last wash,
which was at 65°C. Detection was performed with an anti-
fluorescein—AP conjugate and CDP-Star (NEN), according to
the instructions provided by the manufacturer.
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Preparation of DNA samples enriched for specific RIs

Specific molecules were isolated following the procedure
described elsewhere (14), with minor modifications. Briefly,
plasmid DNA isolated from exponentially growing cells was
analyzed in a one-dimensional agarose gel run under the conditions
used for the second dimension of the regular 2D gel. A conventional
2D gel with the same sample was run in parallel as an internal
control. The 2D gel and a portion of the gel containing the lane
with the problem sample were excised, transferred to a nylon
membrane and hybridized with a labeled probe. Comparison of
the patterns in both gels allowed us to determine the distance
migrated by the molecules of interest in the one-dimensional
gel. According to this estimation, the portion containing these
molecules of interest was excised and electroeluted inside a
dialysis bag. The DNA was phenol extracted, ethanol precipitated
and resuspended in distilled water.

Electron microscopy

The purified DNA was spread for electron microscopy under
non-denaturing conditions onto 100 pg/ml chloroquine or
0.3 ug/ml ethidium bromide in redistilled water by the BAC
method, except that formamide was added to the spreading
solution at a concentration of 15% and the final concentration
of BAC was increased to 0.01% (15).

RESULTS

In pBR322, transcription of the constitutive tetracycline-resistance
gene occurs against the direction of replication fork movement.
This affects supercoiling and leads to the formation of a
significant number of knotted molecules (16,17). To avoid this
type of knotting, we decided to use pBR18 instead of pBR322
as our cloning vector. pBR18 is a derivative of pBR322 in
which the sequence between the unique EcoRI and HindIIl
sites of pBR322 has been replaced with the polycloning
fragment of pUCI18 (13). In doing so, the promoter for the
tetracycline resistance gene was lost.

The first plasmid we constructed was pBR18-TerE@Styl.
The 23 bp that constitute the E.coli polar replication terminator
TerE (8,9) were inserted between the unique Styl and Aval
sites of pPBR18. We decided to use TerE instead of any of the
other E.coli terminators because TerE binds TUS with rather
weak affinity (18). As depicted in Figure 1A, pBR18-TerE@ Styl
contains a ColE1 replication origin, the TerE replication terminator
in its active orientation with respect to the unidirectional ColE1
origin and the copy number control gene rop, and confers
resistance only to ampicillin. We anticipated that in most
plasmids replication forks would stop at the TerE-TUS
complex, leading to the accumulation of specific RIs
containing an internal bubble and with a total mass 1.26 times
the mass of non-replicating plasmids (Fig. 1B).

To confirm this prediction E.coli DH50F’ cells were transformed
with pBR18-TerE@Sryl and the corresponding RIs were
analyzed by N/N 2D agarose gel electrophoresis after digestion
with Scal. This restriction enzyme cuts pBR18-TerE@ Syl
only once at position 3842 (see Fig. 1A). We used the
computer program developed by Viguera and co-workers (19)
to predict the shape of the RIs and the 2D gel pattern expected.
An autoradiogram of the corresponding gel is shown in
Figure 2A, with a diagrammatic interpretation in Figure 2B.
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Figure 1. Maps of the plasmids used in this study. (A) Map of pBR18-TerE@Styl
showing the relative position of its most relevant features: the ColE1 unidirectional
origin, the E.coli terminator TerE, the ampicillin resistance and rop genes and
the recognition sites for a number of restriction endonucleases that cut the plasmid
only once. (B) TerE binds the terminator protein TUS and the Ter-TUS complex
acts as a polar replication fork barrier. Therefore, blockage of the replication fork
at TerE would lead to the accumulation of a specific RI containing an internal
bubble with a total mass 1.26 times the mass of non-replicating plasmids.
(C) Map of pBR18-TerE@EcoRI showing the position of its most relevant
features. (D) In this plasmid, blockage of the replication fork at TerE would
lead to the accumulation of a specific RI containing an internal bubble and with
a total mass 1.57 times the mass of non-replicating plasmids.

Two signals with comparable intensities were conspicuous. One
of them migrated on the arc of linears with a mass equivalent to
4.3 kb. This signal corresponded to linearized unreplicated
forms. The other prominent spot migrated on the bubble arc
(not visible in this autoradiogram). It corresponded to a
partially replicated RI containing an internal bubble that
spanned from the ColE1 origin to the TerE sequence. A series
of minor spots showing decreasing intensities (like ‘beads on a
string’) were observed to the right of the unknotted bubble and
another spot was visible above and to the right. This latter spot
migrated similarly to the 1.0x linear form in the first dimension
but was significantly retarded in the second dimension. It
corresponded to nicked OC forms of the monomer. The series
of minor spots (‘beads on a string’) behaved as already
reported for partially replicated RIs containing an internal
knotted bubble (12,13,20,21).

We wanted to know whether the observations made for
pBR18-TerE@StyI also applied to other plasmids having TerE
cloned at a different location. To answer this question we
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Figure 2. Autoradiograms of 2D gels corresponding to pBR18-TerE@StyI (A)
and pBRI18-TerE@EcoRI (C) after digestion with Scal and their corresponding
diagrammatic interpretations (B and D). Note that the number and complexity
of knotted bubbles was significantly higher in pBR18-TerE@ EcoRI.

constructed another plasmid, pBR18-TerE@EcoRI. This new
plasmid was identical to pPBR18-TerE@Styl except that it had
the 23 bp that constitute TerE between the unique EcoRI and
HindIII sites of pBR18 (Fig. 1C). Once again, replication forks
would stop at the TerE-TUS complex, but in this case fork
arrest would lead to the accumulation of specific RIs
containing an internal bubble and with a total mass 1.57 times
the mass of non-replicating plasmids (Fig. 1D).

Escherichia coli DH50F cells were transformed with
pBR18-TerE@EcoRI and the corresponding RIs were
analyzed by N/N 2D agarose gel electrophoresis after digestion
with Scal. As with the former plasmid, we used the computer
program developed by Viguera and co-workers (19) to predict
the shapes of the RlIs and the 2D gel patterns expected. In this
new plasmid TerE is located 2481 bp downstream of the origin
(Fig. 1C). Therefore, the accumulated RIs with an internal
bubble would have a relative mass 1.57 times the mass of
unreplicated linear molecules (Fig. 1D). An autoradiogram of
the corresponding gel is shown in Figure 2C, with a diagrammatic
interpretation in Figure 2D. The unreplicated linear form
(1.0x) was clearly distinguished on the arc of linears at the
bottom of the autoradiogram. The partially replicated RI
(unknotted bubble) was also evident on top of the bubble arc.
The number and intensity of the spots corresponding to knotted
bubbles (‘beads on a string’ signal) increased significantly
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Figure 3. 2D gels and electron microscopy confirmed that in vivo partially replicated forms of pBR18-TerE@ Styl and pBR18-TerE@ EcoRI accumulated with the
predicted masses. (A) 2D gel of intact forms of pBR18-TerE@ Styl. (B) Diagrammatic interpretation of the different signals observed in the autoradiogram shown
in (A). (C) Electron microscopy of a selected molecule that was eluted from the signal circled in (A). (D) Diagrammatic interpretation of the electron micrograph
shown in (C). The black line represents unreplicated DNA while the stippled lines represent replicated arms. Numbers denote the percentage contour length of
unreplicated and replicated arms, respectively. (E) 2D gel of intact forms of pBR18-TerE@EcoRI. (F) Diagrammatic interpretation of the different signals
observed in the autoradiogram shown in (E). (G) Electron micrograph of a selected molecule that was eluted from the signal circled in (E). (H) Diagrammatic
interpretation of the electron micrograph shown in (G). As in the previous case, the black line represents unreplicated DNA while the stippled lines represent
replicated arms. Numbers denote the percentage contour length of unreplicated and replicated arms. CCC, covalently closed circle; OC, open circle; Rls, replica-

tion intermediates; oRIs, broken replication intermediates; L, linears.

when compared to pBR18-TerE@StyI (see Fig. 2A). In addition,
the OC form and a double-Y pattern were also apparent.

To further confirm the nature of these plasmids, undigested
pBR18-TerE@StyI DNA was analyzed by a modified Brewer—
Fangman N/N 2D agarose gel electrophoresis (6) in which
ethidium bromide was omitted for the second dimension. An
autoradiogram of the corresponding gel is shown in Figure 3A
with a diagrammatic interpretation in Figure 3B. It was
previously shown that intact supercoiled molecules are easily
nicked during DNA isolation (2,6,11,22,23). Nicking can also
occur as the first dimension proceeds, between the first and the
second dimensions and throughout the second dimension
electrophoresis. As a consequence, a horizontal trailing signal
arises if nicking occurred in the first dimension, whereas the
trailing signal is vertical if it occurred during the second
dimension electrophoresis proceeded. Detection of these
perpendicular trailing signals serves to identify the supercoiled
(CCC) form and its corresponding nicked (OC) form in N/N
2D gels (2,3,6,11,22,23). Two such signals were clearly detected
in Figure 3A. They allowed us to identify the supercoiled form of
non-replicating plasmids (CCC) and its corresponding nicked form
(OC). They also allowed us to identify the most abundant super-
coiled form of the partially replicated molecule (1.26x CCCRI) and

its corresponding nicked form (1.26x OCRI). Double-stranded
breaks can also occur during DNA isolation, although less
frequently. They convert circular plasmids into linear molecules
of the same mass regardless of the site where breakage
occurred. The spot detected below the OC signal in Figure 3A
occurred on top of the linear arc and corresponded to linear
forms of pBR18-TerE@Styl. This autoradiogram revealed that
the population of partially replicated molecules occurred as a
family of topoisomers in which strongly supercoiled topo-
isomers were highly abundant. The autoradiogram also
showed that the vast majority of replicating plasmids had a
fork stalled at TerE. In other words, it seemed that in vivo
pBR18-TerE@Styl occurred in only two basic forms: the non-
replicating CCC form (1.0x) and the partially replicated RI
with a stalled fork containing an internal bubble (1.26x CCCRIs).
Although most of the 1.26x CCCRIs showed a high level of
negative supercoiling and high electrophoretic mobility, a few
topoisomers showing slightly lower mobility were observed. A
new DNA sample was prepared specifically enriched for the
molecules responsible for the spot designated 1.26x OCRI
(circled in the autoradiogram shown in Fig. 3A). These molecules
were eluted from agarose gels and the DNA sample examined
under an electron microscope. Figure 3C shows an electron
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micrograph of one representative molecule, with a diagrammatic
interpretation in Figure 3D. The vast majority of the molecules
that were examined exhibited the same pattern. Repeated
measurements indicated that the unreplicated arm represented
74% of the molecule. Correspondingly, the two identical
replicated arms represented 26% of the plasmid. These
numbers precisely matched the expected figures, as for this
plasmid the mass of the accumulated RI was estimated to be
1.26 times the mass of non-replicating molecules (Fig. 1A).

Undigested pBR18-TerE@EcoRI DNA was also analyzed
by N/N 2D agarose gel electrophoresis without ethidium
bromide in the second dimension. An autoradiogram of this gel is
shown in Figure 3E, together with a diagrammatic interpretation
in Figure 3F. Once again, to confirm that the molecules responsible
for the signal designated 1.57x OCRIs in Figure 3E were
indeed the nicked forms of partially replicated plasmids, we
prepared a new DNA sample that was enriched for the molecules
responsible for the spot designated 1.57x OCRI (circled in the
autoradiogram shown in Fig. 3E). Figure 3G shows an electron
micrograph of a representative molecule with a diagrammatic
interpretation in Figure 3H. Once again, most of the molecules
of this sample exhibited the same pattern. Repeated measurements
indicated that in this case the unreplicated arm represented
43% of the plasmid. Correspondingly, the two identical
replicated arms represented 57% of the plasmid. Once again,
these numbers precisely matched the expected figures, as for
pBR18-TerE@EcoRI the mass of the accumulated RI was
estimated to be 1.57 times the mass of non-replicating
molecules (Fig. 1C).

The most significant differences between the autoradiograms of
these undigested samples shown in Figure 3A and E correspond
to the number and position of CCCRIs and OCRIs, respec-
tively. Whereas for pBR18-TerE@ Syl most of the accumu-
lated RIs showed the highest mobility observed, in the case of
pBR18-TerE@ EcoRI the electrophoretic mobility of CCCRIs
ranged between the most abundant (the one showing the
highest mobility) and another showing almost the same
mobility as the nicked forms (Fig. 3E). This observation
confirms that the topology of Rls differs at different replication
stages and suggests that plasmids become progressively
relaxed as replication advances.

Chloroquine and ethidium bromide are planar molecules that
can intercalate between the two strands of the DNA double
helix. This intercalation causes a reduction in DNA twist. As
in vivo bacterial plasmids are negatively supercoiled, the drugs
remove negative supercoiling first and add net positive super-
coiling only after all native negative supercoiling has been
removed. We wanted to know whether the effects of these
drugs were alike for non-replicating and partially replicated
plasmids. To answer this question, four series of experiments were
performed where pBR18-TerE@Styl and pBR18-TerE@EcoRI
were analyzed in N/N 2D gels where the second dimension
occurred without or in the presence of increasing concentrations
of either chloroquine or ethidium bromide. The highest
concentration chosen for each drug was the minimum required
that induced at least some of the non-replicating DNA molecules
to migrate with the same electrophoretic mobility as in the
absence of the drugs. All the experiments were run under
similar electrophoretic conditions except for the concentration
of the intercalating agents in the second dimension. To make
comparisons reliable, the different autoradiograms were

aligned in such a way that OC and OCRIs, whose migration is
not affected by the drugs, coincided exactly for all the autora-
diograms within a series. Figure 4 shows the chloroquine series
for pBR18-TerE@Styl (upper panels) and pBR18-TerE@EcoRI
(lower panels). In both series the behavior of non-replicating
forms (CCC) and partially replicated forms (CCCRIs) were
notably different. At low drug concentrations (0.5 and 10 pg/ml)
CCC plasmids showed reduced mobility and at 10 pg/ml at
least some of them migrated with the same mobility exhibited by
the nicked (OC) forms in both cases. At higher concentrations
(20-100 pg/ml) the CCC forms moved with increasingly
higher mobility and at the highest concentration of the drug
employed (100 pg/ml) a significant number of CCC plasmids
migrated with the same mobility as in the absence of chloroquine.
This observation indicated that at low drug concentrations,
non-replicating CCC forms showed progressively lower levels
of negative supercoiling until they were completely relaxed.
Higher concentrations induced net positive supercoiling,
which in turn led the plasmids to move with increasing
mobility in the gel.

The behavior of partially replicated plasmids (CCCRIs) was
significantly different in both cases. As in the case of their
non-replicating counterparts, at low concentrations of chloro-
quine (0.5 and 10 pg/ml) CCCRIs showed progressively lower
mobility and at 10 pg/ml at least some of them moved with the
same mobility exhibited by the nicked (OCRI) forms.
However, higher drug concentrations (20—100 pg/ml) did not
change the mobility of CCCRIs and at the highest concentration of
chloroquine employed (100 pg/ml), which caused non-replicating
(CCC) forms to attain the same mobility they showed in the
absence of the drug, CCCRIs still migrated with the same mobility
exhibited by the nicked (OCRI) forms. This observation implied
that in the presence of up to 100 pg/ml chloroquine partially
replicated plasmids (CCCRIs) were unable to sustain positive
supercoiling.

We wanted to know whether non-replicating (CCC forms)
and partially replicated plasmids (CCCRIs) behaved in the
same manner in the presence of increasing concentrations of
another intercalator, such as ethidium bromide. Figure 5 shows
the ethidium bromide series for pBR18-TerE@S#yI (upper
panels) and pBR18-TerE@EcoRI (lower panels). The results
obtained were similar to those for the chloroquine series
(Fig. 4), except for the 2D gels where the second dimension
was run in the presence of the highest concentration of
ethidium bromide employed (0.3 pg/ml). In these two singular
cases the CCCRIs did gain some mobility above the mobility
exhibited by their nicked (OCRI) counterparts, and this
difference was significantly more prominent in the case of
pBR18-TerE@Styl. On average, induction of positive super-
coiling by chloroquine and ethidium bromide was higher for
pBR18-TerE@S#yl. Another interesting observation that was
particularly evident in the case of pBRI18-TerE@EcoRI
concerned the shape of the arc corresponding to CCCRIs.
Topoisomers with different ALk values showed different
mobilities in the first dimension in the absence of the drug.
When the second dimension occurred in the presence of
ethidium bromide, however, CCCRISs started to move with the
same mobility as their OCRI counterparts as soon as they lost
their native negative supercoiling. As this native negative
supercoiling was still present throughout the first dimension of
all the 2D gels in the series, its progressive elimination in the
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Figure 4. Autoradiograms of 2D gels corresponding to pBR18-TerE@ StyI (upper) and pBR18-TerE @ EcoRI (lower) where the second dimension occurred without
(left) or in the presence of different concentrations of chloroquine (concentrations in pg/ml are indicated at the top). All the autoradiograms were aligned so that
the positions of the OC and OCRIs, which are not affected by drug concentration, coincided. The positions of the CCC and CCCRIs are indicated only in the
autoradiograms corresponding to untreated panels (left).
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Figure 5. Autoradiograms of 2D gels corresponding to pBR18-TerE@ StyI (upper) and pBR18-TerE @ EcoRI (lower) where the second dimension occurred without
(left) or in the presence of different concentrations of ethidium bromide (concentrations in pg/ml are indicated at the top). All the autoradiograms were aligned so
that the positions of the OC and OCRIs, which are not affected by drug concentration, coincided. The positions of the CCC and CCCRIs are indicated only in the
autoradiograms corresponding to untreated panels (left).
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Figure 6. Diagrammatic model illustrating how the ALk value of a DNA
segment containing a stalled fork might change as the concentration of chloroquine
or ethidium bromide increases. At low concentrations of the drug the native
negative supercoiling would progressively diminish until the molecule becomes
completely relaxed (ALk = 0). From this point on, increasing concentrations of the
drug would induce a net positive supercoiling. However, as soon as the ALk
value becomes positive, nascent strands would separate from their corresponding
parental strands and re-anneal with each other, leading to fork reversal. Each
positive ALk eliminated would force fork reversal to advance 10 bp [adapted
from Alexandrov et al. (31)].

second dimension in the presence of increasing concentrations
of the drug led to a change in the angle of the arc corresponding
to CCCRIs. This angle was smooth without ethidium bromide;
it was slightly sharper at 0.005 pug/ml and became notably
abrupt with 0.02 pg/ml and higher concentrations of the drug.
Moreover, CCCRI topoisomers that exhibited different mobilities
in the first dimension without ethidium bromide showed the
same mobility in the second dimension even in the presence of
0.3 png/ml, at which their electrophoretic mobility was slightly
higher than the mobility of their OCRI counterparts.

The different behaviors of non-replicating CCC forms and
CCCRLIs in the presence of chloroquine and ethidium bromide
could be due to replication fork reversal (10). This phenomenon
would take place as soon as CCCRIs were forced to acquire net
positive supercoiling (Fig. 6). Molecules containing reversed
forks were readily observed under an electron microscope
when linear DNA molecules containing an internal bubble
were extracted from low melting point agarose gels after
heating and [B-agarase digestion (14). For RIs containing an
internal bubble, progression of fork reversal is characterized by
the presence of an additional fourth arm and a concomitant
reduction in the size of the bubble (14). To test whether fork
reversal was indeed responsible for the peculiar effects of
chloroquine and ethidium bromide on the electrophoretic
mobility of CCCRIs that were observed in Figures 4 and 5,
new DNA samples were prepared that were enriched for
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Figure 7. Electron micrographs of intact forms of pBR18-TerE @Styl showing
reversed forks. CCCRIs were eluted from agarose gels in the presence of
100 pg/ml chloroquine, following which the drug was removed by washing
thoroughly with distilled water and the CCCRIs treated with topoisomerase I
to eliminate all negative supercoiling, exposed to 100 pg/ml chloroquine again
and examined under an electron microscope. Black lines represent unreplicated
DNA, stippled lines replicated arms and horizontally striped lines the newly
formed nascent—nascent fourth arm that resulted from fork reversal (indicated
by arrows). Numbers denote the percentage contour length of unreplicated and
replicated arms.

CCCRLIs eluted from 2D gels similar to those shown in Figures
4 and 5 where the second dimension occurred with 100 pg/ml
chloroquine or 0.3 pg/ml ethidium bromide. These DNA
samples were examined under an electron microscope looking
for CCCRIs containing reversed forks. No such molecules
were detected (data not shown). The interpretation of these
results will be discussed later.

To induce plasmids to acquire net positive supercoiling,
intercalating drugs first had to remove all native negative
supercoiling. This situation might have hampered the effects of
both drugs. On the other hand, the results obtained so far
indicate that not all positive supercoiling was eliminated in the
presence of 0.3 pg/ml ethidium bromide. Besides, we showed
earlier that the sensitivity to both drugs was higher for pBR18-
TerE@Styl. To increase the induction of net positive super-
coiling we prepared a new DNA sample that was enriched for
the CCCRIs of pBRI18-TerE@Styl where all the native
negative supercoiling had been removed by topoisomerase I
before exposure to 100 pg/ml chloroquine. In this way,
chloroquine would induce net positive supercoiling with no
need to first remove native negative supercoiling (24). After
addition of 100 pg/ml chloroquine this DNA sample was
examined under an electron microscope. Representative
molecules corresponding to this sample are shown in Figure 7.
Even though not all the molecules exhibited fork reversal, the
phenomenon was evident in several cases. It should be noted
that in order to eliminate false positives, unreplicated and
replicated arms were carefully measured. For a plasmid to be



accepted as a genuine molecule showing fork reversal, the
unreplicated arm had to account for 274 % of the plasmid. Both
replicated arms should measure alike and must account for
<26% of the plasmid. Finally, the fourth arm should account
for the difference in size between the unreplicated and replicated
arms observed between the problem form and the corresponding
nicked form (Fig. 1B and D). The examples depicted in Figure 7
comply with all these restrictions. Most of the molecules with
reversed forks showed a Holliday-like junction at only one
fork, but some molecules were observed with Holliday-like
junctions at both forks (data not shown). In those cases with a
single Holliday-like junction, however, we could not determine
whether it occurred at the origin or the stalled fork. Curiously,
in the case of pBR18-TerE@Styl analyzed in the presence of
0.3 pg/ml ethidium bromide, detection of a discrete spot to the
left of the unreplicated CCC forms strongly suggests that in a
few cases fork reversal proceeded until the re-annealed nascent
strands were completely extruded. This was observed neither
for pBR18-TerE@ EcoRI nor for any plasmid analyzed in the
presence of 100 g/ml chloroquine (Figs 4 and 5).

In summary, the observation that partially replicated
plasmids do not sustain positive supercoiling is likely due to
fork reversal. But in order to reveal Holliday-like junctions
under the electron microscope, very high levels of positive
supercoiling have to be induced.

DISCUSSION

TerE is one of various polar replication terminators of the
E.coli chromosome (8,9). Replication forks stop as soon as
they meet a Ter—TUS complex in the proper orientation due to
the anti-helicase activity of this complex (25). Escherichia coli
DH50F cells express TUS constitutively. If all plasmid
molecules in a cell bind TUS, none would complete replication
and cells would not be able to grow under selection. How did
pBR18-TerE@ Syl and pBR18-TerE@ EcoRI manage to complete
replication in these cells? The equilibrium dissociation constant of
TUS varies for different Ter sites, TerB being the most efficient
and TerE one of the weakest (18). Indeed, the doubling time for
cells transformed with a plasmid carrying TerB was significantly
longer than the doubling time for cells transformed with
pBR18-TerE@Styl or pPBR18-TerE@ EcoRI, which in turn was
much longer than the doubling time for cells transformed with
pBRI18 carrying no Ter site (data not shown). We believe that
DHS50oF’ cells transformed with pBR18-TerE@Styl or pBR18-
TerE@ EcoRI were able to grow in the presence of ampicillin
because not all plasmid molecules in a cell bound TUS. Those
few plasmids that did not bind TUS were able to complete
replication unimpaired and allowed the cells to grow under
selection. Changes in the replication termination system are
known to affect plasmid copy number (26,27). We propose
that in these cells plasmid copy number would be a function of
the equilibrium dissociation constant of TUS for the Ter site
present in the plasmid. As plasmid copy number lessens; the
cell doubling time would lengthen.

Knotted bubbles

In those plasmids containing two inversely oriented ColEl
origins, the replication fork initiated at one origin halts as it
reaches the silent origin. This leads to the accumulation of
partially replicated RIs where knots form within the replicated
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portion of the plasmid (12). Most of the nodes of these knotted
bubbles have a positive sign (21), indicating that they resulted
from in vivo action of type II topoisomerases on negatively
twisted precatenanes (28). These knotted Rls are detected only
when the ALk of the plasmid is eliminated, either by nicking or
digestion with a restriction enzyme that cuts outside the
bubble. The autoradiograms shown in Figure 2A and C demon-
strate that these knotted bubbles also form when the replication
fork is blocked at the TerE-TUS complex. The observation
that there were many more and complex knotted bubbles in
pBR18-TerE@EcoRI indicates that the number of negatively
twisted precatenanes increases as replication progresses, at
least during the first half of the replication process. Since
supercoiling can diffuse across the replication fork (29,30), the
distribution of supercoils and precatenanes is expected to
change as replication progresses. At the beginning the
replicated region would be too small to accommodate a large
number of precatenanes, but as it becomes larger the number of
precatenanes is also expected to increase. However, topo-
isomerase I'V removes precatenanes and therefore their number
should decrease as the completion of replication approaches
(30-32). Further experiments are needed to demonstrate
whether or not the number of knotted bubbles also decreases at
the end of replication.

Electrophoretic mobility of CCCRIs

Progression of the replication fork generates positive super-
coiling ahead of the fork due to unwinding of the parental
strands by DNA helicase. In bacteria this positive stress is
released by DNA gyrase acting ahead of the fork and topo-
isomerase IV removing precatenanes in the replicated region
(30-32). The observation that for pBRI18-TerE@EcoRI
CCCRIs were observed exhibiting lower ALk values (Fig. 3A
and E) suggests that CCCRIs become progressively relaxed as
replication advances. These results, however, should be
examined with caution, as they do not necessarily reflect the
situation during unimpaired DNA replication in vivo. In those
plasmids containing stalled forks where replication stopped
due to the anti-helicase activity of the TerE-TUS complex (9)
there might be an excess of negative stress due to the continuous
action of DNA gyrase. Furthermore, the observation that a
significant number of partially replicated RIs contained
knotted bubbles (Fig. 2) and that these knotted RIs were not
detected unless all ALk was eliminated indicates that the
signals detected in the autoradiograms shown in Figure 3A and
E do not represent all the CCCRIs of the population, as a
selected sub-population of supercoiled Rls (formed by
plasmids containing knotted bubbles) remained undetected.
Despite all these remarks, however, the differences observed
between pBR18-TerE@Styl and pBRI18-TerE@EcoRI strongly
suggest that the topology of CCCRIs changes dramatically as
plasmid replication advances (30-32).

Positive supercoiling and replication fork reversal

The autoradiograms shown in Figures 4 and 5 allowed us to
study, in the same gel, how non-replicated and partially
replicated plasmids reacted to chloroquine or ethidium
bromide in vitro. Comparison of the results obtained using
different plasmids and different concentrations of both drugs
helped us to foresee the dynamics of these changes as replication
advanced.
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For non-replicating molecules the results confirmed the
original observations of Bauer and Vinograd (33). Increasing
the concentration of chloroquine or ethidium bromide leads to
a gradual decrease in the writhe of the molecules until they
become completely relaxed. When more drug was added the
DNA began to supercoil in the opposite direction.

The behavior of partially replicated plasmids was
completely different. At low drug concentrations both CCC
and CCCRIs were progressively relaxed, but when more drugs
were added CCCRISs did not supercoil in the opposite direction.
In other words, in partially replicated molecules chloroquine
and ethidium bromide were able to remove negative supercoiling
but were unable to introduce net positive supercoiling. An
important exception should be noted for the higher concentration
of ethidium bromide employed, 0.3 pg/ml (Fig. 5). This was
the single case where for both plasmids the electrophoretic
mobility of CCCRIs did increase, although the rise was notably
lower than that exhibited by their non-replicating counterparts
in the same gels. Also, this ethidium bromide-induced rise in
the electrophoretic mobility of CCCRIs was significantly
higher for pBR18-TerE@S#yl. In both cases, however, the
signal had an oblong shape and no discrete horizontal bands
could be discerned.

Regression of replication forks with concomitant formation
of Holliday-like junction structures was originally proposed several
years ago as a necessary step in a model for replication repair in
mammalian cells (34). It was claimed that this phenomenon could
take place specifically at arrested replication forks (35,36) and
molecules containing reversed forks were actually visualized
under the electron microscope in digested plasmids containing
stalled forks (14). More recently it was proposed that the posi-
tive torsional strain induced by high concentrations of
ethidium bromide leads to the formation of these structures at
replication forks (10). It is important to note that in a partially
replicated molecule regression of a replication fork implies
shrinkage of the previously formed bubble and the appearance
of a fourth arm, the length of which should be proportional to
the bubble shrinkage (Fig. 5). Postow and co-workers (10)
carefully examined the thermodynamics of fork reversal. They
claim that formation of these structures would require very
little energy (5 kcal/mol, compared to the 20-28 kcal/mol
needed for cruciform extrusion). Once formed, however, there
would be no difference between progression of fork reversal
and branch migration. Hence, progression of fork reversal
would also reduce superhelical stress in such a way that one
positive supercoil would be lost for each 10 bp fork reversal
advance (37). We believe that these figures explain the
behavior of the CCCRIs we observed for pBR18-TerE@ Styl and
pBR18-TerE@EcoRI in the presence of different concentrations
of chloroquine and ethidium bromide. In all the N/N 2D gels
shown in Figures 4 and 5 the effect of one ALk on electro-
phoretic mobility was considerable. However, formation of a
reversed fork and advancement of fork reversal would have
very little if any effect on electrophoretic mobility. For this
reason CCCRIs containing reversed forks are expected to show
the same electrophoretic mobility as their nicked counterparts
(OCRIs). For both drugs induction of positive supercoiling
was more efficient in pBR18-TerE@Styl. In this plasmid the
unreplicated portion (the only relevant target for chloroquine
or ethidium bromide induction of positive supercoiling)
accounted for 74% of the plasmid length, whereas this figure

was reduced to 43% in the case of pPBR18-TerE@ EcoRI. This
higher sensitivity of pBR18-TerE@Styl explains why the
effect of the drugs adding positive supercoiling was more
efficient for this plasmid as compared to pPBR18-TerE@EcoRI.
It also explains why the regain of electrophoretic mobility
detected for CCCRIs in the presence of 0.3 pg/ml ethidium
bromide was significantly higher for this plasmid as compared
to pBR18-TerE@EcoRI. Together, these observations also
explain why fork reversal was finally detected under the
electron microscope in some molecules of pBR18-TerE@ Syl
when all negative supercoiling had been eliminated by topo-
isomerase I prior to induction of positive supercoiling with
100 pg/ml chloroquine (Fig. 7).

In summary, we confirmed that in partially replicated
plasmids positive supercoiling can lead to replication fork
reversal (10). This explains why CCCRIs did not regain
electrophoretic mobility after all negative supercoiling had
been removed. There are significant differences, however,
between the observations by Postow and co-workers (10) and
us. First, they used chloroquine 2D gels and a significantly low
concentration of chloroquine (10-11 pg/ml) to show that
CCCRIs do not regain electrophoretic mobility after all
negative supercoiling has been removed and a very high
concentration of ethidium bromide (12.6 ng/ml) to show fork
reversal by restriction enzyme digestion and atomic force
microscopy. We used Brewer—Fangman N/N 2D gels (2,6) and
electron microscopy to show the effects of different concen-
trations of chloroquine (0.5-100 pg/ml) and ethidium bromide
(0.005-0.3 pg/ml) on CCCRIs as well as on non-replicating
plasmids (CCC). Using atomic force microscopy Postow and
co-workers (10) showed that partially replicated plasmids with
reversed forks were supercoiled when treated with 12.6 pug/ml
ethidium bromide. The authors claimed that acquisition of ALk
by these plasmids was an artifact caused during the deposition
procedure for atomic force microscopy. However, we found
that CCCRIs did gain electrophoretic mobility even when
exposed to 25 times less ethidium bromide (Fig. 5). Why is not
all positive supercoiling absorbed by fork reversal? It could be
that the energy required increases as fork reversal advances.
Another possibility is that intercalation of more and more
ethidium bromide somehow prevents denaturation of the
parental-nascent duplexes. As a consequence, advancement of
fork reversal would stop and positive supercoiling would start
to build up. Further experiments are required to elucidate this
point. Finally, another difference between our results and those
obtained by Postow and co-workers (10) is that we found fork
reversal to occur predominantly at only one fork per molecule,
whereas they claim it occurs at one or both forks with approxi-
mately the same frequency. Figure 8 shows a diagram of a
ColE1 bubble with a stalled fork. After RNA removal, the
lengths of the leading and lagging strands differ at both ends of
the accumulated bubble, the replication origin and the fork
arrest site. At the origin the lagging nascent strand extends 17
bp beyond the point where the leading strand begins (13,38).
At the fork arrest site, on the other hand, the leading nascent
strand ends 3 bp before the TUS-binding site, whereas the
lagging strand stops way back, 63—65 bp before (13,39). Due
to these differences in the length of nascent strands at the
origin and the fork arrest site, their re-annealing during fork
reversal is expected to be favored at the origin.
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In vivo implications

In the last couple of years several authors have reviewed the
relationship between stalled replication forks and genetic
recombination (40-43). All of them have emphasized that
DNA resolvases that specifically recognize Holliday junctions
are driven to stalled forks in vivo (35,36). The mechanisms
leading to the formation of Holliday junctions at stalled forks
were investigated in vitro as well as in vivo (44-47). The
results obtained in the present study together with those
published by others (10) show that positive supercoiling can
also lead to replication fork reversal with concomitant formation
of a fourth arm, at least in vitro. This structure would be
indistinguishable from a genuine Holliday junction. We
believe that in vivo the DNA in the vicinity of a stalled fork
could be positively supercoiled, at least transiently, if DNA
helicase action is faster than topoisomerases can relax the
stress (48). This structure would be recognized by DNA
resolvases to start DNA recombination. It is important to note
though that although high levels of positive supercoiling are
required to detect fork reversal by restriction enzyme digestion
or electron microscopy, significantly less positive ALk is
needed to generate the formation of Holliday-like junctions at
arrested forks, as shown by the fact that CCCRIs did not regain
electrophoretic mobility immediately after all negative super-
coiling had been removed (Figs 4 and 5). These observations
in vitro suggest that low levels of positive supercoiling in the
vicinity of an arrested fork would be enough to trigger the
formation of Holliday-like junctions in vivo.
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