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ABSTRACT 
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Life is cellular. Cells grow and divide to give two new cells; this process is called the 
cell cycle. The chromosome in a bacterium is replicated into two identical copies 
before the cell divides. DNA replication is a fundamental process common to all 
forms of life. 

In my thesis, I have studied control of chromosome and plasmid replication in 
Escherichia coli, a rod-shaped bacterium. Plasmids are extrachromosomal 
autonomously replicating DNA molecules.  

I have combined the classical Meselson-Stahl density-shift and DNA 
hybridisation with theoretical analysis of DNA replication. The minimal time between 
two successive replications of the same molecule, the eclipse, was determined for 
both plasmid and chromosome. 

The aim was to investigate the processes ensuring the precise timing of 
chromosome replication in the cell cycle. In wild-type strains, the chromosomal 
eclipse was long. Mutations affecting the so-called sequestration process, the 
superhelicity of the DNA, and the initiation protein, DnaA,  reduced the eclipse. 

Fast-growing E. coli has overlapping replicative phases with synchronous 
initiation from multiple initiation sites, oriC. I have investigated the complex 
interplay between different control processes by measuring the length of the eclipse 
and the degree of asynchronous initiation in various mutants. 

I have measured the eclipse period of plasmid R1 during up- and downshifts in 
plasmid copy number. The length of the eclipse was found to be determined by 
structural events as well as by the properties of the copy-number-control system. 

During downshift from very high copy numbers, the rate of plasmid replication 
started very slowly and gradually increased until the normal copy number was 
achieved, in accordance with the +n model. 

The CopB system of plasmid R1 was shown to be a rescue system preventing 
cells with few plasmid copies from losing the plasmid in some of the daughter cells. 
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ABBREVIATIONS AND GENE DESIGNATIONS 

∆t    the eclipse period 
A   Asynchrony index 
AAA  ATPases Associated with various cellular Activities  
ADP  Adenine Di Phosphate 
ATP  Adenine Tri Phosphate  
bp     base pair 
CAA  Casamino acids 
CCC  Covalently Closed Circular 
CNC  Copy Number Control 
CopA   Copy number factor A 
CopB  Copy number protein B 
CopT   Copy number Target  
CsCl  Cesium cloride 
Dam  DeoxyAdenosine Methyltransferase  
DNA    Deoxy riboNucleic Acid 
DnaA  DNA replication protein A 
dsDNA  double stranded DNA 
E. coli  Escherichia coli 
et al.  Et alii 
EtBr  Ethidium bromide 
EtOH  Ethanol 
FIS   Factor for Inversion Stimulation 
GFP   Green Fluorescent Protein 
HH   Heavy-Heavy dsDNA 
HL   Heavy-Light dsDNA 
HU   Histone like protein?  
IHF  Integration Host Factor 
IncFII  Incompatibility family II 
kbp   kilo base pair 
LL   Light-Light dsDNA 
Mbp   Mega base pair 
mRNA   messenger RNA   
MukB  Cell phenotype (Mukaku, Japanese for seedless) 
ODXXX  Optical Density at the wave length XXXnm 
ORF  Open Reading Frame 
oriC  Origin of replication of the E. coli Chromosome 
oriR  Origin of replication of the plasmid R1 
pgm  Phosphoglucomutase 
Pol   Polymerase 
RepA  Replication initiator A for plasmid R1 
RBS  Ribosome Binding Site 
RNA  Ribo Nucleic Acid 
Rpm  Revolutions per minute 
SeqA  Sequestration protein A 
SMC   Structural Maintenance of Chromosomes 
SSB  Single Strand Binding protein 
ssDNA  single stranded DNA  
Tap   Translational activator peptide 
terC  Termination site of the E. coli Chromosome 
ts   Temperature sensitive 
wt   Wild-type 
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INTRODUCTION 

 
 
Some general rules for life 
 All organisms are cellular either as a single cell or multicellular. All cells grow in 
size and then divide in two daughter cells. We call this repetitive process the cell 
cycle. The cell cycle contains three key processes, genome duplication (replication), 
genome separation and cell division.  

Anatomy, traits, behaviour, metabolism, cell growth and cell division follow 
instructions specific for each kind of organism. Closely related organisms have 
similar instructions. Some inventions during the history of evolution are that good so 
they have been conserved over billion of years; this is reflected by similarities of 
those instructions even between very diverse organisms. The carriers of these 
instructions are the chromosomes, giant DNA molecules. The building blocks of 
DNA are deoxyribonucleotides with four different bases: adenine (A), thymine (T), 
cytosine (C) and guanine (G).  These building blocks function like letters in a book. 
The numbers and sizes of the chromosomes in different organisms vary among 
organisms, humans have 46 chromosomes, while most bacteria have only one. 
However the general rule for all life on earth is that the information manages to be 
faithfully inherited to the next generations.  

It is very important to control the cell cycle properly. Uncontrolled cell cycle can 
cause cancer and other degenerative diseases.  
 
Two DNA-molecules in the bacterium, the chromosome and the plasmid. 
Most bacteria have only one circular chromosome suspended in the cytoplasm 
without a surrounding nuclear membrane. With an electron microscope, the 
chromosome can be seen as an amorphous structure within the bacteria. The 
chromosome size in a typical bacteria can range from 0.6-6 Mbp (Neidhardt et al., 
1990) and is 4.64 Mbp in E. coli (Blattner et al., 1997). In addition to the 
chromosome, bacteria often contain extrachromosomal DNA-molecules called 
plasmids. Most of the plasmids like the bacterial chromosome, are circular but much 
smaller, ca 1kbp-Mbp. The plasmids are not required for normal growth but might 
become essential under special situation and provide selective/competitive advantage 
to the plasmid-containing host, e g. many of the plasmids are known to carry genes 
giving antibiotic resistance, special metabolic enzymes, tolerance to heavy metals, 
etc. 
 
It is crucial to control DNA replication 
The DNA molecules can be described as selfish molecules that have created diverse 
systems in order to survive, proliferate, and be stably inherited to the daughter cells at 
each cell division. DNA molecules duplicate by semi-conservative replication in 
which each new DNA molecule inherits one strand from the old DNA-molecule and 
one newly synthesised strand. Meselson and Stahl showed this in 1958 with an 
experiment that has been called "The most beautiful experiment in Biology". It is 
crucial for the DNA-molecules that at least one copy is inherited into each daughter 
cell. This requires that the DNA-replication is co-ordinated to cell divisions. The 
frequency of replication should not be higher than that of the host cells, since a too 
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high frequency of replication would lead to too high burden for the cell and with a too 
low frequency, the DNA-molecule would fail to be stably inherited. 

The rate of DNA synthesis is regulated mainly at its initiation of replication. The 
replicon model was proposed in 1963 according to a replicating unit consists of; 
requirement of a cis-element  "Replicator" (initiation site of DNA-replication) and a 
trans-acting "Initiator" (a protein) that interacts with the replicator to initiate 
replication (Jacob et al. 1963). The regulation of initiation of replication has been 
shown to vary a lot among plasmids and chromosomes. I have focused on the E. coli 
chromosome and the R1-plasmid. Initiation of replication of the chromosome is 
dependent on many different factors and proteins (for review see Messer et al., 2001). 
The initiation frequency changes depending on the growth rate of the host. The 
growth rate is dependent on the nutrients, temperature, pH, cell density, etc. Therefore 
if the host changes its growth rate, the DNA-molecule has to change its rate of 
initiation of replication. 

I am interested in control of the cell cycle and particularly in chromosome 
replication, a fundamental process for all life.  

I have used Escherichia coli as the model organism in my studies of control of 
chromosome replication. I have also studied the replication control of smaller DNA 
molecules (plasmids) coexisting with the chromosome in the cells. E. coli is a rod-
shaped gram-negative bacterium. The plasmid studied in my thesis is the low-copy-
number plasmid R1. 
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THE CELL CYCLE OF ESCHERICHIA COLI 

 

 
 
The definition of a cell cycle is the time span from one cell division to the following. 
Figure 1 describes the three phases of the bacterial cell cycle: pre-replicative (B), 
replicative (C), and post-replicative (D). 

The cell grows continuously during the entire cell cycle. It takes about 40 
minutes for the replication forks to move from oriC to the TerC-site. This period is 
called the C-period. From the end of the C-period it takes about 20 minutes until cell 
division is completed, this period is called the D-period (Cooper and Helmstetter, 
1968). The period between birth of the cell to initiation of replication is called the B-
period (Skarstad et al., 1983; 1985). The B- and C-period correspond to the 
eucaryotic G1- and the S-phase, respectively. The D-period corresponds to the G2-
phase, M-phase and the cytokinesis in the eucaryotic cell cycle.  

For E. col,i the C- and D-period are relatively fixed in length independent of 
generation time. The B-period varies at generation times longer than 60 minute. E. 
coli is known to be able to grow with a generation time shorter than the sum of the 
duration of the C- and D-periods.  This apparent paradox is solved by overlapping 
replication cycles, initiated already in the mother cell generation or even in the grand 
mother cell generation (see figure 2). At generation times between 30 and 60 minutes, 
chromosomal replication is initiated in the previous generation, thus the initiation in 
the present generation will terminate in the daughter cell. At generation times between 
20 and 30 minutes  chromosomal  replication initiated  in  the  grand mother  cell  will  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
terminate  in the present cell cycle, initiations in the mother cell will terminate in the 
daughter cell, and initiations in the present generation will terminate in the daughter's 
daughter cell. At generations longer than 60 minutes the initiation and termination 
will appear in the same; cell cycle, hence it is obvious that chromosome initiation 
appears before termination. Terminations occur before initiations for generation times 
20-30 minutes and 40-60 minutes (see fig. 2.). At generation times longer than 60 
minutes only one oriC copy exists in the new-born cell and will be used for initiation 
for replication. If initiations appear in the previous generation relative to the 

B-period

C-period

D-period

Fig.1.  The chromosome (grey or black)
is located in the cytoplasm of the bacteria.
The bacterial cell cycle is divided in three
periods. The bacterium grows during the
whole cell cycle. Chromosome replication
(black) takes place during the C-period.
During the D-period the chromosomes 
separate and divide the cells  
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termination (30-60 min) two oriCs are initiated. At generation times shorter than 30 
minutes, four oriCs are initiated. However, there is always only one termination per 
cell cycle. The average DNA content increases with increasing growth rate, hence the 
relative DNA synthesis per cell cycle increase with increasing growth (Cooper and 
Helmstetter, 1968). 

In fast-growing cells, two or four origins are initiated per cell cycle; and all are 
initiated at the same time; this is called the synchronous phenotype (Skarstad et al. 
1986). Even minichromosomes in exponentially-growing cells initiate synchronously 
at the same time as chromosome replication is initiated (Leonard and Helmstetter, 
1986; Koppes and von Meyenburg, 1987). Synchronously replicating cells have 2n 
(1,2,4 or 8) oriC/cell. In the asynchronous phenotype all origins fail to initiate 
simultaneously; this results in cells with any integer  (1,2,3,4,5,6,7,8,9….) number of 
oriC in the cells (see figure 5).  

 
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Asynchrony index 
Synchronous initiations are obtained by a lot of control systems. Mutants affected in 
one or many of the control systems cannot initiate the origins synchronously. It is 
important to understand the relation between asynchrony and the mutants. For a 
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Fig. 2. The cell cycle has three periods, B (black area), C (light grey area) and D (white area) at
generation times >60 min. Initiation of replication (grey line) starts the C-period. The C-period ends 
with termination of replication (striped line). Cell division (black line) always occurs 20 min after
termination, the D-period. The vertical axis indicates the generation time. The horizontal axis
indicates time after cell division. At generation times 30-60 min, replications are initiated in the 
mother generation, and at generation times <30 min replications are initiated in the grandmother
generation (dot-lines). 

The right side of the figure illustrates how the number of replication forks increases with
decreasing generation time from, 1, 2, and finally 4 origins are fired synchronously. Termination
appears prior to initiations at generation times 20-30 min and 40-60 min. 

0
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Chromosome 
replication 
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practical estimate of the level of asynchrony culture, a J-value was defined as the time 
interval between the first and the last initiation in one single round of initiation 
represented as a fraction of the generation time τ (Skarstad et al., 1986). The J-value 
was calculated from flow-cytometry data on rifampicin-treated cells; rifampicin 
blocks initiation of replication (see next chapter). Two different asynchrony indices 
have been defined. Both are calculated from the distribution of origins in the cell 
population. The first asynchrony index A was defined as the ratio (f3+f5)/f4, were fi is 
the fraction of cells with i origins (Skarstad et al., 1988). The number of origins is 
determined from rifampicin-runouts (see next chapter). A new definition of the 
asynchrony index (A) was used (Boye and Løbner-Olesen, 1990): 
 
A=(f3+f5+f6+f7)/(f2+ f4 +f8)                (1) 
  
Flow cytometry  
The flow cytometer is a fast and excellent tool in cell-cycle research. It was originally 
developed for eucaryotic cells but is now frequently used in microbiology laboratories 
(Skarstad et al., 1995a; Skarstad et al., 1995b). The flow cytometer works essentially 
like a cell counter in which the cells are transported in a water jet stream through a 
focal plane of a monochromatic light beam. The light scatter is approximately 
proportional to the cell size (see fig. 3.). The DNA can be stained with fluorescent 
dyes, e.g. a combination of mithramycin and ethidium bromide (EtBr) intercalate with 
the DNA. The monochromatic light has an excitative wavelength of the fluorescent 
dye and gives rise to pulses of fluorescent light.  The fluorescence is a measure of the 
DNA content per cell and is a linear parameter (Bernander et al., 2001). The strength 
with the method is that the size (light scatter) and the fluorescence (DNA content) are 
measured simultaneously for each cell. Thousands of cells can be measured very fast. 
It is therefore possible to make 2D-plots with size and DNA content on the two axes. 
(see fig. 4.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lamp 

Fluorescence 
(DNA-content) 

Light scatter 
(Cell-size) 

Cell containing 
water-jet 

Dichromatic 
mirror 

Filterblock

Fig. 3. Schematic picture of the flow 
cytometer 
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We can manipulate the cell cycle by different chemical substances. Cephalexin 

inhibits cell division and rifampicin stops transcription, which is essential for 
initiation of chromosome replication. However rifampicin does not stop existing 
active replication forks from proceeding to completion. In a rif-runout experiment, 
cephalexin and rifampicin are added. During a rif-runout experiment, all replication 
forks would finish their ongoing replications, but no further initiations will be 
allowed, and cell division is blocked, resulting in an integer number of chromosome 
equivalents, each corresponding to one copy of oriC. The flow-cytometer technique 
can now be applied to measure the number of chromosome equivalents very easily. 
This is frequently used to determine the number of oriCs in the cell. Figures 4 and 5 
show fluorescence cytograms after rif-runout. The content of other molecules in cells 
can be detected by flow cytometry. An inducible GFP-gene (Green Fluorescent 
Protein) was cloned to different plasmids with different copy numbers. The 
expression was induced and the fluorescence was analysed in separate cells to study 
the copy-number distribution by flow cytometry (Løbner-Olesen et al., 1999). 
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Fig. 4. Flow-cytometry data on cell-size (columns 1 and 4) and DNA-content distributions 
(columns 2 and 5) presented as histograms. In columns 3 and 6 cell size and DNA content are 
presented as 2-D plots. The cells were grown in M9 medium supplemented with glucose.   Flow-
cytometry data are presented for the wild-type strain (MG1655) and SeqA-deficient strain 
(MG1655 seqA) with synchronous and asynchronous initiation of replication, respectively. The top 
row presents data at exponential growth, the middle row rif-runout cells, and the bottom row cells 
in stationary phase. The difference between synchronous and asynchronous replication is well 
visualised in the rif-runouts; the DNA of the wild-type strain ends up in two peaks corresponding 
to 2 and 4 chromosome equivalents, while the DNA of asynchronous seqA-strain ends up in 1, 2, 3, 
4, 5, 6, 7 and even eight chromosome equivalents. 
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Fig. 5. Rif-runout experiments with cells with 
synchronous (A-C) or asynchronous (D) initiation of 
chromosome replication. The branched lines to the left 
indicate chromosomes with ongoing replication 
moving to the right. Non-branched lines correspond to 
non-replicating chromosomes that are the result of a 
rif-runout. The right side visualises the number of 
chromosome equivalents after rif-runout as determined 
by flow cytometry. A-C show examples of 
chromosomes in cells at different stages of replication 
and at different growth rates (Generation time; A= >60 
min; B=30-60 min; C=<30 min).  
In synchronously-replicating cells, the cells after rif-
runout end up with 2n chromosome equivalents (n is an 
integer) e g. 1,2,4 and 8. Asynchronous cells, e g. 
mutants affected on the mechanisms assuring the 
synchrony, end up also with chromosome equivalents ≠
2n   (3,5,6,7,9...) see figure 5.D. In the asynchronous 
cells, the separate initiations are scattered all over the 
cell cycle. 
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The organisation of oriC 
Replication in most bacterial chromosomes starts at one specific site, called oriC. The 
definition of an origin is the minimal DNA sequence capable of autonomous 
replication. The length of minimal oriC is 258 bp and was estimated by deletion 
analysis of minichromosomes (Messer et al., 1978 & 1979; Oka et al., 1980, Asai et 
al., 1990). The origins of six Enterobacteriaceae have similar organisation reflecting 
conservative features (Zyskind et al., 1986). The organisation of oriC in E. coli is: 
one AT-rich box (12 bp), 3 AT-rich 13-mers starting with a GATC-site and five 9-
mer DnaA-boxes. In addition another nine GATC-sites and seven, 6-mer ATP-DnaA-
boxes are scattered over the oriC-sequence (see fig. 6) (Roth and Messer, 1995; 
Schaper and Messer., 1995; Oka et al., 1980; Fuller et al., 1984; Messer and Weigel 
1986; Matsui et al., 1987).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Initiation of chromosomal replication 
Initiation of chromosome replication in E. coli is a very complex process, not yet fully 
understood. Many different proteins, protein complexes, and processes act sequential 
during the initiation. Replication is bi-directionally initiated from oriC (Bird et al., 
1972; Marsh and Worcel, 1977)    

A theory of replication was first proposed 1963, in which the cis-element 
"Replicator" and the trans-acting "Initiator" interact to initiate replication (Jacob et 
al., 1963).  In E. coli is oriC the cis-acting "replicator" and the DnaA protein is the 
trans-acting "initiator". DnaA binds to the mini-oriC consists of three AT-rich 13-mer 
tandem repeats and five 9-mer DnaA-boxes, see figure 6 (Oka et al., 1980). About 20-
40 ATP-bound DnaA monomers bind to four of the five DnaA-boxes and introduce a 
40° bend at each DnaA box followed by an unwinding of the three 13-mer repeats 
(Fuller et al., 1984; Crooke et al., 1993; Schaper and Messer, 1995; Langer et al., 
1996). The binding of DnaA and the bending of the DnaA-box forms the 'initiation 
complex', and the unwounded structure is called the 'Open Complex' stretching 28 bp 
without single-strand-binding protein (SSB) and 44 bp with SSB-protein bound. This 
process is catalysed by three accessory proteins FIS, IHF and HU (Messer et al., 
2001). The DnaB-hexamer ring structure is guided by six DnaC proteins to the 

 
                                                                                                                    oriC →→→→5'- cggcttgaga  
                                    A+T-rich box    L-13-mer              M 13-mer             R 13-mer 
aagacctggG ATCctgggta ttaaaaagaa GATCtattta ttt aga GATC tgttctatt g t GATCtctta ttag GATCgc 
                R 1 

actgccc tgt ggataa caag GATCcggctt ttaaGATCaa caacctggaa agGATCatta taagctggGA TCagaatgag 

          Me                                                           R2                                                       R3 

ac tgtgaatG A TCggtGATC ctggaccgta ggg ttataca ca actcaaaa actgaacaac agttgttc tt tggataa cta 

                                                                       R4 

ccggttGATC caagcttcct ga ←←←←oriC cagag tta tccaca gtag -3' 

 

                  = ATP-DnaA-boxes 6-mers     VERSALES=GATC-sites        One frame = AT-rich region

Double frame =AT-rich 13-mer region     Triple frame = DnaA-box 9-mer  

Fig. 6. The sequence of oriC and its organisation.  
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unwounded oriC region and thereby expanding the open bubble to about 65 bp before 
DnaC leaves the complex. The result is one active DnaB hexamer on the 5'-end of 
each strand called the pre-priming complex. The DnaB hexamers move in a 5'-3'-
direction to open up the bubble long enough for the primase (DnaG) to bind at the 5' 
end of the DnaB hexamers (Fang et al., 1999). The primase synthesises the first RNA-
primers. Two sliding-clamps, the β-subunits of DNA Pol III, and two Pol III dimers 
are assembled onto the primed site.  
 
Chromosome Replication and its co-ordination to the other cell cycle phases. 
At moderate and high growth rates there are overlapping replication cycles, and 
replication is initiated at two or more origins per cell and cell cycle (see figure 2). 
During rapid growth many oriC are initiated for replication, and they are all initiated 
at the same time (Skarstad et al., 1986). These multiple initiations have to be co-
ordinated to avoid asynchronous initiation of replication. Many parallel control 
mechanisms guarantee the synchrony. (i) A titrating DnaA-binding site datA 
duplicates soon after initiation of replication and thereby titrates away the DnaA-
protein. (ii) The SeqA protein prevents Dam-methylase to remethylate the 11 
hemimethylated GATC-sites in the newly replicated oriC region by binding to them. 
(iii) SeqA inhibits the transcription of the dnaA gene. (iv) SeqA prevents DnaA to 
bind to oriC. (v) The active ATP-DnaA is hydrolysed to inactive ADP-DnaA by the 
β-subunit of the DNA-polymerase Pol III).  
 
DnaA a protein with many functions 
The DnaA is the initiator protein for the chromosomal replication (Skarstad and Boye, 
1994; Messer and Weigel, 1996). The DnaA is a 52 kDa protein belonging to the 
large protein family AAA+  (ATPases Associated with various cellular Activities) 
found in all three domains of life. The AAA+ class of ATPases have common motifs. 
Many of them are initiator proteins of DNA replication but they also have other roles 
in DNA metabolism like remodelling and loading of proteins. DnaC is also a member 
of this AAA+ family (Neuwald et al., 1999). An average E. coli cell contains 1000-
2000 DnaA molecules (Sekimizu et al., 1987; Bramhill and Kornberg, 1988). DnaA 
binds as a monomer with its C-terminal domain 4 to the DnaA-boxes with the 
consensus 9-mer sequence 5'-TTA/TTNCACA-3' (Roth and Messer, 1995; Schaper 
and Messer). DnaA binds to the 9-mer DnaA-boxes complexed with either ATP or 
ADP with the same affinity (Sekimizu et al., 1987). DnaA binds with the same 
affinity to linear DNA as to supercoiled DNA (Weigel et al., 1997). However, only 
the ATP-DnaA can open up the AT-rich region upstream to the five DnaA-boxes by 
co-operative binding of ATP-DnaA to the 6-mer ATP-DnaA-boxes. DnaA 
autoregulates its own expression if ATP is bound to it (Speck et al., 1999).  The 
transcription of the dnaA-gene is known to be cell-cycle-dependent; The transcription 
decreases almost 20-fold after initiation of chromosome replication during ca 15 
minutes. (Campbell and Kleckner, 1990; Bogan and Helmstetter, 1997). The dnaA-
gene has two promoters with two DnaA-boxes and three ATP-DnaA-boxes in 
between them (Kücherer et al., 1986; Polaczek and Wright, 1990).  DnaA is known to 
act as an activator, repressor or terminator of transcription. DnaA regulates many 
genes through different locations and arrangements of DnaA-boxes (for review, see 
Messer and Weigel, 1997)  

DnaA protein is found in cell membranes and there are strong indications that 
DnaA interacts with the cell membrane and vice versa. (Sekimizu et al., 1988; 
Newman and Crooke, 2000). DnaA mutants affect the composition of fatty acids in 
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the phospholipids of cell membranes (Suzuki et al., 1998).  Acidic phospholipids 
decrease the binding-efficiency of adenine nucleotides to DnaA and, hence, speed up 
the reactivation of ADP-DnaA with ATP (Sekimizu and Kornberg, 1988). 
Phospholipids also decrease DnaA's affinity to oriC (Crooke et al., 1992). After 
initiation of chromosome replication, the hemimethylated oriC is translocated to the 
membrane, suggesting that phospholipids in the membrane interact with the oriC and 
DnaA complex (Ogden et al., 1988; Landoulsi et al., 1990). DnaA has a distinct 
membrane-binding domain centred around residue 372 (Garner and Crooke, 1996; 
Garner et al., 1998).  

Chromosome replication is initiated at a specific cell mass per oriC (Donachie 
W. D., 1968). The concentration of DnaA sets the initiation mass.  Overproduction of 
DnaA decreases and underproduction of DnaA increases the initiation mass (Langer 
et al., 1996; Skarstad et al., 1989; Løbner-Olesen et al., 1989; Atlung and Hansen, 
1993). DnaAts mutants have an elevated initiation mass at permissive temperature 
30°C (Boye et al., 1996).   

When a chimerical pBR322 derived plasmid with an oriC region was 
transformed into an E. coli cell, the concentration of DnaA was increased. The 
proposed explanation was that the DnaA-boxes titrated DnaA molecules. To respond 
to this titration, the cell increased DnaA expression to maintain the concentration of 
free DnaA constant (Hansen et al., 1987). The initiator-titration model was first 
suggested as a possible replication-control mechanism by Hansen et al., (1991). At 
the end of the last century, a site was found which binds DnaA more efficiently and in 
eight times higher amounts than oriC. This so-called datA-locus is a ca 1 kbp 
sequence located at 94,7 minutes on the physical map and clockwise to oriC. The 
datA-locus binds eight times more DnaA proteins than the region containing oriC and 
mioC.  Therefore, when the datA locus is replicated, the DnaA-binding capacity will 
double and thereby withdraw free DnaA, and the intracellular concentration of free 
DnaA is reduced. The importance of the datA locus was confirmed when a strain with 
a deleted datA locus showed a phenotype in which chromosome replication was 
overinitiated. Mutations in either DnaA-box 2 or 3 in the datA locus gave the same 
results as deletion of datA. The asynchrony and overinitiation with the deleted datA 
locus could be recovered with a DnaA-titrating plasmid containing the DnaA-boxes 
from mioC and an oriC in which the left AT-rich 13-mer region was deleted 
(Kitagawa et al., 1996; 1998).  
 
The GATC sites in oriC remain hemimethylated for 1/3 of a cell generation  
Except for the AT-rich region, the three 13-mers and the five 9-mer DnaA-boxes oriC 
contains 11 GATC-repeats (see fig. 6.). The GATC sites are scattered all over the 
chromosome but are 10 times more frequent at oriC (Meijer et al., 1979; Oka et al., 
1980). The adenine in a GATC site is normally methylated. The nucleotides 
incorporated during replication lack the methyl group and the newly replicated DNA 
remains hemimethylated until dam methyltransferase remethylates the nascent DNA-
strand. It appears that the GATC sites need to be re-methylated before initiation of 
replication can start in vivo. The transformation frequency of methylated oriC-
plasmids was much less than that of unmethylated plasmids in dam-deficient cells. 
Plasmids with ColE1 origin instead of oriC was transformed more efficiently in the 
dam-deficient strain  (Messer et al., 1985; Smith et al., 1985). The fully methylated 
oriC-plasmids that did transform the dam-deficient strain replicated one time and 
were then accumulated as hemimethylated DNA unable to replicate any further 
(Russel and Zinder, 1987). Hemimethylated DNA, however, is as good a substrate for 
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in vitro replication as fully methylated DNA (Boye, 1991). It was shown that 
hemimethylated oriC DNA was associated with the membrane fraction; this was 
proposed to be the sequestration of newly replicated oriC-region (Ogden et al., 1988).  
Further description of the sequestration mechanism is found in the next chapter. The 
timing of chromosome replication is dependent on the level of dam expression. The 
dam expression was varied with temperature by the use of a dam gene downstream of 
the lambda promoter λPR and the temperature sensitive repressor cI587 in a host with 
the dam-3 mutation lacking methylation activity. The strain was synchronous within a 
narrow temperature interval (the asynchrony index (A) dropped at 34-39°C). The 
strain was asynchronous at lower and higher temperatures when the dam gene was 
obviously under- or over-expressed (Boye and Løbner-Olesen, 1990).  

Specific restriction enzymes can distinguish between methylated and 
hemimethylated 6-mer sequences containing GATC-sites. DnaCts mutants can be 
synchronised by a period at non-permissive temperature. The kinetics of re-
methylation after initiation of chromosome replication in synchronised DnaCts mutant 
was studied by restriction analysis. Both the oriC region and the dnaA promoter P2 
region were hemimethylated for a significantly longer period than other regions on 
the chromosome. Thus initiation of chromosome replication and dnaA transcription 
were both inhibited (Campbell and Kleckner, 1990). When SeqA is overexpressed, 
the period of hemimethylation is prolonged, and segregation of chromosomes and cell 
division are delayed for more than one cell generation (Bach et al., 2003).   
 
Sequestration control  
The repressor of re-initiation was identified as the SeqA protein responsible for 
sequestration of the hemimethylated GATC sites in oriC. There are about 1000 SeqA 
molecules per cell (Slater et al., 1995).  The SeqA protein can bind fully methylated 
GATC-sites but prefers hemimethylated and does not bind to unmethylated DNA at 
all (Slater et al., 1995; Skarstad et al., 2000). In a seqA strain, the synchronisation of 
initiation is lost and the sequestration from the dam methylase is lost as shown by 
flow cytometry and restriction analysis, respectively (Lu et al., 1994). The absence of 
SeqA decreases the initiation mass about 10-20% (Boye et al., 1996). SeqA protein 
binds more efficiently if two or more hemimethylated GATC sites are clustered with a 
distance of up to 31 bp (Brendler et al., 1999; 2000).  

The temporary suppression of re-initiation of replication due to inhibition of 
remethylation of hemimethylated GATC sites in oriC by the binding of SeqA is called 
sequestration control. 
 
Additional roles of SeqA in the cell cycle. 
The SeqA protein most probably has additional roles than sequestration by the 
binding to hemimethylated GATC-sites. 

SeqA can inhibit replication of both fully methylated and unmethylated oriC-
plasmids in vitro, fully methylated oriC-plasmids are however more sensitive to SeqA 
than the unmethylated. The pre-priming complex is the complex formed by oriC-
DNA, after the formation of the open complex, when DnaB and DnaC-proteins binds 
to it. SeqA inhibits a proper assembly of the pre-priming complex. SeqA inhibits 
initiation even when added to already properly formed pre-priming complexes (Wold 
et al., 1998)   

The nucleoid of SeqA-deficient strains has an increased degree of negative 
supercoiling, deduced after measure of sedimentation coefficients in sucrose density 
gradients (Weitao et al., 1999 and 2000). Topoisomerase I encoded from topA is 
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known to decrease negative superhelicity (Wang, 1971). SeqA can bind non-
specifically to supercoiled DNA, protecting the supercoiled oriC plasmids from 
Topoisomerase I activity. SeqA also restrains unmethylated supercoiled oriC 
plasmids from activity by Topoisomerase I. This might be the mechanism by which 
SeqA inhibits the formation of the open complex (Torheim and Skarstad, 1999).  

The MukB-protein is structurally closely related to the SMC-proteins (Structural 
Maintenance of Chromosomes)(Niki et al., 1991). The MukB protein increases 
nucleoid condensation and the degree of negative superhelicity, and the null mutant 
has a very reduced nucleoid condensation and superhelicity. The null mutant is also 
temperature sensitive. The null mutant of seqA shows increased nucleoid 
condensation and increased negative superhelicity. The double mutant seqAmukB has 
regained the wild-type condensation. This suggests that SeqA has an additional role as 
the opposite force to the condensation and negative superhelicity ability of MukB (Hu 
et al., 1996; Weitao et al., 1999 and 2000).    

SeqA is localised intracellularily at a distinct foci, in a mukB null mutant the 
SeqA protein is scattered all over the nucleoid in foci with various size (Onogi et al., 
1999). The SeqA foci are not dependent on the oriC-region shown by an oriC-deleted 
mutant. The number of SeqA foci is proportional to the number of oriC at different 
growth rates. Its also interesting that the oriC and SeqA foci are not co-localised 
(Hiraga et al. 1998). Overexpression of SeqA does not increase the number of foci; 
rather the intensity of each focus is increased (Bach et al., 2003). 

SeqA is proposed to be involved in chromosome organisation and segregation 
during replication and throughout the cell cycle (Dasgupta et al., 2000). 
Overexpression of SeqA inhibits cell division (Hiraga et al., 1998; Torheim and 
Skarstad, 1999; Brendler et al., 2000; Bach et al., 2003). 

SeqA is reported to prevent the formation of the open complex at high 
concentrations (Torheim and Skarstad, 1999). SeqA preferentially binds to the region  
(the left part of minimal oriC) for the initial strand separation (Slater et al., 1995).  

The oriC-DNA is associated to the membrane through a multi-protein complex 
including SeqA and a factor called SeqB, (Shakibai et al., 1998). 
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THE R1-PLASMID 

 

 
Plasmid ecology in bacteria 
The bacterial chromosome is a large DNA molecule containing all genes essential for 
living, metabolism, proliferation, etc. Since bacteria do not reproduce sexually, this 
means that mixing genes in the next generation by mating does not drive the 
evolution. It is now obvious that many bacteria, maybe all bacteria, share a common 
gene pool. The bacteria can obtain new genetic material by uptake of free DNA 
molecules, by transformation (Griffith, 1928). There are numerous shuttle 
mechanisms for exchanging genetic materials and they can transfer new genetic 
material between members in the "common gene pool" (Dionisio et al., 2002). 
Bacterial viruses (bacteriophages) transfer DNA in lipid and protein capsules. Some 
shuttles are naked DNA mostly circular molecules that can be transferred by a direct 
cell-to-cell contact a mechanism called conjugation. Every shuttle has its own specific 
replication mechanism but they use more or less all proteins from the replication 
machinery of the host, e g. DNA polymerase, primase, SSB etc.  These naked shuttles 
had many different names until they got the name plasmids (Lederberg, 1952). 
Conjugation requires products from the "transfer genes" (tra) encoded within the 
plasmid itself. 

The plasmids have a parasitic behaviour and are sometimes described as selfish 
DNA.  They use the metabolites and the replication, transcription and translation 
machineries of the host.  The growth rate is sometimes lower in plasmid-containing 
than in plasmid-free cells.  Plasmids have many exciting and diverse strategies to 
survive and colonise new hosts. Some plasmids have a killer system, which means 
that they produce a stable toxin and an antidote with short lifetime. This ensures that 
the daughter cells, which have lost their plasmid, would die since the antidote would 
decay while the toxin is stable. Some plasmids have an almost altruistic behaviour 
where a low frequency of the plasmid containing cells commit suicide by lysis to 
spread the exotoxin which kills plasmid free cells; e.g. the ColE1 plasmid produces 
the toxin colicin E1 that kills cells without the plasmid. Some plasmids produce 
conjugation inhibitors that prevent other plasmids to enter the same host. 
     The plasmids became more interesting when scientist discovered that many 
plasmids contain genes responsible for antibiotic resistance and are responsible for the 
spread of antibiotic resistance among pathogen bacteria. Plasmids can give its host 
other kinds of resistance e.g. against heavy metals, bacteriocins, radiation and toxic 
anions. In this situation, the parasite host relation is more symbiotic, since the host 
gain some benefits. 
    Plasmids seem to be selfish DNA molecules spreading resistance against various 
antibiotics. However, many plasmids today are very important tools in gene 
technology and science e.g., as cloning vectors and expression vectors. 
 
The R1-plasmid  
Plasmid R1 (resistance plasmid) was discovered as an extrachromosomal factor that 
could transfer resistance to many antibiotics between cells (Meynell and Datta, 1967). 
Plasmid R1 belongs to the incompatibility group FII (IncFII).   
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R1 is a low-copy plasmid with about 3 copies per newborn cell (Nordström et 
al., 1980). Low-copy plasmids need many extra systems (e.g. active partition, toxin-
antitoxin system) to secure their stability and are therefore larger than high-copy 
plasmids; the size of R1 is about 90 kb. Plasmid R1 also has a conjugation system 
encoded by the tra-operon. Several antibiotic-resistance genes are carried by R1 to 
confer upon the host cell resistance to kanamycin (Km), ampicillin (Ap), 
sulfonamides (Su), streptomycin/spectinomycin (Sm/Sp) and chloramphenicol (Cm). 
The parD locus encodes one of the two killer systems, the kis gene encodes the 
poisonous product and the kid gene encodes the antidote (Bravo et al., 1987; Ruiz-
Echevarria et al., 1991). The second killer system is the hok/sok system encoded from 
the parB locus.  The hok-product is a poisonous protein and the sok product is an 
antisense RNA that inactivates the hok-mRNA (Gerdes et al., 1986a and b; 
Rasmussen et al., 1987). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The parA region with the ParM and ParR proteins and the adjacent parC region, 
a centromere-like DNA region to which the ParR protein binds encode the true 
partition system. The parC region complexed with ParR functions as a nucleation 
point for the actin-like polymerisation of the ParM protein (Møller-Jensen et al., 
2002; Jensen and Gerdes, 1999; Dam and Gerdes, 1994).  
 
The basic replicon (see figure 8A.) 
The basic replicon of R1 plasmid is 2,5 kb (Kollek, et al., 1978; Molin et al., 1979). 
The activator of replication is the RepA-protein. Replication is initiated by the 
binding of many cis-acting RepA-proteins and trans-acting DnaA-proteins. R1 
replicates mainly uni-directionally with a low frequency of the rolling-circle mode of 
replication (Krabbe et al., 1997). The RepA protein has to be synthesised de novo 
between two subsequent replications of the same plasmid (Austin and Nordström, 
1990; Masai et al., 1983; Masai and Arai 1987). However the DnaA protein is not 
essential for in vivo initiation but the initiation frequency is decreased if DnaA 
activity is shut off (Bernander et al., 1991). Synthesis of the RepA protein requires a 

 
 
 
 
Fig. 7. Schematic map of plasmid R1.
The tra-region is a group of genes
involved in conjugation. The killer
system are parB and parD. The 
partition system is encoded by the parA
operon. Five genes responsible for
resistance against antibiotics are
denoted KmR. ApR, SuR, SmR and CmR. 
The basic replicon is enlarged to show
the positions of genes involved in
regulation of replication of the plasmid
(see figure 8). 
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translational coupling of the small leader peptide, Tap (translational activator 
peptide), located just in front of the ORF for RepA. The ribosome-binding site (RBS) 
is sequestered in a secondary structure in the mRNA until the upstream translation of 
tap-region opens it. The distance between the RBS of repA and the start codon is not 
optimal (Öhman and Wagner 1991; Blomberg et al., 1992 and 1994). The RepA-
mRNA is transcribed from two promoters PrepA and PcopB, the latter is constitutively 
expressed. The 2,5 times stronger PrepA is downstream of PcopB. The transcript from 
PcopB also contains the mRNA for CopB. The CopB protein is 86 aa and 33kDa 
protein. There are about 2000 CopB-monomers per cell, they bind as tetramers to 
PrepA and reduce the transcription from PrepA by 90% (Light and Molin, 1981and 
1982a; Riise and Molin, 1986;Womble et al., 1985; Light et al., 1985).  Reduced 
concentration of CopB reduces drastically the concentration of tetramers this turns on 
PrepA. The CopB-loop is not believed to play much of a role under steady-state 
conditions. It is more probable that the CopB-loop has an important role at very low 
copy number, e.g. after conjugation to establish wild-type copy number or when a 
daughter cell only gets one single copy after cell division (See figure 8.;Light and 
Molin, 1982b; Light et al., 1985; Womble and Rownd, 1986; Riise and Molin, 1986, 
Nordström and Wagner, 1994). 
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Fig. 8. The R1 basic replicon during normal copy number (A) and at very low copy number (B).
The CopB-system is believed to be a rescue system at very low copy number, e g. after conjugation
or newborn cells with only one plasmid. At normal copy number PrepA is repressed 90% by the
CopB-tetramer. At very low copy number, CopB tetramers are rarely formed due to the low gene
dosage; therefore the stronger promotor (PrepA) will be depressed. The result is a higher mRNA
concentration and hence a higher RepA production; this might assure enough replication before the
following cell division. 

promotor transcription/translation inhibition RNA 

PrepA PcopB 

PcopA 
copA copB tap

copT 

oriR1 RepA 

CopA

trans-acting CopA 

 cis-actingRepA 

CopB- 
tetramer

RepA-mRNA 

CopB & RepA mRNA 

kT 

kA 

Normal copy number A. 

kapp 
kDA kR 

Decay of CopA 



22 Jan Olsson 

The inactivator CopA, an antisense RNA, controls the copy number. The half-
life time of CopA is 1-1.5 min (Stougaard et al., 1981; Söderbom et al., 1997; 
Söderbom and Wagner, 1998). Therefore, the concentration of CopA is proportional 
to the copy number which leads to a rapid adjustment of plasmid replication upon 
changes in copy number. The target for CopA is the complementary region CopT in 
the tap-gene (translational activator peptide).  CopA is transcribed 2 bp upstream of 
the RBS of tap. CopA inhibits translation of this leader peptide when it binds to 
CopT. The binding starts with a reversible loop-loop interaction step called the 
Kissing complex; this step proceeds irreversibly to the Extended kissing complex and 
the Stable CopA-CopT complex (Light and Molin, 1981; Nordström and Aagaard-
Hansen, 1984; Nordström and Wagner, 1994; Malmgren et al., 1996; Kolb et al., 
2000). The copy number Cop is primarily determined by: 
 
 Cop=k  kR  kDA kT /kA kapp kH                (2) 
 
where kR is the rate of replication, kDA is the rate of decay of CopA, kT the rate of 
transcription of RepA-mRNA from PcopB and PrepA, and kA is the rate of transcription 
of the antisense RNA CopA, kapp is the association rate of CopA and the CopT-region 
of the RepA-mRNA, kH is the growth rate of the host (Nordström and Wagner, 1994). 
The rate of transcription of CopA, kA decreases if the transcription from PcopB and 
PrepA increases by convergent transcription leading to an increased copy number Cop 
(Stougaard et al., 1982; Nordström and Uhlin, 1992).  
 
The nature of copy number control (CNC) 
The plasmid has to synchronise its replication with the growth of the host cell. A too 
low replication frequency would lead to plasmid loss. A too high replication 
frequency would lead to an overcrowded plasmid population resulting in a too heavy 
metabolic load (Proctor, 1994; Paulsson and Ehrenberg, 1998, Wouters et al., 1980). 
The main properties of a copy-number control is that the plasmids replicate more than 
once per cell generation if the copy number is lower than the average and replicates 
less than once per cell generation if the copy number is too high. Hyperbolic copy 
number control (CNC) versus On-Off CNC was discussed in the review Nordström et 
al.   from  1984.   The   relative   copy   number   was  modified   by  metabolic  shifts, 
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temperature shifts with temperature-dependent copy number mutants and temperature 
shifts with R1 cloned into a temperature-sensitive vector. All these changes coincide 
with line B in figure 9, supporting the hyperbolic model  (Nordströmet al., 1984; 
Nordström, 1990). If the relative copy number is under 1 and the replication 
frequency under 1/cell cycle, the plasmid would be lost. If the relative copy number is 
above 1 and the replication frequency above 1/cell cycle the plasmid will replicate 
uncontrolled i.e. run away phenotype (see figure 9.).  
 
+n mode of plasmid replication 
The model deduces that if the average copy number in new-born cells is n, on average 
n plasmid, with a Poissonian distribution would be produced per cell before cell 
division (Nordström and Aagaard-Hansen, 1984).  Flow-cytometry experiments with 
a cloned GFP-gene (Green Fluorescent Protein) on R1-plasmid did show a fairly wide 
copy-number distribution, maybe Poissonian (Løbner-Olesen, 1999). It was however 
impossible to correlate it to exact numbers as it is not clear how proportional the GFP 
signal was to the actual copy number.  

The +n model was supported experimentally from copy number upshifts and 
downshifts with temperature-sensitive copy-number mutant pKN301 as well as with 
metabolic shifts. Plasmid synthesis was followed by pulse labelling with [3H]-
thymidine and the rate of plasmid synthesis was rather changed in one single step then 
gradually (Gustafsson and Nordström, 1980). 
 
Eclipse and the Multistep Control model. 
Replication of plasmid R1 is random, i.e. spread in time over the entire cell cycle and 
all copies have the same probability of being selected for replication (Gustafsson et 
al., 1978). The newly replicated plasmid is, however, sequestered from new initiation 
during ca 0.2 generations. After this eclipse period the plasmid has the same 
probability as the other plasmids in the cell to be selected for the next replication. 
This eclipse might have two additive causes, the structural and the kinetic factor. A 
newly replicated plasmid is open-circular, it has to regain the covalently-closed-
circular (CCC) structure to be a good substrate for a new round of replication. 
Plasmid replication is dependent on right superhelicity (Uhlin and Nordström, 1985).  
This cycling from a CCC parent plasmid to CCC daughter plasmid takes about 4 
minutes (Gustafsson et al., 1978; Koppes and Nordström, 1986).  

The second cause is derived from a hypothetical model for CNC and has only 
been investigated theoretically. The model for this second factor is based on many 
intermediate states (Xi and Zi; see figure 10) for the newly replicated plasmid to 
regain the potential to replicate again (Ehrenberg and Sverredal, 1995). The model 
partly explains the eclipse measured by Koppes and Nordström (1986).  Simulated 
data could imitate the experimental eclipse but the kinetics of the probabilities to 
replicate after the eclipse period was different. The simulations predicted 2-3 steps 
indicating that each mRNA translates a burst of RepA proteins and the cycle needs 
about 2-3 bursts this means that the plasmid visit the Xi states 1-2 times on average 
(Ehrenberg and Sverredal, 1995; McAdams & Arkin, 1997).  Paulsson and Ehrenberg 
(2000) further discussed clock-like behaviour of the multistep model. The multistep 
control was shown to be probable for the replication of the ColE1-plasmid supported 
by molecular background and theoretical analyses of the kinetics (Ehrenberg, 1996; 
Paulsson et al., 1998). 
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The par-locus a true partition system 
The par-locus (formerly parA) of plasmid R1 is one single operon encoding two 
trans-acting proteins ParM and ParR. Besides these two proteins, the par-locus also 
has one cis-acting centromere-like region called parC, upstream of parM and parR. 
The ParR autoregulates the promotor (Min et al., 1991;Dam and Gerdes, 1994; Jensen 
et al., 1994; Gerdes and Molin, 1996). Electron microscopy and ligation kinetic assay 
indicates pairing of two parC, containing plasmids in presence of ParR, and pairing 
was even more efficient in presence of ParM and ATP. The assay showed that 
supercoiled plasmids are better substrate for pairing than open-circular plasmids. 
(Jensen et al., 1998). R1 plasmids are clustered at a few foci and not scattered all over 
the cell. In high copy mutants is the fluorescent intensity of each foci instead of the 
number of foci is increased (Weitao et al., 2000; Pogliano et al., 2002). In vivo ParM 
is co-localised with parC-containing plasmids (Jensen and Gerdes, 1999). The parC-
ParR-complex forms the nucleation point of an actin-like polymerisation of a spindle-
like filament responsible for the plasmid segregation. Polymerisation requires ATP 
and breakdown of the filaments is through hydrolysis (Møller-Jensen et al., 2002). 
 

 

 

 

 

 

 

 

Fig. 10. Scheme for the R1 replication cycle with n cis-acting RepA molecules. The Zi state is a 
plasmid with i RepA molecules bound to oriR1 and an active mRNA. Inactivation of mRNA by 
CopA  (rate q) leads to state Xi. The rate constant q is dependent on the rate of CopA transcription 
and the rate of CopA/CopT duplex formation. Transcription of a new mRNA (rate kT) returns the 
plasmid to state Zi. Translation of RepA molecule (rate kIT) of a plasmid in state Zi moves the 
plasmid to state Zi+1. (Ehrenberg and Sverredal, 1995)
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PRESENT INVESTIGATIONS & DISCUSSION 

 
 

My work has been focused on initiation of chromosome and plasmid replication. A 
key feature of chromosome replication is that it is tightly controlled to ensure that 
replication occurs once and once only during one cell cycle. One aspect of this control 
is the eclipse period, the period during which re-initiation of replication is prohibited. 
Reduction of the length of the eclipse period would then effect the fidelity of 
chromosome replication. I have therefore studied what genes determine the length of 
the eclipse period, and the correlation between the length of the eclipse period and 
synchrony of initiation of replication (papers I and II) 

There is also an eclipse during plasmid replication. I have studied the causes of 
the eclipse period by comparing the eclipse period in a normal plasmid population 
with a plasmid population replicating without copy number control; both structural 
aspects and the copy-number-control system contribute to the eclipse period (paper III 
and IV) 

Finally, plasmid R1 has an auxiliary copy-number-control system, CopB. I have 
determined the efficiency of this system in assisting the maintenance of plasmid R1 in 
a growing population of host bacteria (paper V). 
 

 
ECLIPSE PERIOD MEASURED BY MESELSON STAHL DENSITY SHIFT 

 
The eclipse period 
The E. coli chromosome has been shown to initiate once and only once per 
generation. This means that further initiation of replication from oriC is repressed 
during most of the cell cycle. The inter replication times are distributed around an 
average of one generation time τ.  Depending on how accurate the control of 
replication is, the distribution of the inter replication time will vary. The minimal inter 
replication time is defined as the eclipse period (see figure 11.). It has been of interest 
to microbiologists to measure the eclipse period in order to investigate how cell-cycle 
mutations affect the timing of reinitiation of chromosome as well as plasmid 
replication.  
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Previous measurements of the eclipse period 
Many experiments have been done for estimation of the minimum inter-replication 
time, which we call the eclipse period. One method is Meselson-Stahl density-shifts 
experiments in which a culture is shifted from a medium with heavy isotopes to a 
medium with light isotopes. The DNA before a density shift contain two heavy 
strands (HH), after one round of replication in light medium two hybrid DNA 
molecules (HL) are formed. Further replication of HL-DNA results in one hybrid-
DNA (HL) and one light DNA molecule (LL).  Koppes and Nordström (1986) 
estimated the eclipse period by Meselson-Stahl density shift experiment in which they 
grew the cells in heavy medium and pulse-labelled the DNA with [3H]-thymidine just 
before they shifted the cultures to light medium. They followed DNA replication by 
harvesting DNA at different times. Each DNA sample was separated on a CsCl-
density gradient by ultracentrifugation. The recently pulse labelled DNA will remain 
in the HH fraction until it replicates a second time, this time in the light medium, and 
then appear in the HL fraction. The time between the density shift and the appearance 
of radio-labelled HL-DNA is a measure of the eclipse period. It is important to point 
out that the HL-fraction will start to contain DNA directly after the density shift but 
the pulse labelled DNA is prohibited for a subsequent replication during the eclipse 
period. Koppes and Nordström measured the eclipse period for the integrated R1-
origin in the chromosome, other groups have measured the inter-replication time on 
chromosome origins (Bakker and Smith, 1989; Smith et al., 1992). The same method 
has been applied for other integrated plasmid origins and on mini-chromosomes 
(Eliasson et al., 1996; Eliasson and Nordström 1997). 

Other attempts to estimate the eclipse period utilised synchronised cells by 
temperature-sensitive cell-cycle mutants, dnaC2 and dnaA46. In these experiments 
initiation of replication was stalled by shifting an exponentially-growing population to 
non-permissive temperature; when the cells were shifted back to permissive 
temperature, initiation of replication in all cells was synchronised at initiation of 
chromosome replication. The rate of DNA synthesis after the shift back to permissive 
temperature was followed by [3H]-thymidine pulse incorporation for 3 minutes at 
different time samples. The relative DNA synthesis is a measure of active replication 
forks, this activity is supposed to increase stepwise with a two-fold increase each cell 
cycle. The length of each step is a measure of the eclipse (Bogan and Helmstetter, 
1997). The other strategy was to follow the increase of oriC copies per cell by flow 
cytometry. In this experiment, cells were grown at non-permissive temperature for 90 
minutes before shift back to permissive temperature. The number of oriC copies per 
cell was measured at different times after the shift back to permissive temperature. 
The number of oriC was measured by flowcytometry analysis of rif-runout 
population. The numbers of origins were expected to increase stepwise with an 
increase of the power of 2 at each step. The length of the step is an estimate of the 
eclipse period (von Freiesleben et al., 2000). 
 
Meselson-Stahl Density shift combined with Southern blot. (general description) 
We have combined two frequently used techniques and analysed and compared the 
results by theoretical simulations (Olsson et al., 2002; papers I, II, III and IV). The 
method is as in previous Meselson-Stahl density-shifts based on the semiconservative 
replication of DNA (Meselson and Stahl, 1958). The cells were first grown at least 10 
generations in heavy medium with heavy isotopes (13C6-glucose; 15NH4

+). At an 
OD550≈0.2 the culture was diluted five-fold by light medium (12C6-glucose; 14NH4

+). 
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DNA was extracted at different times after the shift. DNA fragments of different 
density were separated in a CsCl-gradient by equilibrium ultra-centrifugation. The 
gradients were fractionated on microtiter plates. The DNA contents in each fraction 
were quantified by dot-blot hybridisation; gene specific probes were used.  The range 
of DNA contents in our samples was shown to be proportional to the signal in the 
phosporimager (Paper I: Olsson et al., 2002).  The kinetics of the DNA replication 
and distribution of Heavy-Heavy-dsDNA (HH), Heavy-Light-dsDNA (HL) and 
Light-Light-dsDNA (LL) were plotted and compared with theoretical computer 
simulations (see the next paragraph). Each gradient fractionated on a microtiter plate 
can be blotted on 3-4 membranes. The membranes can be stripped and repeatedly 
rehybridised with different probes. This allowed us to study the replication kinetics of 
different segments of the same DNA molecule or separate DNA molecules in the 
same cells from the same density-shift experiment. 
 
Theoretical analysis of DNA replication with different eclipse periods 
The DNA before a density shift contain two heavy strands (HH), after one round of 
replication in light medium gives two hybrid DNA molecules (HL). Further 
replication of HL-DNA results in one hybrid-DNA (HL) and one light DNA molecule 
(LL).  Thus after a density shift will three reactions take place: 
 
HH-DNA+ L-deoxyribonucleotides= 2 HL-DNA 
HL-DNA+ L-deoxyribonucleotides= HL-DNA + LL-DNA 
LL-DNA+ L-deoxyribonucleotides= LL-DNA + LL-DNA 
 

We assumed that all three reactions take place with the same rate constant, k. 
Another assumption was that the whole population grows with the same generation 
time. The kinetic behaviour of the replication and the subpopulations of HH-DNA, 
HL-DNA and LL-DNA was theoretically analysed (Olsson et al., 2002). The 
simulations are robust and fits any distribution of inter replication times.  

In the ideal case when all DNA molecules replicate with intervals of exactly 1 
generation time, all HH-DNA will replicate to hybrid DNA (HL) before any LL-DNA 
will appear; hence, the HL-fraction will be 100% of the DNA before HL-DNA will 
replicate and result in an increasing fraction of LL-DNA. However if the eclipse 
period (∆t) is shorter then one generation time, some DNA-molecules will replicate 
twice, while others will not replicate at all. This scenario will result in HH, HL and 
LL-fractions simultaneous after one generation time (See figure 12.). However since 
one assumption was that the DNA population was homogenous the HL-fraction 
cannot be less than 50%.  The maximum value of HL-DNA (HLmax) is always reached 
after one generation time. Depending on the length of the eclipse period ∆t, the HLmax 
value will vary in the interval 50-100% according to the following equation (Olsson et 
al., 2002). 
  

∆t = 2 HLmax -1                         (3)            
 
The eclipse period is defined as the first appearance of LL-DNA but since the LL-
DNA appears asymptotically is it far more accurate to use the total kinetics of the 
DNA population. We used the HLmax value and compared it to the computer 
simulations in figure 12. to estimate the eclipse period. 
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Properties and advantage of the method 
The measurement of the eclipse period can be applied on exponentially-growing cells 
without drug-induced or mutation-aided disruption of the cell cycle. The method does 
not require synchronisation or temperature shifts. The method is therefore useful if 
one wants to study how a single mutation affects the eclipse period without side 
effects caused by the method, e.g. synchronisation by drugs. The replication kinetics 
of specific regions on the chromosome can be studied, with the use of specific probes 
at the hybridisation step. We could show that the value of the eclipse period was 
identical when we used probes close to the oriC-region (dnaA-probe at 84 min), the 
terC-region (tus-probe at 36 min) and at an intermediate position (dnaC-probe at 99 
min). The eclipse periods measured in the wild-type strain MG1655 with the terC-
probe reflects initiations of replications before the cells were shifted to light medium 
while the eclipse period obtained with the oriC-probe reflects initiations of 
replications after the density shift. The eclipse period was 0.60 with all three probes. 
This indicates that the eclipse period is not different before and after the density shift. 
The growth rate was measured by optical density and did not change after the density 
shift to light medium. We could choose probes specific for an R1 plasmid and the 
chromosome and hybridise on two separate membranes with DNA from the same 
CsCl-gradient. 
 
In conclusion:  
The method can measure the eclipse period in exponentially-growing cells, that 
therefore are unperturbed in their growth and replication. The method does not change 
the growth rate. The eclipse period can be studied for any region on the chromosome 
and for any other replicating DNA molecule.. Probes close to the oriC reflect 
initiations after the density shift while probes close to the terC reflects initiations 
before the shift. The eclipse period can be measured for the chromosome and 
coexisting plasmids in cells from the same density shift experiment. 
 
 
 

Fig. 12. Computer simulation of the 
replication kinetics during a density shift 
experiment. The HH-DNA drops and HL-
DNA increase directly after the shift to 
light medium. The LL-DNA increases 
gradually depending on the length of the 
eclipse period. The very thick lines 
correspond to the situation with an eclipse 
of exactly one generation time. The lines 
of medium thickness correspond to 
replication with no eclipse. The thin lines 
correspond to intermediate length of the 
eclipse period in steps of  0.1 generations. 
The eclipse period is easily estimated 
from value of the HLmax. Data from a 
typical experiment are plotted on top of 
the simulated curves. 
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CONTROL OF CHROMOSOME REPLICATION  

 
(papers I and II) 

 
 

Our focus is on the initiation of the chromosome 
Replication of the E. coli chromosome is under strict cell-cycle control. This 
statement is supported by many results: (i) the initiation mass is relatively constant 
over a wide range of growth rates (Donachie, 1968; Boye et al., 1996), (ii) Initiation 
of replication from a unique locus oriC, takes place once and only once every cell 
cycle (Boye et al., 2000),and (iii) synchrony of initiation from all oriCs in a cell (even 
for multicopy oriC-plasmids) during exponential growth (Skarstad et al., 1986; 
Leonard and Helmstetter, 1986). There are many requirements to be fulfilled to allow 
an initiation (a) the initiator protein DnaA has to be available in required 
concentration and in the active ATP-DnaA form, (Messer and Weigel, 1996; Bogan 
and Helmstetter 1997; Katayama, 2001a) (b) the Dam-methylase has remethylated the 
hemimethylated GATC-sites in oriC (Russel and Zinder, 1987; Cambell and 
Kleckner, 1990; Lu et al., 1994; von Freiesleben et al., 2000).  

We have in paper I and II tried to understand some already well studied and 
some less investigated control systems of the initiation of chromosome replication and 
the interplay between them.  We have used numerous mutants that we knew or 
believed could disturb the control of chromosome replication resulting in 
asynchronous replication. Meselson-Stahl density-shift experiments combined with 
southern hybridisation was developed to measure the minimal inter-replication time, 
the eclipse period. Cell size and DNA content were measured by flow cytometry. We 
analysed rif-runout cells with the same method to investigate the loss of synchrony. 

We wanted to investigate the nature of asynchrony, eclipse period, and try to 
understand the correlation between asynchrony and reduced eclipse period. The 
eclipse period in cells growing exponentially phase has never been studied for 
specific segments on the chromosome before these studies. 

 
Eclipse period at different growth rates 
Replication in wild-type E. coli is under strict control. The inter-replication time is 
known to be narrowly centred around one generation time (Koppes and Nordström, 
1986). The C- and the D-periods are quite constant (40 min and 20 min, respectively, 
at 37°C) at different growth rates (Cooper and Helmstetter, 1968). We wanted to 
investigate whether the length of the eclipse period is fixed at different growth rates 
or if it is a constant fraction of the generation time.  

We determined the length of the eclipse period for the wild-type strain MG1655 
in two different media and at two different temperatures. As shown in Table I, that the 
eclipse period was a constant fraction (0.6) of the generation time and not a fixed 
physical time like the C- and D-periods. This may be important when different 
mutants have different growth rates in the same medium. Wild-type strains of E. coli 
are known to have synchronous initiation of replication. Hence, synchrony is possible 
with an eclipse of 0.6 generation times. 
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Table I. The length of the eclipse period in the wild type E. coli K-12 strain MG1655  

Minimal medium 
supplemented witha 

Temp. 
(°C) 

Generation time 
τ (min)b 

Eclipse 
(Generation time) 

Eclipse 
(min) 

Glucose 30 137 0.60 82 
Glucose 37 76 0.60 46 

Glucose and CAA 37 40 0.60 24 
a glucose (6 mM) and casamino acids (CAA) 0,1% (w/vol) 
b estimated from density shift data when the size of the  HH-fraction = LL-fraction  
  
Eclipse period in the absence of sequestration 
The sequestration machinery is crucial in controlling the timing of synchronous 
initiation of replication. The SeqA protein and the Dam methyl-transferase in concert 
with the GATC-sites in the oriC-region are components in the sequestration process 
(see The sequestration control; page 17).  It is known that the GATC-sites are 
remethylated much faster in seqA-mutants than in the wild-types. Flow-cytometry 
analyses by rif-runout experiments with seqA- and dam-mutants have shown 
asynchronous initiation of replication (Boye and Løbner-Olesen, 1990; Lu et al., 
1994). Asynchronous initiation of replication indicates that initiation of the individual 
origins within one cell is scattered during the cell cycle. Asynchronous initiation does 
not mean per se that the eclipse period is short. An eclipse period of 0.6 generations 
for each individual origin is not in conflict with asynchrony. 

Eclipse periods have been studied previously in seqA and dam mutants. But 
those experiments were done on synchronised cells in a parent strain with the dna46 
mutation. The authors found that the eclipse period disappeared in the seqA mutant. 
They could extend or reduce the eclipse period if the dam gene was overexpressed or 
underexpressed, respectively. They measured the eclipse period indirectly by flow 
cytometry and in cells with the dnaA46 mutation during non-exponential growth 
conditions (von Freiesleben et al., 2000) 

We wanted to measure the eclipse period of the chromosome in cells during 
unperturbed exponential growth with a direct method. We measured the eclipse 
period in seqA, dam mutants, and in the double mutant seqAdam. We used two 
different seqA mutants, inactivated by insertion transposon Tn10 (seqA::Tn10) and 
one in frame deletion (seqA∆10). The seqA gene belongs to the same operon as the 
gene pgm encoding the enzyme phosphoglucomutase (Lu and Kleckner, 1994). The 
insertion of transposon Tn10 in the seqA gene (seqA::Tn10) inactivates the down 
stream pgm-gene. The in frame deleted seqA mutant has a normal pgm-expression. 
All mutants were variants of MG1655. 
 
We wanted to answer these following questions: 
• How is the eclipse period changed in the mutants relative to that of the wild type 

strain? 
• Since SeqA is known to have additional roles than in sequestration, will the 

eclipse period in the seqA mutant and the dam mutant be different? 
• Is sequestration of hemimethylated oriC the only contributor to the eclipse or 

does SeqA have additional roles that influence timing of initiation? 
• Does the absence of pgm activity affect the eclipse period in the seqA mutant 

(seqA::Tn10)? 
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• Is it possible to see additive effect on the eclipse period in the double mutant 
seqAdam? 

The eclipse period was significantly reduced in all strains relative to the wild-type 
strain (Table II).  This is the first time the inter-replication time has been measured in 
these mutants during unperturbed exponential growth.  

The eclipse period in the seqA mutant (seqA::Tn10) was reduced to 0.14 
generations while the eclipse period of the dam mutant (dam::KmR) was reduced to 
0.40 generations. The difference between the seqA mutants and the dam mutant was 
significant. The difference between the length of the seqA mutant (seqA::Tn10) and 
the dam mutant (dam::KmR)  was surprising to us. We know that SeqA might have 
additional roles in the control of the cell cycle. However our seqA mutant 
(seqA::Tn10)  has a disrupted phosphoglucomutase (pgm) activity because the pgm 
gene is located down stream of the seqA gene at the same operon (Lu and Kleckner, 
1994).  

Strains lacking pgm-activity exhibit poor growth on minimal medium 
supplemented with galactose as the carbon source. It is proposed that pgm mutants are 
defect in cell-wall structure after reports showing that pgm mutants are more sensitive 
to phage C21and sensitive to detergent (Lu and Kleckner, 1994).    

To investigate whether the disrupted Pgm-activity can explain the differences 
between the eclipse periods in our seqA-mutant (seqA::Tn10) and the dam-mutant., 
we measured the eclipse period in a seqA-mutant (seqA∆10) with an in-frame 
deletion, so the Pgm activity is not affected.  

Both seqA mutants (pgm+ and pgm-) reduced the eclipse period to ca 0.14 ±0.02 
generations.  Hence, we could not see any effect from the disrupted pgm-expression in 
the seqA::Tn10 strain.  

The picture of the control of the initiation of replication is complex. If the effect 
from the seqA and the dam mutations were additive, we would see an even shorter 
eclipse period in the double mutant damseqA than in the seqA mutant. The double 
mutant seqAdam got an intermediate reduction of the eclipse period to 0.32 
generations, Hence the effect was not additive. This is surprising to me. What can 
explain this intermediate length of the eclipse period? I would like to attack this 
strange result from two points of view.  

The eclipse period of the seqA mutant (0.14) was shorter than the eclipse period 
in the double mutant seqAdam (0.32). The sequestration control (see chapter The 
sequestration control page 17) is bypassed both in a seqA mutant and in a dam mutant. 
However, the seqA mutant has to be remethylated before the initiator protein DnaA 
binds to oriC, while the chromosome is completely unmethylated in the dam mutant. 
A difference in binding affinity for DnaA to methylated and unmethylated oriC might 
explain why the eclipse period is longer in the double mutant seqAdam than in the 
seqA mutant.  

The eclipse period of the dam mutant (0.40) was longer than the eclipse period 
in the double mutant seqAdam (0.32). Results presented later in the thesis show that 
the increased degree of negative superhelicity reduces the eclipse period (paper II). 
Our lab has reported an increased nucleoid condensation and increased negative 
superhelicity in seqA-mutant compared to the wild type strain (Weitao et al., 1999; 
2000). Both the double mutant seqAdam and the dam mutant have bypassed 
sequestration control and both have unmethylated oriC. We don not know if the 
superhelicity is similar in the seqA mutant and in the double mutant seqAdam. The 
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shorter eclipse in the double mutant relative the eclipse period in the dam mutant 
could reflect different degrees of negative superhelicity. 

We used different probes close to oriC, terC and at 99 minutes (DnaC). We 
could not see any significant differences depending on which probe we used, hence, 
the treatment during the density shift did neither effect the eclipse period in the 
mutants nor in the wild-type strain, (see table II). The generation time was not 
affected by the mutations.  All strains were grown at 37°C in minimal medium 
supplemented with 6 mM glucose. The eclipse period was not completely abolished in 
any of the mutants. 
 
Table II. The eclipse period in mutants without intact sequestration. 
Strain Generation 

time τ (min)a 
DNA probe Eclipse 

(Generation time) 
dam::KmR 75 dnaA 0.40 
  tus 0.40 
seqA::Tn10 pgm- 77 dnaA 0.15 
  dnaC 0.14 
  tus 0.14 
seqA∆10 pgm+ 80 dnaA 0.12 
  dnaC 0.12 
  tus 0.16 
dam::KmR seqA::Tn10 pgm- 80 dnaA 0.32 
  dnaC 0.32 

a estimated from density shift data when the size of the  HH-fraction=LL-fraction  
 
In conclusion 
Mutations in the sequestration machinery reduced the eclipse period significantly. The 
absence of pgm activity in the seqA mutant (seqA::Tn10) did not affect the eclipse 
between the two seqA mutants. The eclipse was most reduced in the seqA (0.14), was 
0.40 in the dam mutant, and 0.32 in the double mutant seqAdam. The density shift did 
not have any effect on the eclipse periods, since the length of the eclipse period was 
similar were probes close to oriC and close to terC were used. The double mutant had 
an intermediate eclipse period between the short one in seqA-mutant and the less 
reduced dam-mutant. The eclipse was not reduced completely in any of the mutants. 
 
DnaA(ts) and SeqA have additive effect on the eclipse period 
The initiator protein DnaA binds to DnaA-boxes in oriC with remethylated  GATC-
sites. ATP- and ADP-DnaA binds to DnaA-boxes. DnaA without ATP or ADP cannot 
bind to DnaA-boxes. ATP-DnaA is required to break up the strands in the AT-rich 
region of oriC (see chapter DnaA a protein with many functions, page 15 and figure 
6, page 14) 

It is known that many temperature-sensitive dnaA mutants replicate 
asynchronously at permissive temperature (Skarstad et al., 1986; Skarstad et al., 
1988).  One of these temperature sensitive dnaA mutants is dnaA46. The DnaA46 
protein lacks the ability to bind ATP and ADP also at permissive temperature (Hwang 
and Kanugi, 1988). The aim of our experiments was to study the eclipse period in the 
dnaA46 strain. The mutation was introduced into the wild type strain MG1655. We 
wanted to see if the sequestration machinery was the sole control system required to 
guarantee a narrow distribution of the inter-replication time centred around one 
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generation time. The reducing effects in the seqA and dam mutants were not additive. 
We wanted to investigate the effects on the eclipse period in the double mutant 
dnaA46seqA strain. 

The eclipse period was reduced to 0.30 generation times in the dnaA46 strain at 
the permissive temperature 30°C. The GATC-sites in oriC remains hemimethylated 
during 1/3 of a generation time (Campbell and Kleckner, 1990). The length of the 
eclipse period in the dnaA46 mutant is almost identical with the time period in which 
the oriC remains hemimethylated due to the sequestration control. The reduced 
eclipse period in the dnaA46 mutant demonstrate that other control systems besides 
the sequestration machinery are required to maintain the long eclipse period in the 
wild-type strain. A new DnaA-binding region 10.7 minutes clockwise of oriC was 
found recently, called the datA-locus. The datA-locus contains DnaA-boxes 
(Kitagawa et al., 1996; 1998). It is not known if the datA-locus contains ATP-DnaA-
boxes.  The initiator-titration model suggests that upon replication of the datA-locus, 
all available DnaA molecules titrates to the duplicated datA-locus instead of being 
used to reinitiate replication from oriC (Hansen et al., 1991). It was reported that the 
DnaA46 protein cannot bind neither ADP or ATP at permissive temperature (Hwang 
and Kanugi., 1988). Only the ADP- or ATP-bound forms of DnaA can bind to the 
DnaA-boxes. Hence DnaA-titration is lost in the dnaA46 mutant (Hansen et al., 
1991;Kitagawa et al., 1996,1998). The reduced eclipse period in the dnaA46 mutant 
may reflect a loss of  DnaA-titration. 

The RIDA (Regulatory Inhibition of DnaA) is based on the regulation of the 
hydrolysis of the ATP bound to DnaA by linking it to the β-subunit "sliding clamp" of 
the pol III holoenzyme (DnaN) (Katayama et al., 1998). This inactivation of ATP-
DnaA is believed to contribute to the timely initiation of chromosomal replication 
(Katayama, 2001a). The RIDA system is probably bypassed in the dnaA46 mutant 
since the DnaA46 protein lacks affinity for ATP (Hwang and Kanugi., 1988). 

ATP-DnaA is required to open up the AT-rich region at oriC to initiate 
replication (Speck et al., 1999). It seems as dnaA46 mutants can initiate chromosome 
replication. I do not know whether the mutated DnaA46 protein is involved in the 
initiation process and whether the replication is initiated at oriC.  Marker-frequency 
analysis could give an answer to the last question. Maybe the DnaA46 protein can 
bind ATP but less efficiently and therefore initiate replication (after correspondence 
with Prof. Katayama).  It is not obvious that the dna46 mutant is under sequestrational 
control. It is therefore important to measure the eclipse period also in the double 
mutant dnaA46seqA. 

The eclipse period was further reduced to 0.10 generation time in the double 
mutant dnaA46seqA strain. It seems as if the dnaA46 and the seqA mutation have mild 
additive effects on the length of the eclipse period in the double mutant dnaA46seqA.  
The shorter eclipse period in the double mutant dnaA46seqA relative to the dnaA46 
mutant shows that replication in the dnaA46 mutant is under sequestrational control.  
The length of the double mutant dnaA46seqA (0.10) is shorter than the eclipse period 
in the seqA mutant (0.14). The eclipse in the seqA mutant is probably longer, since the 
RIDA system is intact. 
 
In conclusion: 
We could show a reduced eclipse period in a strains with intact sequestration 
machinery. The length of the reduced eclipse period in the dnaA46 mutant (0.3) is the 
same as the length of the time oriC is sequestered from remethylation by the 
sequestration control. 
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Since the DnaA46 proteins cannot bind ATP probably both the RIDA system 
and the DnaA-titration controlled system are bypassed. 

The eclipse in the seqA mutant (0.14) is probably longer than the eclipse in the 
double mutant dnaA46seqA  (0.10) because the seqA mutant has an intact RIDA 
system. 
 
Superhelicity and the eclipse period 
The seqA mutant had a shorter eclipse period (0.14) than the dam mutant (0.40). Our 
laboratory has shown that the seqA mutant has a more condensed nucleoid due to 
increased negative superhelicity than the wild type strain (Weitao et al., 1999 and 
2000). Could the difference in superhelicity cause further reduction of the eclipse 
period in the seqA mutant relative to the dam mutant? To isolate the effect due to 
increased negative superhelicity we used a double mutant gyrB225topA which is 
known to have an increased negative superhelicity and its parent strain JJC82 
(Sternglanz et al., 1982; DiNardo et al., 1982).  

The cells were grown in minimal medium supplemented with 6 mM Glucose at 
37°C. The eclipse period was 0.75 in the parent strain JJC82 and the double mutant 
gyrB225topA had an eclipse period of 0.49.  

The eclipse period in the parent strain was longer in our wild type strain JJC82 
than in the previous wild type strain MG1655, 0.75 and 0.60 generations respectively. 
The eclipse period in the double mutant gyrB225topA was reduced 35 % to 0.49 
generations.  The eclipse period was reduced in the presence of intact sequestration 
machinery. 
 
Asynchrony index a rough parameter 
Cells growing in very poor medium, e.g. minimal medium supplemented with acetate 
as carbon source, cannot have a high asynchrony index, since the average number of 
oriC is very low. We wanted to investigate the correlation between the asynchrony 
index and number of oriC. We plotted our calculated asynchrony indices against the 
average number of oriC in the cell. We saw two distinct clusters, corresponding 
asynchronous cells and synchronous cells. Both clusters were extended and the 
asynchrony index was proportional to the number of origins. The slopes of the two 
clusters were clearly different, the cluster corresponding to the wild-type strains had  
lower asynchrony indices and the increase was much less than that of the 
asynchronous clusters (see table II in paper II; see figure 13.A.). The plot has trend-
lines for the two clusters. We show that the asynchrony index (A) is a quite difficult 
parameter. It is very important to calculate the average number of oriC to see whether 
different asynchrony index is due to different degree of asynchrony or due to different 
number of oriC.  

We wanted to see if this relation between asynchrony index and number of oriC 
was consistent with previous experiments. We therefore calculated the average 
number of oriC and the asynchrony index from data in two previous papers (Eliasson 
et al., 1996; Skarstad et al., 1986). The asynchronous strains were a recA mutant, a 
dnaA46 mutant, intP1, and intF-strains, and the synchronous strains were four 
different wild-type strains, both K12 and B-strains. The asynchrony indices did 
coincide with our two clusters (see table II in paper II; see figure 13.A.).   

Previous report showed that dnaA-mutants have different asynchrony index 
(A=(f3)/(f2+f4)) depending on the position of the mutation (Skarstad et al., 1988). We 
wanted to see if those data depended on different number of oriC or if was due to 
different levels of asynchrony so we recalculated the asynchrony index from the 
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published data: A=(f3+f5+f6+f7)/(f2+f4+f8) (Table III). We could see that some of the 
mutants coincided very well with our cluster while other dnaA-mutants are 
intermediate (figure 13.B).  I will not discuss the locations of the different dnaA 
mutants in relation to their degree of asynchrony. I just wanted to show that strains 
with intermediate levels of asynchrony do exist. 

It is possible to increase the average number of origins by changing the growth 
rate. Is it possible to use the slopes of the calculated trend lines of the two clusters to 
predict a new asynchrony index? If one already know the asynchrony index and 
average number of origins in one condition, e.g. minimal medium with glucose as 
carbon source, is it possible to estimate the new asynchrony index in another growth 
condition just from the conditions in the previous growth conditions, the slope of the 
trend line and the average number of oriC in the new growth condition? We studied 
the increase in asynchrony indices and average number of origins for the strains 
grown in minimal glucose medium with and without supply of casamino acids. We 
saw that the increase of the asynchrony indices was not parallel with the trend lines 
(see figure 13C.). We cannot find any obvious explanation of this puzzling result.  

We studied also whether an increased degree of negative superhelicity caused 
asynchrony. We studied one topA mutant and the double mutant gyrB225topA. The 
Topoisomerase I (encoded from the topA gene) decrease the negative superhelicity. 
The topA mutant is believed to have an increased negative superhelicity similar the 
superhelicity of the seqA mutant. The topA mutant did hardly show any loss in 
synchrony. The change in superhelicity has not been investigated in detail. It is 
possible that negative supercoiling is less in the topA mutant than in the seqA mutant 
due to homeostatic compensation by the gyr gene (Mentzel and Gellert, 1983). The 
double mutant gyrB225topA is known to have an increased level of negative 
superhelicity (Sternglanz et al., 1981; Di Nardo et al., 1982). The double mutant did 
have a distinct level of asynchrony (see table II in paper II). This is not surprising 
since the double mutant did also have an reduced eclipse period. 
 
Table III. Asynchrony indices and average number of origins/cell recalculated from 
published flow-cytometer data on dnaA-mutants grown in LB medium at 29°C 
(Skarstad et al., 1988). 
 
Strain Origins/cell A=(f3)/(f2+f4) A=(f3+f5+f6+f7)/(f2+f4+f8) 
CM735 3,66 0,10 0,08 
CM735  4,33 0,11 0,13 
CM742 dnaA46 4,38 1,25 1,21 
CM742 dnaA46 3,89 1,32 0,93 
CM740 dnaA5 4,04 1,24 1,09 
CM746 dnaA204 3,70 0,25 0,22 
CM748 dnaA203 4,03 0,26 0,29 
CM744 dnaA205 3,15 0,71 0,39 
CM2735 dnaA601 4,01 1,29 0,98 
CM2733 dnaA602 4,04 1,25 1 
CM2738 dnaA604 4,37 1,33 1,03 
CM2555 dnaA508 3,53 0,27 0,24 
CM2556 dnaA167 4,17 0,38 0,38 
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Fig 13. (A) Correlation between 
asynchrony index and average number of 
oriC. The data were collected from flow 
cytometry from our own experiments (♦) 
and from two separate published papers; 
the latter coincide with our clusters 
(Eliasson et al., 1996 (o); Skarstad et al., 
1986 (*)).  
Trend lines of the asynchronous (thick 
line) and the synchronous cluster (thin 
line) are drawn in the plots. 
 
 
 
 
 
 
Fig. 13. (B) Asynchrony index as a 
function of the number of oriC. The 
asynchrony index and average number of 
oriC were re-calculated from published 
data of dnaA mutants (Table III in this 
paper; Skarstad et al., 1988). The data 
from some of the mutants (◊) do not 
coincide with the defined clusters. The
numbers of the dnaA mutants are labelled 
in the plot. The trend lines are the same 
as in figure 13.A. 
 
 
 
 
 
 
 
 
 
Fig. 13. (C) Asynchrony index of a 
number of strains, grown at two media, as 
a function of the number of oriC. The 
relative increase in asynchrony index is 
not parallel with the trend lines.  The 
cells were grown in glucose-minimal 
medium with (♦) and without casamino 
acids (◊). Each arrow indicates the data 
for one strain in the two media. 
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Correlation between  eclipse and asynchrony 
The eclipse period was reduced by different degree in different mutants. It seems that 
many causes to asynchrony also cause a reduced length of the eclipse period. We 
wanted to investigate whether there is any correlation between the length of the 
eclipse period and the degree of asynchrony.  We calculated the asynchrony index 
(A=(f3+f5+f6+f7)/(f2+f4+f8)) from flow cytometry of rif-runout treated cells (Boye and 
Løbner-Olesen, 1990). We studied cells in exponential phase and cells after rif-
runout. The cells were harvested in exponential phase at an OD550=0.1. The 
rifampicin and the cephalexin were also added at the same optical density.  The rif-
runout was incubated another 2 hours. We calculated the average number of oriC per 
cell from the rif-runout experiment. 
 
 
 
                                      (4) 
 
 
 
 
 n is the highest numbers of oriC among the cells in the sample, fi is the fraction with i 
chromosome equivalents. 
 

The flow-cytometry analysis was performed during one specific calibration of 
the flow cytometer instrument for each growth condition. It is important to avoid 
fluctuations between separate calibrations of the instrument especially when we want 
to calculate the average cell mass and DNA-content of the cells grown in exponential 
phase. The strains were grown in glucose-minimal medium with or without a 
supplement of casamino acids. 

The results are summarised in tables I and III in paper II.  The average number 
of oriC varied among the strains and between the growth conditions. All strains were 
grown at 37°C except for the strains with the dnaA46 mutation; they were grown at 
30°C. 

We plotted the asynchrony indices against the corresponding eclipse period. We 
could suspect that the cells fail to replicate synchronously at a threshold value under 
0.5 generations of the eclipse period.  This threshold became even more obvious when 
the asynchrony indices were normalised to the average number of origins (see fig. 
14.). 

As we could see the parameter asynchrony index (A) is a quite rough measure of 
the level of asynchrony. The asynchrony index increased with increased number of 
oriC when asynchronous strains were grown in different rich media. It was therefore 
reasonable for us to compensate for this effect when we wanted to investigate the 
relation between asynchrony and the eclipse period. The asynchrony does not seem to 
be a smooth function of the length of the eclipse period. It is rather a step like 
function.  The shortest eclipse period with asynchronous initiation of replication was 
0.5 generations.  And the step between synchrony and asynchrony seems to be very 
abrupt. However our eclipse periods with the length of 0.49 generations is actually a 
reduction from an eclipse period of 0.75 generations in the parent wild-type strain 
JJC82.   The wild-type strain MG1655 had an eclipse of 0.6 generations. The dam 
mutant in the MG1655 strain had an eclipse of 0.4, hence, a reduction of 33%. So we 
can say that an eclipse reduction of ca 35% is enough to obtain asynchrony.  

origins/cell= 

Σ
i=1 

n 

i⋅ fi 

Σ
i=1 

fi 
n 



38 Jan Olsson 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
0

0,05

0,1

0,15

0,2

0,25

0,3

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

 

 

 

 

 

Eclipse period Eclipse period 

A
sy

nc
hr

on
y 

in
de

x 
(A

) 

A
sy

nc
hr

on
y 

in
de

x 
/ n

um
be

r o
riC

 

Fig. 14. (A) Correlation between asynchrony index A: and the length of the eclipse period. 
A=(f3+f5+f6+f7)/(f2+f4+f8). (B) Correlation between the ratio asynchrony index/number oriC and the 
length of the eclipse period 
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THE NATURE OF PLASMID R1 REPLICATION (PAPERS III AND IV) 

 
 
  
Plasmids are autonomous replicating DNA molecules. Plasmids can be either circular 
or linear molecules with a size range from 1.5 kbp-Mbp. E. coli can harbour many 
different kind of plasmids.  The plasmids are classified in incompatibility groups.  
Plasmids with the same copy-number-control (CNC) system cannot coexist in the 
same cell, they are incompatible. Plasmid R1 belongs to incompatibility group IncFII. 
Plasmid R1 is a low-copy plasmid with about 3 copies per newly born cell 
(Nordström et al., 1980). The size of plasmid R1 is about 90 kb.  We have focused on 
the kinetics of the R1 basic replicon.  We have therefore used different mini-plasmids 
with a basic replicon and one selection marker. We wanted to do in vivo experiments 
with the aim to see if theoretical models of the CNC system are relevant.  

We have used Meselson-Stahl density-shifts experiments with R1-specific 
probes (Olsson et al., 2002) to follow plasmid replication in vivo. The function of the 
CNC system is to increase or decrease the replication rate of plasmid population 
within the cell depends whether the copy number is to low or to high, respectively. 
We needed to be able to study the plasmid in steady-state replication as well as in up 
shift and down shift of the copy number. We used an R1 plasmid with a temperature-
regulated copy number. 
 
 
Theoretical prediction on the Multistep control system 
The minimal inter-replication time was measured on an intR1-strain with Meselson-
Stahl density shift experiments. The eclipse period turned out to be ca 0.2 generation 
times (Koppes and Nordström, 1986). Ehrenberg and Sverredal 1995 first described 
the Multistep control model.  The Multistep model was shown to be true for the 
ColE1-plasmid (Paulsson et al., 1998; Paulsson and Ehrenberg, 2000). R1 replication 
requires de novo synthesis of many copies of the replication protein RepA. RepA has 
been shown to act in cis, meaning that the RepA proteins bind to the origin of 
replication oriR1 on the plasmid from which the RepA mRNA was transcribed. The 
RepA synthesis is a rate-limiting step in replication. The RepA synthesis is inhibited 
by CopA, an antisense RNA to the CopT region of the RepA mRNA. The reaction 
scheme describing the initiation of a single plasmid copy is shown in figure 10  
(Ehrenberg and Sverredal, 1995).  They could from this scheme simulate the eclipse 
period obtained by Koppes and Nordström 1986.  

The simulation predicts 2-3 steps indicating that each RepA mRNA translates a 
burst of RepA proteins. If the Multistep model is true number of steps should increase 
if the inhibition frequency by CopA was increased. The inhibition frequency increases 
if the CopA concentration is higher than normal, e.g. during a downshift in copy 
number. An increased number of steps predicts an extended eclipse period. 
Conversely the number of step would decrease if the CopA concentration is low e.g. 
during an upshift. We used upshifts and downshifts to investigate whether the 
Multistep model is true for the CNC system of plasmid R1. 
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R1 plasmid with a temperature-dependent copy number 
We wanted to investigate the relevance of the Multistep-control model for plasmid R1 
studying the eclipse period of the plasmid in transient states at downshift and upshift. 
The eclipse period should be shorter during an upshift and consequently longer during 
a downshift. We used a mini R1-plasmid called pOU71, which is a temperature-
induced runaway-replicating plasmid at temperatures >39°C (Larsen et al., 1984). 
The RepA mRNA synthesis can be increased by a cloned lambda promotor λPR 
upstream of PcopB. The lambda promotor is much stronger than the down stream 
promotors. The lambda promotor is repressed by a repressor encoded from cI857 at 
temperature ≤34°C. (see figure 15A) The copy number of pOU71 at 30°C is equal to 
the wild-type plasmid. 

Figure 15B describes the situation during an upshift; The temperature sensitive 
repressor cannot repress the strong lambda promotor λPR. The increased transcription 
of RepA mRNA reduces the transcription of the antisense RNA CopA by convergent 
transcription (Stougaard et al., 1982).  At a temperature interval (ca 34-39°C) will the 
CNC regulate the plasmid replication but the copy number at steady state will be 
higher than at 30°C. When the temperature is high (>39°C), the CopA expression will 
drop a lot due to convergent transcription and, hence, fail to catch up the increased 
RepA mRNA synthesis, the replication are therefore completely uncontrolled, 
denoted runaway replication (see the large dark grey square in figure 9).  

When cells with increased copy number due to an upshift to high temperature, 
are shifted back to 30°C, the elevated copy number will drop to normal copy number. 
The kinetics of the drop will probably follow the +n-mode. This situation reflects a 
downshift situation. During a downshift experiment the relative CopA concentration 
is higher than at steady state in the same temperature. The RepA synthesis drops 
because most RepA mRNA will be inactivated very fast due to the high concentration 
of CopA (see figure 15C). 

 
Eclipse period during Upshift  (paper III) 
The Multistep model predicts an abolished eclipse during an upshift in copy number 
(Ehrenberg and Sverredal, 1995; Paulsson and Ehrenberg, 2000). We used plasmid 
pOU71 a mini-R1-plasmid with runaway phenotype at high temperatures, to test this 
prediction (Larsen et al., 1984).  

The speed of the inactivation of the repressor cI857 due to temperature shift was 
not clear for us. We did not know if the folding of the repressor was temperature 
sensitive or if the 3D-structure itself was sensitive to high temperatures. If only the 
folding is temperature sensitive the copy number increases will start when growth has  
 
 
 
 
 
 
 
 
 
 

  
          

 
 
 
Fig. 15. The basic replicon during normal copy number (A), increasing copy number during an 
Upshift (B), and decreasing copy number during downshift (C).  Plasmid pOU71 is an R1-plasmid 
with the lambda promotor (λPR) in front of the basic replicon. The lambda promotor is repressed at 
temperatures <34°C by the repressor encoded from cI857 (A). After a shift to temperatures >39°C 
the much stronger promotor (λPR) is derepressed. The increased transcription of RepA-mRNA 
inhibits transcription of the antisense-RNA CopA, so called convergent transcription. This results in 
an increased copy number (B). A downshift experiment can be obtained if the cells are shifted back 
to 30°C. The strong lambda promotor (λPR) is repressed, The concentration of CopA is very high 
due to high gene dosage. The high concentration of CopA efficiently inhibits translation of the 
normally expressed RepA-mRNA and, hence further replication is reduced(C). 
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diluted the repressor. We did not know the behaviour of the kinetics of the release 
from the lambda-repressor cI857. To be assured that the upshift had started, the eclipse 
period was measured 30 minutes after the temperature shift (see figure 15). 

The cells were grown at least 10 generation in the exponential phase in heavy-
minimal medium. At OD550≈0.1 the cells were shifted to the new higher temperature 
(37, 38, or 42°C). The cells were grown another 30 minutes before the cells were 
shifted to pre-warmed light medium by dilution. Time samples were taken. The rest of 
the experiment followed the procedure presented in the chapter describing Meselson-
Stahl density-shift combined with Southern blot.  

We made two control experiments. The first the culture was kept at 30°C. In the 
second control experiment, we used the mini-R1 plasmid pGW71, which is identical 
to the runaway plasmid pOU71 except that pGW71 lacks the lambda-promotor and 
repressor-gene. We used this to measure the eclipse period in this control plasmid at 
exponential growth at 42°C. 

The optical density was measured during the experiment. The growth rate 
seemed to change immediately after the temperature shift. The addition of light 
medium at the density shift did not change the growth rate. The generation time of the 
cells was shorter at 37, 38 and 42°C than at 30°C; however the generation time was 
longer at 42°C  (90 min) than at 38°C (80 min).  I think plasmid replication during 
runaway replication recruits so much energy, metabolites and replication-associated 
proteins in competition with the needs of the host at 42°C. The generation time for 
our control strain (MG1655 - pGW71) at 42°C was shorter (65 min) (see figure 17A).  

We used a chromosome-specific probe close to the terC-site (tus) and an R1-
specific probe targeted to the basic replicon. Cross hybridisations were not detectable 
(data not shown); hence, the probes we used were specific. 

The replication rate of the chromosome increased significantly at the higher 
temperatures relative to that at 30°C (see figure 17A). The replication rate of the 
plasmid increased more than the rate of chromosome replication at higher 
temperatures (see figure 17 B, dark grey bars). Panel A shows that the eclipse period 
for the plasmid decreased 38%, from 85 minutes to 50-55 minutes at the higher 
temperatures (light grey bars). The eclipse period of the plasmid pOU71 dropped 
more drastically  (85%) from 27 minutes at 30°C to 4 minutes at 42°C.  

Panel B in figure 17 illustrates that the eclipse period (light grey bars) of the 
chromosome was quite constant in all five experiments, ca 65 % of the doubling time 
of the chromosome. 

The eclipse period oft the plasmid was ca 20% and 15% for the runaway plasmid 
at 30°C steady state and the control plasmid pGW71 at steady state 42°C, respectively 
(see figure 17C). The eclipse period of the plasmid relative to doubling time of the 
plasmid are increased at 37°C and 38°C to ca 25% while it drops to ca 10%. 

   

Density shift 

Temperature shift at OD550=0.1   

30°°°°C, Heavy medium  

37,38 & 42°°°°C 37,38 & 42°°°°C, Light medium 

Fig. 16. Experimental schedule for measurements of the eclipse period during the upshift experiment 

30 min 

Time samples 
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The plasmid-eclipse at 30°C was 0.2 generation times (plasmid); this is almost equal 
to the eclipse period measured on the IntR1-strain (0.22 generation)(Gustafsson and 
Nordström, 1978; Koppes and Nordström, 1986). So the eclipse period for the same 
basic replicon have been reproduced.  It is a little bit surprising that our control 
plasmid pGW71 had a shorter eclipse period (0.15). 

The temperatures and the coexisting plasmids did not affect the eclipse periods 
of the chromosomes. The chromosomal eclipse was found to be within the range of 
0.60-0.70 generations. We reported previously eclipse periods for the wild type 
chromosomes 0.60-0.75 generations (Olsson et al., 2002; papers I and II). 

At the intermediate upshifts (37 and 38°C) we could see increased eclipse period 
(0.25) which is opposite to the predictions based on the Multistep control model. One 
explanation could be that the plasmids had already managed to reach a new steady 
state in copy number, or maybe the plasmid copy number increased too much so the 
system has to down-regulate; this could explain the longer eclipse. The Multistep-
control model predicts a longer eclipse in a downshift situation. I think, however, that 
the differences are too small to allow any definite conclusions.  

In the larger upshift experiment (30°C=>42°C) the eclipse period was reduced 
from 0.20 to 0.10, an almost 50%-reduction.  I think this difference is more 
significant and this supports the Multistep control model.  In this more drastic upshift 
the plasmid replication was more out of control. The length of the eclipse period, 
however, was not completely abolished (4 min).  We think that these 4 min reflect 
physical constrains; it is reported that it takes about 4 minutes for a newly replicated 
plasmid to regain its CCC-structure, which is the substrate for new initiation of 
replication (Gustafsson et al., 1978; Uhlin and Nordström, 1985). 

Our results indicate that plasmid-copy number responded faster than we believed 
when we designed the upshift experiments. Therefore, we wanted to measure the copy 
number increase in detail. 
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Fig. 17. Data from the upshift experiments. The graphs show the length of the generation time of the 
chromosome (black bars), the eclipse period of the chromosome (light grey bars), the generation time of 
the plasmid (dark grey bars), and the eclipse period of the plasmid (white bars). The graphs include 
results from the upshifts from 30 to 37, 38 and 42°C. Two control experiments are included; the first is 
at steady state growth with plasmid pOU71 (30°C=>30°C) and the second is the control plasmid 
pGW71 at steady state growth at 42°C (42°C=>42°C). The left panel shows the data in physical time 
(A). The middle panel  presents the data relative to the doubling time of the chromosome (B). The right 
panel shows the eclipse period of the plasmids relative to the doubling-time of the plasmid (C). 
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In conclusion: 
The eclipse periods of the chromosome in our experiments remained long at all 
temperatures tested. The growth rate for our strain, containing the runaway-plasmid 
pOU71, was decreased at 42°C relative to the same bacteria with our control plasmid 
pGW71. We could not see any shorter eclipse period for pOU71 at the milder upshifts 
(to 37 and 38°C). The plasmid-eclipse was significantly shorter at the major upshift, 
0.10 relative to the control at 30°C (0.20) this supports Multistep control. The eclipse 
period in this major upshift was 4 min, probably due to structural requirements for the 
plasmid to regain the right supercoiling.  

We have shown that both the Multistep control system and the structural aspects 
contribute to the eclipse period of plasmid R1. 
 
Copy-number increase at temperature shifts from 30°C to 37, 38, 39 or 42°C  
We have investigated the copy number increase when the runaway-plasmid pOU71 
was shifted to different temperatures. The growth medium was minimal-medium 
supplemented with glucose. Samples were taken at intervals after the temperature 
shift and analysed for the relative concentration (relative copy number) of the 
plasmid, expressed as the ratio between plasmid DNA (measured with an R1-specific 
probe) and the chromosome (the tus-gene).  The relative copy number increased 
immediately after the temperature shift. The increase decelerated asymptotically until 
the plasmid copy number reached a plateau indicating the new steady state level (see 
figure 18).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
In our upshift experiments we measured the eclipse period after 30 minutes in the new 
temperatures (see figure 15).  We wanted to investigate if experimental measurements 
of the eclipse period could confirm the Multistep model. The model predicts an 
abolished or shorter eclipse period during upshift. The eclipse period was 0.10 
generations at the upshift to 42°C.  We could not detect any reduced eclipse for the 
upshifts to 37 and 38°C. I think we might be able to see a reduced eclipse if we 
repeats the density shift much closer to the temperature shift.  We have indicated the 
relative plasmid-copy number at 30 minutes with an arrow in figure 18. The increase 
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Fig. 18. Replication of plasmid pOU71 after shift from 30°C to 30, 37, 38, 39 and 42°C. The ratio 
plasmid/chromosome was determined by hybridisation with radioactively-labelled probes specific 
for the R1-basic-replicon and the chromosomal tus-gene.  
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in copy-number was less at 30 min after the temperature shift than immediately after 
the temperature shift.   
 
Down shift experiment gave surprising results (paper IV) 
We have shown that both the Multistep control system and the structural aspects 
contribute to the eclipse period of plasmid R1. We want to investigate the Multistep 
control model further. During a downshift the gene-dosage of CopA is high and the 
transcription rate of RepA-mRNA/plasmid is not elevated. Since RepA translation 
and binding of RepA to oriR1 is in cis and CopA acts in trans the RepA synthesis will 
drop drastically (see figure 15B). The model predicts an extended eclipse period 
during these conditions  (Ehrenberg and Sverredal, 1995; Paulsson and Ehrenberg, 
2000). 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
The theoretical simulation was based on some assumptions. One assumption was 

that the cell population is homogenous. All cells grow with the same growth rate. 
Another assumption was that all plasmids that are not restricted by the eclipse period 
have the same probability to replicate. With these assumptions the maximum level of 
the HL-peak is restricted to the interval 50-100%, according to the formulae 3 on page 
27.  

Figure 19 shows both the schemes of the procedures of the minor and major 
down shifts and the control experiment. The down shifts were from 7 and 50 times 

Fig. 19. Experimental schedule for measurements of the eclipse periods during two different 
downshift experiments. The copy number was increased to ca 7 and 50 times higher copy number 
than at the steady state level at 30°C by incubation at 39°C in 40 min and at 42°C in 60 min, 
respectively. The black silhouettes show the distributions of HH, HL and LL-plasmid DNA in the 
CsCl-gradient using R1-specific probe. The right panels show the kinetics of R1-specific HH, HL 
and LL-DNA after the density shifts. The black symbols indicate the HL-DNA. The peak value 
for the HL-DNA was 35%, 28% and 60% for the small and large downshift and the control at 
30°C, respectively. 
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higher copy number than at steady state at 30°C. The plasmid amplification before the 
downshifts was estimated from the graphs in figure 18. 

The result of our measurement gave an HLmax<50% which is impossible with the 
assumptions on which the theoretical simulations are based. The minor down shift 
from 7 times higher copy number than the wild-type had an HLmax of 35%. The major 
downshift from 50 times the normal copy number gave an HLmax of only 28%. One 
situation that could give similar results is that the cell population is non-homogenous 
e.g. if a subpopulation is dead at the downshift. This is however not probable since all 
HH-DNA specific for the chromosomes replicated within 1.5 cell-doublings times. 

Another possible explanation is that a newly replicated plasmid has a higher 
probability of being selected for the next replication. This is however against previous 
assumptions and results, in which the plasmids are supposed to replicate randomly 
distributed over the whole cell cycle (Gustafsson et al., 1978). Our group and other 
groups have shown that R1 and other plasmids are localised in clusters (Eliasson et 
al., 1992;Weitao et al., 2000; Pogliano et al., 2001). Weitao et al. studied one plasmid 
with wild-type copy number pKN501 (Molin et al., 1979) and the copy-number 
(copA) mutant pKN907 that has 3.7-fold higher copy number. Both these plasmids 
were parA-. The number of clusters in the cell with increased copy number did not 
increase (Weitao et al., 2000). 

We do not know if the number of clusters increase when we increase the copy 
number with our plasmid (pOU71) to 7 or 50 times the normal copy number at 30°C. 
Maybe only some clusters have the potential to replicate. This means that the eclipse 
period determined at the upshifts experiments might be underestimated if the plasmid 
population was non-homogenous. The HH-peak of plasmid DNA did disappear 
sooner or later, so a subpopulation of plasmids was not permanently withdrawn from 
replication. If the number of plasmids in each cluster within a cell varied, the larger 
clusters might have lower replication frequency relative to small clusters.  Maybe the 
local CopA concentration varies between small and big clusters within the same cell.  

It is also possible to explain our results if we assume that we have copy-number 
variation among the clusters in a cell and that partition system acts rather on cluster-
level than at individual plasmid level. 

There is no doubt that the plasmid population was not homogenous. The 
limitation with all our experiments is that we tries to study parameters within the cells 
but can only do macroscopical experiments. Therefore we can not exclude that our 
results reflects variation in plasmid copy number among the cells.  

 
The +n mode of replication fits with our data from the downshift experiment 
 The copy-number control of the plasmid adjusts the rate of replication at upshifts and 
downshifts. Each daughter cell gets n plasmids on the average after cell division. So 
on the average the number of plasmid copies increases with n copies during each cell 
cycle. Plasmid pOU71 has different copy numbers at different temperatures; hence, 
the number of plasmids in a newborn cell varies with temperature due to the 
temperature-regulated lambda promotor λPR. In the +n mode of replication the 
plasmid copy number in a cell increases with n plasmids irrespective of the number in 
the newborn cell.  

The +n mode was suggested from experiments with downshifts from 3-5 times 
higher copy-number then the copy number at steady state. Our downshifts were from 
ca 7 and 50 times higher copy number; hence, more drastic downshifts then previous 
experiments. So we wanted to investigate whether the +n mode fits more drastic 
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downshifts.  We could determine the DNA-synthesis of chromosomal DNA and 
plasmid DNA from the density-shift experiment. The relative DNA synthesis was 
estimated from following formula: 

 
DNA synthesis after the shift = (2LL+HL)/HH         (5) 
 

The DNA synthesis of the plasmid was also simulated for the +n mode for 10 
different downshifts when the relative copy number before the shift were: 1, 4, 7, 10, 
15, 20, 30, 40, 60 and 80 times relative to the normal copy number. We compared our 
experimental data with the simulated data (see figure 20). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
The rate of chromosome synthesis (triangles) after the downshift was almost 

constant. The plots of the DNA synthesis of the plasmid  (squares) after the major 
downshift coincided perfectly with the predictions of a 50-fold downshift in copy 
number. Hence, our experimental data fits perfectly with the +n model (see figure 20). 
Our data for the minor down shift also agreed with the simulated plasmid synthesis 
after a 7-fold downshift (see paper IV). 

 
In conclusion: 
We used plasmid pOU71 to investigate the Multistep-control model. The model 
predicts a longer eclipse during down shift. We could not see any eclipse, since the 
plasmid population was not homogenous during the downshift. Hence, it is the first 
time that anyone has observed a plasmid population in which newly replicated 
plasmid copies have a higher probability of replication than the rest of the population. 

The measurements of chromosome and plasmid synthesis after our down shifts 
support the +n mode of plasmid replication. 
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COPB, A RESCUE SYSTEM? (paper V) 

 
 
The basic replicon of plasmid R1 encodes a main copy-number-control system in 
which the antisense RNA CopA is the main player. In addition, there is the CopB 
system which is assumed to be a rescue system, since it speeds up replication at low 
R1 copy numbers by derepressing the repA promoter (see figure 8B).  

The CopB system is believed to work as a rescue system for cells with low copy 
number. The CopB protein represses the stronger RepA-promotor located 
downstream the copB gene (see figure 8A). CopB act as a tetramer to repress the 
RepA-promotor and is believed that the concentration of tetramers is drastically 
reduced at low copy numbers due to gene-dosage effects. Hence, at low number of 
plasmid copies the RepA-promoter might be released from the inhibition and thereby 
the transcription rate of RepA mRNA increases (see figure 8B). In cells with low 
number of plasmid copies the rate of plasmid replication will increase and thereby an 
increased number of plasmid copies will be formed before the next cell division.  

The probability for plasmid-free daughters increases with decreasing copy 
number in the mother cell. The loss frequency is described by this formula: 

 
P(loss)= 2-m          (m= the number of plasmids in the mother cell)    (6) 
 
If the plasmid lacks a partition system, all plasmid copies are randomly 

distributed to the daughters. This leads to a bias because mother cells with less than 
2n will contribute with more plasmid free daughters than mother cells with more than 
2n copies. 

If the plasmid has a perfect equipartition system only mother cells with one 
single copy will contribute to plasmid free daughters. Therefore, the copy-number 
distribution is of utmost importance for the stability of maintenance of a plasmid.  

The copy-number distribution of R1 is not exactly known. The distribution has 
been estimated indirectly by Løbner-Olesen (1999). He used an inducible gfp-gene as 
a reporter gene. The gene was induced during ca 25% of a cell cycle and the GFP 
expression was analysed in a flow cytometer. This was the first attempt to determine 
plasmid copy number distribution in E. coli population. The plasmid distribution for 
R1-plasmid was wider (CV∼40-50%) than the cell size distribution (CV∼21-24%).  

The +n mode predicts a Poissonian distribution around 2n in the mother cells.  
 

Previous experiments on the CopB-control system 
The CopB-system can be bypassed if extra CopB is synthesised from a coexisting 
compatible plasmid. Plasmid pOU18 and pOU16 are compatible with plasmid R1 and 
pOU16 has a higher copy number then pOU18 (Riise et al., 1982). 

Previous experiments have compared the plasmid-loss frequency for parA--
plasmids without or supplemented with extra CopB from plasmid pOU18. The loss 
frequency increased from 1.5% to 2.5% with the extra CopB-producing plasmid  
(Nordström and Aagaard-Hansen, 1984).  They repeated the same experiment on a 
parA+-plasmid. They did not see any effect on plasmid stability if extra CopB was 
expressed. However, the killer system was present on their parA+-plasmid and did 
eliminate most of the plasmid-free cells. 
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CopB-control system has a larger effect on the stability of parA+-plasmids 
We wanted to investigate whether this mild CopB effect on the parA--plasmids could 
be stronger if we repeated the experiment on parA+-plasmids without any killer 
system. 

We choosed R1-plasmid pOU47 in our experiments. Plasmid pOU47 has a 
parA+-locus and the lac-operon. We used the lac-operon as a reporter for presence of 
pOU47 in E. coli. We grew the cells exponentially for at least 10 generations with 
selection for the R1-plasmid. After the release from selection the cells were kept in 
exponential growth by sequential dilutions with fresh medium.  

We used plasmid pOU18 to supply the cell with extra CopB and screened 
plasmid free cells as white colonies during ca 100 generations. The loss frequencies 
were 1⋅10-4 per cell generation for plasmid pOU47 alone and 2.5⋅10-4 per cell 
generation for plasmid pOU47 in the presence of pOU18 (see figure 21). The effect of 
extra CopB was similar in the presence of the parA region as in absence of parA. 
However we were a little bit suspicious, maybe our extra CopB failed to repress the 
RepA-promotor enough?  

Plasmid pOU18 and pOU16 have two different basic replicons, pOU16 has 
higher copy number. We showed that pOU16 repress the RepA-promotor 7 times 
more efficient than with pOU18. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We co-transformed pOU47 and pOU16 in our strain without functional lacZ-

gene. We grew the cells for 20 generations with selection before the release. The 
frequency of plasmid loss was now 6⋅10-4 per cell generation (see figure 21).  

Hence, the frequency of plasmid loss was significantly increased when we 
bypassed the CopB-control system.   

The fairly moderate effect of loss of derepression of the prepA promoter raises 
questions about the importance of the CopB system for the plasmid. There are at least 
two situations at which the CopB system might make a difference: i) in cells with a 
very low copy number due to statistical variations in replication and partition, and ii) 
during establishment of the plasmid directly after transfer to a plasmidfree cell; the 
rate of replication is six-fold higher during the first quarter of a generation time after 
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conjugal transfer of plasmid R1 compared to the steady-state level (Gustafsson and 
Nordström, unpublished). Since the CopB system has been kept by the plasmid it 
appears as even its fairly moderate effect has survival value for the plasmid.  

 
In conclusion 
Plasmid R1 is a low-copy-number plasmid that encodes a partition system. The 
auxiliary copy-number-control system works as a rescue system that speeds up 
replication at low plasmid copy numbers. We could show a six-fold reduction of the 
rate by which plasmid-free cells are formed for parA+ plasmids, this is 4 times 
stronger effect than previous experiments on parA- plasmids. Wild type R1 plasmids 
are parA+, hence the CopB systems seem to have relevance. 
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DISCUSSION 

(INITIATION OF CHROMOSOME REPLICATION) 

 

  
We have investigated two important parameters that describe the properties of the cell 
cycle of E. coli and the correlation between them. The minimum time during which a 
newly replicated oriC is prohibited to reinitiate replication is called the eclipse period. 
When E. coli grows with overlapping C- and D-periods two or four origins are 
initiated in each cell cycle. It is well known that all oriCs fire synchronously in E. 
coli. This is also true for minichromosomes.  

Perturbation of different control systems in the cell cycle can cause asynchrony: 
 
1. In the sequestration process  the balance between the expression of the seqA-gene 

and the dam-gene is important to assure synchrony.  Lack of the seqA-gene or the 
dam-gene cause asynchrony.  Also over- or under-expression of the dam-gene 
cause asynchrony (Boye and Løbner-Olesen, 1990). SeqA requires the SeqB-
factor to associate with SeqA and hemimethylated oriC to the cell membrane 
(Shakibai et al., 1988). This binding of hemimethylated oriC to the cell 
membrane prohibits reinitiation of oriC-replication (Landoulsi et al., 1990), and 
maybe by blocking the remethylation. 

 
2. Mutations in the replication-initiator protein DnaA cause different degrees of 

asynchrony. DnaA co-ordinates the synchronous initiation. The level of DnaA 
expression sets the initiation mass. Oversupply of DnaA decreases the initiation 
mass but does not affect the synchrony (Skarstad et al., 1989; Løbner-Olesen et 
al., 1989). The active ATP-DnaA initiates replication from oriC (Sekimizu et al., 
1987). The inactivation is regulated by the RIDA system. Reactivation of ADP-
DnaA requires normal level of acidic phospholipids in the cell membrane. DnaA 
proteins that cannot bind ATP cause asynchronous replication, e.g. the dnaA46 
mutant (Hwang and Kanugi, 1988; Skarstad et al., 1986) since the RIDA system 
is bypassed.  It is a paradox that ATP-DnaA is required to initiate replication 
from oriC, but the DnaA46, which cannot bind ATP even at permissive 
temperature. The dnaA46 mutant does replicate. There are two possible 
explanations. (1) There are pathways for chromosome replication that do not 
require ATP-DnaA. (2) The ATP-bindings was to low to be measurable but 
enough for replication. DnaA proteins that cannot bind acidic phospholipids also 
cause asynchronous replication (Zheng et al., 2001). I think the balance of 
inactivation of ATP-DnaA and the reactivation of ADP-DnaA is important for 
synchrony. 

 
3. The datA-locus is located ca 10.7 min clockwise to oriC. The datA-locus binds 

more DnaA molecules more efficiently than oriC. When the datA-region 
replicates all active free ATP-DnaA molecules will be titrated while no new 
DnaA is produced as dnaA promotor is sequestered, in concert prohibiting 
reinitiation of oriC-replication. Deletion of the datA-locus causes asynchronous 
over-initiation (Hansen, et al., 1987; Kitagawa et al., 1996 and 1998). 
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The mutants that we have investigated have defects in these three listed control 
systems: the sequestration control, the transitions between ADP-DnaA and ATP- 
DnaA and the DnaA-titration by the datA-locus. It is very difficult to separate the 
cause for the asynchrony in our mutants, since the control systems overlap and 
interplay with each other.  

It seems obvious that a reduced eclipse period causes asynchrony and vice versa. 
But that statement is not completely logical. Because it is possible, theoretically to 
imagine asynchronous replication with long eclipse period (see figure22A). It is also 
possible to imagine the opposite, a strain with synchronous initiation but short eclipse 
periods (see figure 22B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Requirements for an eclipse period  
We decided to measure the eclipse period in our mutants and in the wild type. The 
eclipse period was found to be a constant fraction of the generation time independent 
of the growth rate, and not a fixed physical time like the C and D-periods.  

The eclipse period was shorter in the seqA mutant (0.14 generations) than in the 
dam mutant (0.40 generations). This implies that the SeqA protein has additional roles 
in initiation control other than sequestration. Our lab showed that the seqA mutant has 
an increased level of negative superhelicity (Weitao et al., 1999 and 2000). We 
wanted to know if this increased negative superhelicity alone could cause the shorter 
eclipse period in the seqA mutant. We also wanted to investigate whether the different 
eclipse periods are reflected by different degree of asynchrony.  

We studied the eclipse period and measured the asynchrony index in the 
gyrB225topA mutant, which is known to have increased negative superhelicity. The 

Fig. 22. It is theoretically possible to imagine asynchronous replication with long eclipse periods 
(A) or synchronous replication with short eclipse periods (B). Hatched lines indicate cell divisions. 

A 

B 
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double mutant initiated chromosome asynchronously. Increased negative 
superhelicity reduced the eclipse period by ca 30 % (0.75=>0.5). Hence, an intact 
sequestration machinery cannot solely assure synchrony and a long eclipse period.  

The eclipse period has previously been measured on synchronised cells (Bogan 
and Helmstetter, 1997; von Freiesleben et al., 2000). The cells were synchronised by 
either a DnaC2 mutant or a DnaA46 mutant. Hence the previous eclipse 
measurements were never done on the wild type strain. Our results on the seqA 
mutants showing drastically reduced eclipse period are similar to von Freieslebens 
results. However, the eclipse period was completely abolished in his seqA mutant, but 
we saw a significant eclipse period (0.14). The difference between our experiments is 
that he measured the eclipse period in a synchronised double mutant dnaA46seqA and 
we measured the eclipse in an exponentially unperturbed growing single mutant seqA. 
It is known that the dnaA46 mutant initiates chromosome replication asynchronously. 
We wanted to investigate if the dnaA46 mutant has a reduced eclipse period and if we 
can see an additional reduction of the eclipse period in the double mutant 
dnaA46seqA. The RIDA system and the DnaA-titration by the datA-locus are 
bypassed in the dnaA46 strain since DnaA46 cannot bind ATP. DnaA46 had a 
reduced eclipse (0.3); we have thus found another strain with intact sequestration and 
reduced eclipse period. The length of the eclipse period in the dnaA46 mutant might 
reflect the time SeqA prohibits remethylation of oriC. We saw a mild reduction in the 
double mutant dnaa46seqA (0.10) relative to the single mutant seqA (0.14).  

We have seen that a long eclipse period requires, a functional DnaA protein, an 
intact sequestration machinery and right degree of superhelicity. 

 
Correlation asynchrony index against eclipse period 
Many different mutations can cause asynchrony. The asynchrony index (A) is a 
quantitative parameter for the degree of asynchrony. We have investigated the nature 
of the asynchrony index and the correlation between asynchrony against the length of 
the eclipse period. The value of the asynchrony index is growth-rate dependent. The 
asynchrony index increased if the growth rate increased, reflected by the average 
number of oriC per cell. It is therefore important to consider the growth rate when 
asynchrony indices shall be compared.  

We wanted to investigate the correlation between the degree of asynchrony and 
the length of the eclipse. We wanted to avoid the variation of the asynchrony index 
due to different growth rate, so we divided the asynchrony index with the average 
number of oriC.  
We found a step-like correlation between the length of the eclipse period and the 
degree of asynchrony. Strains with a reduced eclipse ≤65% of the normal eclipse 
period were asynchronous.  

 
Future projects: 
We have so far only seen asynchronous strains which have reduced eclipse period. 
We would like to measure the eclipse period in other asynchronous strains  
• It is interesting to measure the eclipse period on other asynchronous strains. We 

would like to measure the eclipse period on the ∆datA mutant, which is an 
asynchronous strain with the right degree of superhelicity, intact sequestration 
machinery and intact DnaA-protein.  

• I would like to investigate further how SeqA and superhelicity affect asynchrony 
and eclipse period. It is known that the mukB mutant recovers the normal 
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chromosome condensation and degree of superhelicity (Weitao et al., 1999; 
2000). It would be interesting to see if over-expression of SeqA can reduce the 
negative superhelicity in the double mutant gyrB225topA and if the eclipse 
period is extended and synchrony regained. 

• The eclipse period in the seqA mutant is shorter than in the dam mutant. One 
explanation could be the increased negative superhelicity in the seqA mutant. 
However the superhelicity should be measured also in the dam mutant. If a 
difference in superhelicity that explains the different eclipse periods, should the 
triple mutant damgyrB225topA have similar phenotype to the seqA mutant and 
hence, a similar eclipse period. 

• We have only measured the eclipse period in strains that are "truly" 
asynchronous. Some dnaA mutants are asynchronous on an intermediate level, it 
would be interesting to measure the eclipse in some of these strains. 

• The dnaA46 mutant cannot bind ATP, which is believed to be required for 
normal initiation from oriC. It would of great interest to see where replication is 
initiated from in the dnaA46 mutant. We suggest marker frequency analysis. 

• The eclipse period were extended in a strain with a 66% reduced dam-expression 
(von Freiesleben et al., 2000). Boye and Løbner-Olesen reported asynchrony 
when the dam expression was lower than in the wild-type strain (1990). Does 
this indicate that a long eclipse period and asynchrony is possible? 
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DISCUSSION 

(PLASMID) 

 

The upshift supports Multistep control 
We wanted to investigate if the Multistep control contributes to the eclipse 

period measured by Gustafsson et al., (1978) and Koppes and Nordström, (1986). The 
Multistep control suggests that many steps with exponential probability distribution 
improve the copy number control. The experimental data were theoretically simulated 
with the Multistep control model (Ehrenberg and Sverredal, 1995). If the Multistep 
control exists in plasmid R1, it should be possible to manipulate the length of the 
eclipse period by altering the no. of controlling steps. It is postulated that RepA 
proteins are translated in bursts from each RepA mRNA. Initiation of replication at 
oriR1 requires many RepA proteins. However the CopA antisense-RNA interrupts the 
RepA synthesis and a new RepA-mRNA has to be transcribed to synthesise the 
missing RepA-proteins. If the relative CopA concentration is decreased, the 
probability to translate all RepA proteins within a single burst, reduce the no. of steps 
required to relax the stringency of copy number control will increase. The Multistep 
control model predicts an abolished or at least reduced eclipse period under these 
circumstances. If the relative CopA concentration is increased less RepA will be 
synthesised per repA-mRNA; hence, the number of bursts will increase and the 
eclipse period will be longer (Ehrenberg and Sverredal, 1995; Paulsson and 
Ehrenberg 2000). The relative CopA concentration increases during a downshift of 
the plasmid copy number and decreases during an upshift. So the predictions is that 
the eclipse period will be reduced during an upshift and extended during a downshift. 
We made upshifts and downshifts with pOU7, an R1-plasmid, which increases its 
replication rate at temperature upshifts and decrease the rate at downshifts.  

We could see a significant reduction of the eclipse period during a big upshift. 
However minor, upshifts resulted in a slightly longer eclipse, contrary to the 
predictions. The big upshift reduced the eclipse period from 0.20 to 0.10 plasmid 
duplications and this supports the Multistep control model. The eclipse was 4 min, but 
not completely abolished.  This physical eclipse with the length of 4 min is probably 
due to structural constrains. The results were not very clear since the minor upshifts 
gave a little bit longer eclipse, which is opposite to the predictions.  

When we tried to extend the eclipse period by a downshift experiment, the 
eclipse period was reduced to a negative value. This is not possible. We could not 
support the Multistep control model from our downshift experiment.  

The plasmid synthesis after the downshift was delayed, following the kinetics 
predicted by the +n mode. This is the largest experimental downshifts / 50 and 7-fold 
that have confirmed the +n mode. Previous downshifts were 3 and 5 times higher 
copy number before the shift than the steady state copy number after the shift. 
 
Heterogeneous plasmid population  
The theoretical simulation of the eclipse period assumes that the plasmid population is 
homogeneous.  The eclipse period is estimated from the maximum size of the fraction 
of Heavy-Light DNA, HLmax (see formulae 3) The HLmax was 35 and 28%, 
respectively which gives negative eclipse periods -0.3 and -0.44 generations during a 
downshift from 7 and 50 times the copy number after the density shift at steady state. 
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A negative eclipse implies that the plasmid population is heterogeneous. Earlier 
experiments have proposed that the plasmid populations are homogenous and all 
copies have the same probability of being selected for replication (Gustafsson et al., 
1978). Therefore, the computer simulation assumed a homogenous plasmid 
population. 

The heterogeneity means that plasmids that replicates have a higher probability 
to replicate a second time relative the bulk of non-replicating plasmids. There are 
many possible explanations to this result.  
• A subpopulation of cells is dead during the downshift. This was not true since the 

chromosomal HH-fraction disappeared within 1.5 cell doubling times.  
• Newly replicated plasmids have a higher probability to replicate than older 

plasmids within the same cells.  Our group and many other groups have shown 
that plasmids are localised in specific foci in the cell, (Eliasson et al., 1992, 
Weitao et al., 2000b; Pogliano et al., 2002). Weitao et al. (2000b) have shown 
that the average number of foci (2.3-2.4) were the same for a wild type plasmid 
and a copA mutant with 3.7 times higher copy number. If the foci have different 
size the local CopA concentration might vary between the clusters and therefore  
plasmids would replicate with different rates.  

• It is also possible to explain these results even if the CopA concentration is 
homogenous in the cell if the copy number varies between the foci and the 
partition systems acts on cluster-level instead of on individual plasmids. 

• If there is big variation in copy number between individual cells, we could get 
similar results. 

 
There is no doubt that the plasmid population was heterogeneous during down shift. 
We do not know on which level we have the heterogeneity. We do not know whether 
the plasmid population is heterogeneous also at steady state and during upshift. If the 
plasmid population is heterogeneous at upshift and steady state our eclipse-periods are 
shorter than the true eclipse period. Hence our way to measure the eclipse period 
requires a homogeneous plasmid population, while measurement of the eclipse period 
with pulse labelling in combination with Meselson-Stahl density-shift just measures 
the eclipse period.  
 
Excess CopB reduce the plasmid stability 
The CopB system is believed to work as a rescue system for cells with very low copy 
number (see figure 8).  The CopB system can be bypassed if extra CopB is 
supplemented from a compatible plasmid. Daughter cells have on average n plasmids. 
The plasmid copy number is believed to have a Poissonian distribution centred around 
2n in mother cells just before cell division. There is a bias were mother cells with 
copy numbers ≤ 2n have higher probability to lose the plasmid P(loss) in one of the 
daughters than mother cells ≥ 2n. In mother cells with only one plasmid, one daughter 
cell will not receive a lose the plasmid copy even if the plasmid has an efficient 
partition system, e.g. parA in plasmid R1. 

Previous experiments have shown a mild effect on the loss frequency if extra 
CopB is supplemented from a compatible plasmid pOU18 (2.5%/cell cycle) in 
comparison to intact CopB system (1.5%/cell cycle) if the plasmid is parA deficient. 
In a strain with a parA deficient plasmid, the plasmid can be lost from all mother cell 
following formulae (6). If the plasmid has a partition system, only mother cells with 
one plasmid will contribute to loss of plasmids.  The release from CopB repression on 
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the PRepA promotor  is bigger in cells with very low copy number. So we thought that 
the CopB system is more important in plasmids with partition system.  

We have studied plasmid stability on an R1-plasmid with partition system 
without extra CopB and an R1-plasmid supplemented with two levels of extra CopB. 
We saw that the loss rate was 1⋅10-4 per cell cycle for the sole R1-plasmid. The loss 
rate increased to 2.5⋅10-4 per cell cycle and 6⋅10-4 per cell cycle when the CopB 
system was bypassed with different gene-dosages of extra CopB.  

We have shown that the CopB system probably has a more important role on the 
stability of plasmids with partition system. And the CopB system is probably even 
more efficient when a plasmid conjugate into a cell without any CopB protein. Our 
lab has shown that the RepA synthesis increased 6-fold after conjugation. It is 
however difficult to understand the importance of the CopB system for full size R1 
plasmids (see figure 7) where probably many systems supplement each other: (i) two 
killer systems, parB and parD might kill cells that have lost the plasmid. (ii) the 
plasmids can conjugate to plasmid free cells. (iii) the CopB system speeds up the 
RepA synthesis in cells with low copy number. 
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