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"What is true for E.coli is true for the elephant"

Jacques Monod 
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Introduction
The bacterium Escherichia coli (E.coli) a gram-negative, non-spore forming, facultative 

anaerobic, rod-shaped bacteria from the family Enterobacteriaceae. During the 20th

century the E.coli bacteria has become one of the best understood forms of life and 

constitutes a unique potential for understanding the physiology of other prokaryotic and 

eukaryotic cells. 

The E.coli cell cycle 

The E.coli cell cycle consists of cell growth, duplication of the genome and cell division 

into two identical daughter cells. Slowly growing bacteria have a cell cycle that is quite 

similar to that of eukaryotic cells containing G1, S and G2 phases (Boye et al., 1996). In 

bacteria these periods are called B, C and D periods (Fig 1A) (Cooper and Helmstetter, 

1968). The B period is the time from birth of the cell until initiation of DNA replication. 

The replication time, which includes initiation, elongation and termination, is called the C 

period and the time from termination of replication to the end of cell division is called the 

D period. The C and D periods are relatively constant for a given strain at growth rates 

shorter than 60 minutes; C is typically about 40 minutes and D is about 20 minutes. In 

cells growing with a doubling time longer than 60 minutes, the duration of the C and D 

periods increases significantly (Skarstad et al., 1983;Skarstad et al., 1985). 

E.coli is in rich medium capable of very rapid growth with doubling times around 

20 minutes. Under such conditions the replication pattern is quite different because the 

time it takes to replicate the chromosome is not reduced correspondingly. Therefore, 

when the time it takes to replicate and segregate the chromosome exceeds one generation, 

a new round of replication is initiated before the previous round is completed. This results 

in multifork DNA replication (Cooper et al., 1968). A schematic illustration of a cell that 

initiates at four origins early in the “grandmother” generation is shown (Fig 1B).  
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Fig 1 

Replication pattern of Escherichia coli wild type cells. 

Cells (yellow) with chromosomes (blue lines) and origins (black squares) are drawn 

schematically to show the number of replication forks and origins at different stages of 

the cell cycle during: 

(A) Slow growth. The replication (C) and segregation (D) period is confined within one 

generation time (Td > C + D). Initiation of replication occurs at one single origin and the 

chromosome is synthesized with a pair of replication forks. 

(B) Rapid growth. The C + D period (1 ½ h) takes almost three generations (Td ~½ h). 

Initiation of replication occurs at four origins early in the “grandmother generation”. 

After initiation, DNA replication proceeds with twelve replication forks (eight new forks 

and four old forks) until cells division. A newborn cell has four origins and replicates 

with six replication forks. The figure was adapted from Paper III.  

DNA replication 

The complete sequence of genomic DNA of E.coli, which is a 4.7 * 106 base pair circular 

double stranded molecule, has been reported (Blattner et al., 1997). The E.coli genome is 

present as a highly compact structure in living cells. Replication of the bacterial genome 

is a prerequisite for subsequent cell division. The unique initiation site for DNA 

replication, oriC, is located at 84.1 minutes on the genetic map. One clockwise and one 

counterclockwise replication fork move bidirectionally from oriC towards the terminus, 

ter, on the opposite side of the chromosome. The fully replicated chromosome becomes 

decatenated and segregated to the coming daughter cells (Kornberg and Baker, 1992).

Initiation of replication from oriC

DNA replication is a highly regulated process and initiation occurs only once per cell 

cycle (Kornberg et al., 1992). During rapid growth, the oriC region is present in several 

copies per cell. Initiation of multiple origins in rapidly growing cells occurs 
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simultaneously.  Each cell will therefore at any time have 2n origins (n = 0, 1, 2…). This 

is called initiation synchrony (Skarstad et al., 1986) 

The oriC region 

The minimal oriC region consists of 245 base pairs and is composed of highly conserved 

regions proposed to be recognition sites for proteins interacting with the origin (Fig 2) 

(Oka et al., 1980;Zyskind and Smith, 1986). Initial strand separation takes place in a 

region of helical instability containing three repeats of an AT-rich 13-mer sequence, 5 -

GATCTNTTNTTTT-3, each starting with a GATC sequences (Bramhill and Kornberg, 

1988;Kowalski and Eddy, 1989). Totally the minimal oriC region contains eleven GATC 

sequence (Zyskind et al., 1986), which are recognition sites for Dam methylation (see 

page 11). The SeqA protein, necessary for inactivation of newly replicated origins, also 

interacts with the GATC sites in oriC  (see page 12) (von Freiesleben et al., 1994;Lu et

al., 1994;Slater et al., 1995;Brendler et al., 1995;Brendler and Austin, 1999). The AT-

rich region of oriC contains three 6-mer binding sites (5 -AGATCT-3`) for the DnaA 

initiator protein (Speck et al., 1999;Speck and Messer, 2001). DnaA also binds to five 

copies of the 9-mer consensus DnaA recognition sequence, 5 -TGTGNAT/AAA (Schaper 

and Messer, 1995), termed R boxes, (R1–R4) (Fuller et al., 1984) and R5(M) (Matsui et

al., 1985), and to 9-mer I-sites (5`TG/TGGATCAG/A) (McGarry et al., 2004).  The I-sites 

and DnaA binding sites in the AT-rich region are low affinity sites and discriminate 

between the active form of DnaA, ATP-DnaA, and the inactive ADP-DnaA (Speck et al.,

1999;Speck et al., 2001;McGarry et al., 2004).

The oriC region do also contain binding sites for the architectural proteins IHF 

(Integration Host Factor) and Fis (Factor for inversion stimulation) (Leonard and 

Grimwade, 2005).
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Fig 2 

DNA sequence motifs in the E. coli chromosomal origin, oriC. The small gray bars 

represent GATC sequences recognized by Dam methylase and SeqA. Green arrowheads 

near the left border of oriC are 13-mer sequences that become single-stranded during 

open complex formation. The orange boxes correspond to DnaA binding sequences 

recognized by DnaA protein. Smaller blue boxes represent I-sites bound by ATP-DnaA. 

The site within oriC bound by integration host factor (IHF) is shown as a thin line 

between DnaA boxes R1 and R5 (M). The dashed lines represent two regions bound by 

SeqA protein. This figure was obtained from (Kaguni, 2006).  

The DnaA initiator protein 

The dnaA gene is located close to the oriC region and encodes the 52.5 kDa DnaA 

protein (Miki et al., 1979;Skarstad and Boye, 1994). DnaA plays an essential role in the 

initiation of chromosomal replication (Kornberg et al., 1992;Messer, 2002). 

DnaA is an AAA+ protein with structural similarities to archaeal and eukaryotic 

Orc1/Cdc6 proteins (Erzberger et al., 2002). A comparison of primary sequences from 

various bacterial species and structural analysis suggests a subdivision of DnaA into four 

protein domains (Fig 3) (Fujita et al., 1990;Messer et al., 1999;Erzberger et al., 2002). 

The conserved N-terminal domain I is involved in oligomerization of DnaA (Weigel et 

al., 1999) and interaction with the DnaB helicase (Sutton et al., 1998). Domain II of 

DnaA consists of a flexible linker, which differs widely in sequence and length among 
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DnaA proteins, and domain III contains the nucleotide binding region (a Rossman fold) 

(Schaper and Messer, 1997;Sutton and Kaguni, 1997). Domain III also contains Sensor I 

and II motifs of AAA+ family proteins (Koonin, 1992;Neuwald et al., 1999). A 

membrane binding site is located between domain III and IV (Crooke et al., 1992). The 

domain necessary for DNA binding is found close to the C-terminus (domain IV) (Roth 

and Messer, 1995;Fujikawa et al., 2003).

The DnaA protein binds to ATP and ADP with high affinity, but only the ATP-

DnaA is active in initiation of replication while ADP-DnaA is inactive (Sekimizu et al., 

1987).  The switch between active ATP-DnaA and inactive ADP-DnaA is important for 

regulation of initiation and further discussed in the General discussion section (see page 

23).

The E.coli chromosome contains 308 chromosomal DnaA boxes in addition to the 

ones located in oriC (Roth and Messer, 1998). The datA locus contains five binding sites 

for DnaA and has an especially high capacity for DnaA binding (Kitagawa et al.,

1996;Kitagawa et al., 1998). Titration of DnaA to datA was suggested to inhibit 

reinitiation of new replicated origins since deletion of the datA sequence resulted in 

overinitiation (Kitagawa et al., 1998). Later overinitiation in ΔdatA cells was found to be 

due to rifampicin-resistant initiations, suggesting that titration of DnaA to datA is not 

essential for restricting initiation to once per cell cycle (Morigen et al., 2005). Binding 

sites for DnaA is also located in promoter regions of several genes (Messer and Weigel, 

1997). The DnaA protein either activates, represses or terminates transcription of these 

genes dependent on the location of the DnaA binding sites in the promoters. The dnaA

gene itself is repressed by binding of ATP-DnaA to DnaA boxes in the promoter regions 

of the gene. In contrast, ADP-DnaA protein represses the dnaA gene rather weakly 

(Speck et al., 1999;Gon et al., 2006).
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Fig 3 

Functional domains of the DnaA protein. The different functional domains of the protein 

are indicated and discussed in the text. The scale at the top indicates the length in amino 

acids residues. The figure was obtained from (Kaguni, 2006).  

Molecular events of initiation at oriC

Initiation of replication involves binding of several proteins to the minimal oriC region in 

a highly coordinated manner (Fig 4). The DnaA initiator protein, associated with either 

ATP or ADP, occupies the high affinity binding sites (R1, R2 and R4) in oriC throughout 

most of the cell cycle (Samitt et al., 1989;Cassler et al., 1995;Nievera et al., 2006). 

Immediately prior to initiation of replication, binding of ATP-DnaA to the low affinity 

binding sites, leads to unwinding of the AT-rich region (Speck et al., 2001;Leonard et al.,

2005). Several factors assist DnaA in DNA strand opening. The presence of negatively 

supercoiled template, transcriptional activation and the architectural proteins IHF or HU 

have a positive effect, whereas Fis affects duplex opening negatively (Dixon and 



18

Kornberg, 1984;Skarstad et al., 1990;Hwang and Kornberg, 1992;Asai et al., 1992;Wold 

et al., 1996).

The oriC bound DnaA direct a hexameric ring of the DnaB helicase in complex 

with six DnaC monomers, each of which bind one ATP (Funnell et al., 1987;Baker et al.,

1987;Sekimizu et al., 1988;Fang et al., 1999). In complex with DnaC, the DnaB helicase 

activity is blocked. Release of DnaC is associated with ATP hydrolysis and activates bi-

directional movement of DnaB helicase to open the DNA template (Wahle et al., 1989). 

In the last stage of the initiation process, a physical interaction of DnaB with DnaG 

primase attracts the primase to the replication fork (Tougu et al., 1994). DnaG 

synthesizes RNA primers to which DNA polymerase III holoenzyme binds. DNA 

polymerase III holoenzyme extends the primer ends and, assisted by DNA gyrase that 

releases topological stress, performs replication of the whole template (Kornberg et al.,

1992).
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Fig 4 

Molecular events of initiation at oriC in E.coli.  The figure was obtained form (Messer, 

2002).
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Sequestration

Newly replicated origins are prevented from reinitiation through a process called 

sequestration (Campbell and Kleckner, 1990). The GATC sites are targets for DNA 

adenine metylatransferase (Dam methylase), which methylates the adenine residues at the 

N6 position (Geier and Modrich, 1979). At the time of replication initiation, the GATC 

sites in oriC are fully methylated, i.e the adinine residue on each DNA strand is 

methylated. Semiconservative DNA replication generates hemimethylated DNA, where 

the old strand remains methylated and the new strand is unmethylated. The GATC sites in 

oriC remain hemimethylated for about one-third of the cell cycle, whereas a typical 

GATC site around the chromosome is remethylated immediately (Campbell et al., 1990). 

A DNA sequence with an oriC like distribution of the GATC sites remain 

hemimethylated for the same period as oriC when located elsewhere on the chromosome 

(Bach and Skarstad, 2005). 

Cells deficient in Dam (dam- cells) can not be transformed with fully methylated 

oriC plasmids (Messer et al., 1985;Samitt et al., 1989), presumably because the plasmids 

are sequestered by binding to the membrane in the hemimethylated state after one round 

of replication (Russell and Zinder, 1987;Ogden et al., 1988;Landoulsi et al., 1990). 

Hemimethylated origins are capable of undergo initiation of replication in vitro

(Landoulsi et al., 1989;Boye, 1991), but not in vivo (Russell et al., 1987) arguing that 

some intracellular factor inactivates (sequesters) hemimethylated origins. To identify 

factors involved in sequestration, it was searched for mutants capable of transforming 

oriC plasmids in dam- background. All mutants had a defective seqA gene (von 

Freiesleben et al., 1994;Lu et al., 1994).   

The SeqA protein 

The seqA gene, encoding the 21 kDa SeqA protein, have homologues in the other 

Enterobacteriaceae species (Hiraga et al., 2000). The seqA gene is non-essential and the 

protein appears in 1000 copies per cell (Slater et al., 1995). SeqA has two functional 

domains, an N-terminal oligomerization domain (residues 1-50) and a C-terminal DNA 

binding domain (51-181) (Guarne et al., 2002).
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Biochemical analysis have shown that SeqA binds a minimum of two 

hemimethylated GATC sites and to fully methylated oriC (Slater et al., 1995;Brendler et

al., 1995;Brendler et al., 1999). Unmethylated oriC is not bound by SeqA (Slater et al.,

1995). The binding of SeqA to hemimethylated oriC suppress DNA melting and hence 

replication initiation in vitro (Lu et al., 1994;Wold et al., 1998;Torheim and Skarstad, 

1999;Nievera et al., 2006). In vivo, SeqA binding to hemimethylated origins is believed 

to be important for sequestration because seqA mutant cells (von Freiesleben et al.,

1994;Lu et al., 1994) and cells in which eight of GATC sites in the origin are mutated to 

disrupted SeqA binding (Bach and Skarstad, 2004), initiate newly replicated origins more 

than once per cell cycle. 

Other studies have suggested additional roles of the SeqA protein; contribution to 

correct folding of the chromosome (Torheim et al., 1999;Weitao et al., 1999;Klungsoyr 

and Skarstad, 2004), organization of newly replicated DNA (Hiraga et al., 1998;Onogi et

al., 1999;Hiraga et al., 2000) and proper chromosome segregation (von Freiesleben et al.,

2000;Bach et al., 2003). All these subjects will be further discussed in the General 

Discussion section.

Elongation of replication

The coordinated action of many proteins is required to form a DNA replication fork to 

ensure an error-free and continuous DNA synthesis. The replication forks move around 

the circular chromosome at a rate of about 1000 nucleotides per seconds and meet about 

40 minutes after initiation in a region opposite oriC (Kornberg et al., 1992).

The replication fork includes two DNA polymerase III holoenzyme molecules 

(DNA pol III), DnaB helicase and DnaG primase. The activity of DnaB generates single-

stranded DNA which is protected by single-stranded DNA binding protein (SSB). DNA 

gyrase relaxes the positive supercoils made by the helicase (Fig 5).  DNA pol III moves 

in the 5`to 3` direction on one strand and in the 3`to 5`direction on the other stand. 

Because DNA pol III acts by adding deoxyribonucleotide triphosphates to the 3`-OH 

primer, only the strand complementary to the old 3` to 5` strand is synthesized 

continuously (leading strand). The new strand complementary to the old 5`to 3` strand is 
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synthesized by DNA pol III in series of relatively short pieces called Okazaki fragments 

(lagging strand). The RNA primers are replaced with DNA by the action of DNA 

polymerase I and Okazaki fragments are coupled with ligase (Kornberg et al., 1992). 

Each molecule of the DNA pol III is associated with a ring-shaped sliding clamp, a dimer 

of the β-subunit of DNA pol III (β-clamp). The β-clamp encircles the DNA strand (Kong 

et al., 1992;Kelman and O'Donnell, 1995) and stabilizes the DNA polIII-DNA 

association. The β-clamp is loaded onto DNA by the clamp loader, the γ-complex of 

DNA pol III (Stukenberg et al., 1991;Katayama, 2001). 

Fig 5

The replication fork. Proteins at the replication fork are indicated. The figure was 

obtained from Molecular Biology of the Cell, 4th Edition.
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Termination of replication 

A cycle of DNA replication in Escherichia coli ends when the replication forks converge 

on the opposite side of the chromosome in a region called the terminus (generically called 

ter). The ter region is composed of two sets of inverted repeats that allow replication 

forks to enter the terminus but not exit (Hill et al., 1987;Hill et al., 1988b).  Function of 

the ter sites is dependent on the presence of a trans-acting factor specified by the tus

locus (Hill et al., 1988a;Hill and Marians, 1990). The Tus-ter complex acts to block the 

action of the replicative helicase, DnaB, resulting in termination of DNA replication 

(Neylon et al., 2005). The termination of replication precedes the physical separation of 

the newly duplicated sister chromosomes prior to cell division.  

Chromosome segregation and cell division 

The products of circular replication are topologically linked/ catenated. Homologous 

recombination between sister chromosomes also often causes a knotted dimer. Such 

structures must be resolved into monomeric chromosomes prior to segregation. The 

replication products are decatenated by topoisomerase IV (Kato et al., 1990), which is 

composed of a heterotetramer formed by a ParE dimer (with an ATPase domain) and a 

ParC dimer (with a DNA binding and cleavage domain) (Peng and Marians, 1993).The 

XerC/ XerD recombinase, in conjugation with FtsK protein, is responsible for resolving 

knotted dimers at the dif site in the terminus (Steiner and Keumpel, 1998; Steiner et al., 

1999).

Cell division involves partitioning of the cytoplasm into two compartments, each 

containing one copy of the cell`s genetic information. The site of cell division is placed 

with high fidelity at the mid-cell position prior to cell division and is accomplished by the 

action of the MinCDE system. The MinCDE system undergoes an oscillation cycle, in 

which the structures disassemble at one pole and then undergo another assembly and 

disassembly at the opposite side of the cell. As a result, division is prevented at the end of 

the cell and only allowed at sites near mid-cell (Rothfield et al., 2005).
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FtsZ is a tubulin-like GTPase that is essential in cell division. FtsZ forms a 

circumferential ring on the inside of the cytoplasmic membrane at the site of division 

called the Z ring. The Z ring is probably placed at mid-cell by a combination of nucleoid 

occlusion that prevents septum formation at positions occupied by the nuleoids (Mulder 

and Woldringh, 1989;Yu and Margolin, 1999) and prevention of septum formation at the 

cell poles by the MinCDE system (see above). The presence of the Z ring is a prerequisite 

for assembly of at least ten other division proteins into a multiprotein complex to perform 

cell division (Rothfield et al., 2005).
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Aims of the present work 
The objective of the present work has been to gain further insight into the timing and 

coordination of DNA replication in Escherichia coli.  We particularly wanted to: 

Paper I and II

Understand more about the role of the wild type SeqA protein in initiation of replication 

by physiological and biochemical studies of two sequestration deficient mutants, seqA2

and seqA4. The SeqA2 mutant protein contains a single amino change in the C-terminal 

region of the protein, whereas the SeqA4 mutant protein contains a single amino change 

in the N-terminal region. 

Paper III

Study dynamic organization of sister origins and replication forks during multifork DNA 

replication and investigate the possible involvement of sequestration by SeqA in this 

process.

Paper IV

Develop a novel, cell-based positive screening assay for the discovery of new antibiotics 

targeting the DNA replication initiator protein, DnaA. 
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Summary of results 

Paper I 

The SeqA protein was identified in a screen for mutants that were unable to sequester 

newly replicated, hemimethylated origins. In this work one of these mutants, seqA2,

harbouring a single amino acid change in the C-terminal end of the SeqA protein 

(N152D) was further characterized. We found that the SeqA2 protein was not able to 

support formation of discrete SeqA foci in vivo.  The SeqA foci observed in wild type 

cells are believed to arise from multimerization of SeqA on hemimethylated DNA at the 

replication fork, presumably representing organization of the newly formed DNA. In

vitro, we found that the SeqA2 protein was less efficient in hemimethylated DNA binding 

compared to the wild type protein. SeqA2 was able to interact with hemimethylated oriC

at 100 times higher concentrations than the wild type protein. However, a characteristic 

ladder like pattern that was observed upon binding of wild type SeqA to the oriC

fragment was not formed upon binding of SeqA2. This indicated that the SeqA2 protein 

also experienced defects in protein multimerization. In vitro studies indicated that SeqA2 

made a multimer that was different from the wild type multimer. We therefore suggested 

that highly ordered multimerization of SeqA and hemimethylated origin binding is 

necessary for sequestration and in the process of organizing newly replicated DNA.
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Paper II 

In Paper I we studied a sequestration deficient mutant with a mutation in the C-terminal 

domain. In this work, another sequestration deficient mutant, seqA4, containing a single 

amino acid change in the N-terminal domain (A25T) was studied. We found that the 

SeqA4 mutant protein had lost its ability to form higher-order multimers, but was capable 

of binding as a dimer with wild type affinity to a pair of hemimethylated GATC sites. In

vitro, we found that both SeqA and SeqA4 dimers were able to generate positive 

supercoils when bound to DNA. In contrast, only wild type SeqA was able to form a 

higher-order structure that lead to a change of the DNA topology in the “opposite” 

direction, resulting in restraint of negative supercoils.

In vivo, excess SeqA4 protein was able to restore initiation synchrony, but not 

able to support formation of discrete SeqA foci at the replication fork. We suggested that 

origin sequestration is dependent on extensive binding of SeqA to GATC sites, whereas 

organization of newly replicated DNA at the replication fork requires higher-order 

multimerization of SeqA.   
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Paper III 

Organization of the DNA replication machinery into one unit, the replication factory, was 

proposed by Dingman (Dingman, 1974). He also suggested that newly replicated DNA 

moves away from the anchored replication machinery as replication proceeds. In paper III 

we studied origin and replisome organization in rapidly growing cells containing 

multifork replication cycles. We found that sister origins were colocalized for 1-2 

generations during rapid growth when initiation occurred in the “grandmother” or 

“mother” generation. We also found that the degree of origin colocalization decreased at 

slower growth rates. The extensive colocalization of the origin region during rapid 

growth might be a mechanism to ensure that the correct pair of chromosomes is 

segregated, since each of the segregating chromosomes contains several forks and two or 

four origins. We found that also sister replication forks were extensively colocalized 

during rapid growth.  The role of origin sequestration by SeqA in origin and replication 

fork colocalization was assessed. We found that colocalization of new origins and sister 

replication forks was independent of origin sequestration, but dependent on the presence 

of functional SeqA. In vitro experiments suggested that SeqA is capable of pairing newly 

replicated sister DNA molecules.
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Paper IV 

The conditional mutant dnaA219(Cos) has a cold sensitive phenotype (Weigel et al.,

1999). The dnaA219 mutant dies at lower temperatures (30oC) due to too much DnaA219 

activity and therefore excessive DNA synthesis relative to cell mass. At higher 

temperatures (42oC) growth is obtained probably due to a partially inactive DnaA219 

protein. We have utilized the properties of the dnaA219 mutant to develop a screen for 

novel antibiotics targeting the DnaA protein. In this screen a potential drug will be 

discovered by the reduction of DnaA219 overactivity and thus recovery of growth at the 

non-permissive temperature (30oC). We prepared a test strain that could initiate DNA 

replication independent of oriC and DnaA, and therefore allow testing of only one 

concentration of each substance. The resulting strain SF53 (dnaA219rnhA) grew at 42oC,

but died at 30oC. We found that SF53 survived at 30oC if the N-terminal 86 amino acids 

(domain I), important for oligomerization and formation of proper initiation complexes, 

of wild type DnaA were independently produced. This is probably due to formation of 

inactive hetero-oligomers of DnaA and domain I, leading to a poisoning of the oriC-

DnaA initiation complex (Weigel et al., 1999). Furthermore, we found that SF53 assay 

transfer into high-throughput format was successful. We calculated a Z-factor of 0.55, 

meaning that the assay lies within the category of “excellent assays” (Zheng et al., 2001). 

However, when SF53 was tested in a pilot study with 4199 microbial extracts, we were 

not able to identify any extract with a compound targeting DnaA.  
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General discussion 

Regulatory mechanisms in DNA replication initiation 

Replication of the chromosome is a central event in the bacterial cell cycle. Initiation is 

precisely timed in the cell cycle, each origin is initiated only once per cell cycle and all 

origins in the same cell are initiated simultaneously (Skarstad et al., 1986). There is a fine 

balance between the positive and negative factors that are involved in the regulation of 

initiation of chromosome replication. 

Timing of replication initiation 

Donachie noticed in 1968 that initiation of DNA replication occurs when a certain mass 

per chromosomal origin, the initiation mass, is reached (Donachie, 1968). The initiation 

mass varies somewhat with growth rate (Wold et al., 1994), meaning that another factor 

is important to define the time of initiation. The DnaA protein was suggested to be the 

element that determines the initiation mass. Increased levels of DnaA leads to initiation at 

a lower cell mass (Atlung et al., 1987;Skarstad et al., 1989;Lobner-Olesen et al., 1989) 

and titration of DnaA away from oriC by introduction of extra DnaA titrating datA sites 

increased the initiation mass (Morigen et al., 2003). Several models have emerged to 

explain the observed constancy of the initiation mass. “The inhibitor dilution model” 

suggests that an inhibitor is synthesized at initiation of replication to inhibit reinitiation 

(Pritchard et al., 1969). As the cell grows, the concentration of the inhibitor drops to a 

concentration that allows initiation of replication to occur. Another model, “the 

autorepressor model” suggests that as the cell grows an initiator is synthesized and will 

eventually reach a level high enough for initiation to occur (Sompayrac and Maaloe, 

1973). The models were combined and modified into “the initiator titration model” where 

DnaA is suggested to be the initiator (Hansen et al., 1991b). This model suggests that 

accumulation of a critical amount of DnaA protein leads to an initiation event. The level 

of free DnaA is regulated by titration of DnaA to high affinity DnaA boxes around the 

chromosome (Hansen et al., 1991b). oriC has some low affinity DnaA binding sites, thus 

the DnaA boxes in the origin is not filled with enough DnaA to initiate replication before 

other high affinity binding sites around the chromosome are filled (Hansen et al., 1991a). 
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After initiation of replication the bound DnaA is assumed to be released and may be 

reused in other origins present in the same cell and trigger new initiation (Lobner-Olesen 

et al., 1994), which results in an almost simultaneous initiation on multiple origins during 

fast growth (Skarstad et al., 1986).

Once per cell cycle replication 

Several mechanisms contribute to ensure that initiation of replication occurs only once 

per cell cycle and are discussed below. 

Sequestration of the oriC region 

Sequestration of newly replicated, hemimethylated origins renders the origin inaccessible 

for a new round of replication. As mentioned in the Introduction section (page 12), the 

SeqA protein plays a key role in this process. Von Freiesleben and coworkers isolated 

seqA mutant strains that were capable of replicating fully methylated oriC plasmids in 

dam- background (von Freiesleben et al., 1994). We have studied the physiological and 

biochemical properties of two of the mutants, seqA2 and seqA4 (Paper I and II). The 

SeqA2 mutant protein contains a single amino acid change in the C-terminal domain of 

the protein, in which an Asn is changed to an Asp at position 152 (N152D) (Paper I). 

SeqA2 was not capable of binding to a hemimethylated oriC fragment in vitro.  Later 

structural studies revealed that the C-terminal domain is responsible for DNA binding. 

The SeqA C-terminal interacts with DNA mainly in the major groove of the 

hemimethylated GATC sequence (Fig 6A) (Guarne et al., 2002). The crystal structure 

also shows that the Asn 152 forms close van der Waals contacts and direct hydrogen 

bonds with the A-T base pair (Guarne et al., 2002) and was probably disrupted upon 

DNA binding of the SeqA2 protein. Association of SeqA and hemimethylated DNA is 

highly cooperative leading to formation of large complexes (Slater et al., 1995;Kang et

al., 1999;Skarstad et al., 2000;Lee et al., 2001). We found that the ability of purified 

SeqA2 to form higher-order multimers in vitro was altered compared to the wild type 

protein (Paper I). In vivo, the SeqA2 protein was completely inactive in sequestration and 

even a 20-fold overproduction of SeqA2 did not support initiation synchrony. On the 
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other hand, when SeqA2 was overproduced in a SeqA wild type background, initiation 

synchrony was affected. The interaction of SeqA2 with wild type protein might result in 

formation of a mixed oligomer that is unable to bind hemimethylated origins and thereby 

unable to prevent reinitiation from oriC. From these results we suggested that formation 

of higher-order multimers and correct binding of these to hemimethylated DNA is 

necessary for origin sequestration (Paper I). 

The SeqA4 mutant protein contains a single amino acid change in the N-terminal 

domain of the protein, in which an Ala is changed to a Thr in position 25 (A25T) (Paper 

I). SeqA4 was incapable for forming higher-order multimers in vitro. However, the 

mutant protein was capable of forming a dimer which was suggested to be the basic 

binding unit (Paper II). This was supported by structural analysis of SeqA N-terminal that 

revealed that the structural unit of SeqA is a dimer (Guarne et al., 2005). A SeqA4 dimer 

bound with wild type affinity to a pair of hemimethylated GATC sites in vitro and excess 

SeqA4 protein led to partially restored initiation synchrony in vivo (Paper II). The reason 

for this might be that origin sequestration does not require a perfect higher-order SeqA 

multimer per se, but does require a high local concentration of SeqA. In contrast, high 

local concentration of SeqA2 did not restore initiation synchrony (Paper I). This might be 

mainly explained by the lack of binding to hemimethylated GATC sites.  

Sequestration of the oriC region lasts for about one-third of the cell cycle 

(Campbell et al., 1990). When sequestration has ended, the newly replicated origins 

become accessible for new rounds of initiation. Therefore additional mechanisms must 

ensure that the initiation potential is lowered during sequestration. This is discussed 

below.
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Fig 6 

(A) Structure of the SeqA-C DNA complex. Ribbon diagrams of SeqA-C bound to the 

12 base pair hemimethylated DNA in two orthogonal views. -helices are blue; -strands,

green. The unmethylated strand is yellow, and the methylated one is orange. DNA bases 

are shown as thin rods, and the methylated adenine is purple. The single amino acid 

change in the SeqA2 mutant protein (N152D) is indicated with arrows. The figure was 

obtained from (Guarne et al., 2002).

 (B) A model of a left-handed SeqA multimer with the negatively supercoiled DNA 

(black line) wrapped around the SeqA filament (grey and red circles). The figure was 

obtained from Paper II.



35

(C) Oligomerization of the SeqA–N dimer. (i) Ribbon diagram of a single SeqA–N 

subunit. The single amino acid change in the SeqA4 mutant protein (A25T) is indicated 

with an arrow (ii) A SeqA–N dimer. The two subunits are shown as yellow and green (iii) 

The asymmetric unit contains two SeqA–N dimers (iv) Two views of the SeqA–N 

filament. The black bar indicates a complete helical turn consisting of four dimers. This

figure was obtained from (Guarne et al., 2005). 

Sequestration of the dnaA gene promoter 

Expression of the dnaA gene is greatly reduced during the period of sequestration 

(Campbell et al., 1990). The central part of the dnaA promoter contains six GATC 

sequences. Methylation of these sites is required for maximum promoter activity (Braun 

and Wright, 1986;Kucherer et al., 1986). One of these sites, located within the -35 region 

of the dnaAp2 promoter, remained hemimethylated for about the same period as the 

GATC sites within the oriC region. This implies that that the dnaA promoter region is 

subject to sequestration analogous to that observed at oriC (Campbell et al., 1990). 

Recently, in vivo studies revealed that coordinated replication and sequestration of oriC

and dnaA were required for maintaining controlled once per cell cycle initiation of 

chromosome replication (Riber and Lobner-Olesen, 2005). The dnaA gene was moved to 

another location on the chromosome so that sequestration of the dnaA promoter did not 

coincide with origin sequestration. This resulted in increased availability of the DnaA 

protein towards the end of the origin sequestration period and thus reinitiation of newly 

replicated origins.

Regulation of DnaA activity 

The level of ATP-DnaA increases towards the time of replication initiation (Kurokawa et

al., 1999). The increased level of ATP-DnaA originates from a membrane dependent 

exchange of ADP for ATP and increased transcription of the dnaA gene (newly made 

DnaA is in the ATP form) (Crooke et al., 1992;Boeneman and Crooke, 2005).  
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Immediately after replication initiation hydrolysis of active ATP-DnaA to inactive ADP-

DnaA occurs. This is a regulatory inactivation of DnaA (RIDA) to prevent reinitiation of 

an already initiated origin (Boye et al., 2000;Kato and Katayama, 2001). Inactivation of 

DnaA by RIDA requires the β-clamp to be loaded onto DNA, the presence of a partially 

purified factor, IdaB (Katayama et al., 1998), and is stimulated by ongoing DNA 

replication (Kurokawa et al., 1998). The Hda protein, necessary for proper regulation of 

initiation (Camara et al., 2003;Riber et al., 2006), has later been shown to possess IdaB 

activity (Su'etsugu et al., 2005).

Mutations in DnaA that affect binding or hydrolysis of ATP may induce the 

protein to be constitutively active, leading to overinitiation (Kellenberger-Gujer et al.,

1978;Katayama and Kornberg, 1994). One such mutant, dnaAcos, is a cold-sensitive 

spontaneous revertant from the temperature-sensitive dnaA46 mutant (Kellenberger-

Gujer et al., 1978) and contains the mutations A184V and H252Y (from dnaA46) and 

Q156L and Y217H (Braun et al., 1987;Hansen et al., 1992). The DnaAcos protein has 

been purified and characterized in vitro. The mutant protein binds to DNA containing the 

origin region and functions in the loading of DnaB helicase onto single-stranded DNA, 

but is unable to bind nucleotide  (Katayama et al., 1995). DnaAcos seems to be an 

unregulated form of DnaA protein that is always active in initiation and therefore causes 

excess DNA replication at lower temperatures (30°C). At higher temperatures (42°C) the 

protein is apparently partially inactive, explaining that the overinitiation is reduced 

(Katayama, 1994;Katayama et al., 1994). 

The phenomenon of lethal overactivity of DnaA was utilized to develop a screen 

for discovery of novel antibiotics targeting DnaA (Paper IV). A cold-sensitive dnaA

mutant, with properties that closely resemble the properties of the dnaAcos mutant from 

Kellenberger-Gujer et al., 1978, was isolated (Weigel et al., 1999). The mutant strain 

contains the dnaA46 mutations (see above) and a novel dnaA allele, designated 

dnaA219(Cos) (R342C). The idea of the screen was to search for drugs that will 

inactivate DnaA219 and therefore allow growth at the non-permissive temperature 

(30oC). dnaA219 was improved and made amenable for high-throughput screening by 

introduction of an alternative initiation pathway by deletion of the rnhA gene, encoding 

RNaseHI, thus rendering initiation independent of oriC and DnaA (Kogoma, 1997). The 
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assay transfer of dnaA219rnhA into high-throughput format was successful, but in a pilot 

study of about 4000 extracts no compound that inhibit DnaA activity was found (Paper 

IV).  There are several possible reasons for this. The microbial extracts may not contain 

any components targeting DnaA or the extracts might contain a DnaA inhibitor, but 

growth is not obtained due to the presence of second antibiotic. A third possibility is that 

relevant compounds were not able to enter the cell.    

 Most antibiotics known today target the bacterial cell wall, the protein synthesis 

apparatus or DNA topoisomerases (Gale et al., 1981;Amabile-Cuevas et al., 1995;Walsh, 

2003). So far no drug targeting the essential DNA replication machinery has been 

discovered. The DnaA protein is highly conserved among bacteria (Weigel and Messer, 

2002) and necessary for DNA replication. Therefore, discovery of a compound that 

inactivates DnaA would be a novel mechanism in the treatment of infectious diseases.

 Discovery of a compound that specifically inactivates DnaA would also be a great 

advantage in studies of DNA replication control mechanisms. Such a compound could 

increase the understanding of the physiological and biochemical properties of DnaA 

similar to the understanding of gene transcription by RNA polymerase. RNA polymerase 

is specifically inactivated by rifampicin (Messer, 1972;Lark, 1972;Zyskind et al., 1977).

Chromosome organization and segregation 

A central problem in biology is faithful transmission of hereditary information from the 

mother to its daughter cells. This process involves precise organization and partitioning 

of the newly synthesized sister chromosomes.  The newly synthesized sister 

chromosomes have to be organized and condensed to ensure proper segregation. The 

bacterial chromosome is organized into a highly compact structure. In vivo, DNA 

topoisomerases maintain the bacterial chromosome in a defined underwound state, which 

is essential for proper functioning of all cellular processes that require DNA strand 

separation, such as DNA replication, transcription, recombination and repair. DNA 

topoisomerases were the first proteins identified to have a role in chromosome 

partitioning. They are not directly involved in chromosome partitioning, but have a role 

in the production of substrates that are viable for segregation (Draper and Gober, 2002). 
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Other proteins probably involved in organization and proper segregation of newly 

replicated DNA is MukB, a protein similar to eukaryote and Gram-positive SMC (Stable

Maintenance of Chromosome) proteins (Niki et al., 1991;Niki et al., 1992) and small 

nucleoid associated proteins such as HU (histone-like protein) and H-NS (histone-like 

nucleoid structuring protein) (Sherratt, 2003). mukB mutant cells produce a lot of 

anucleate cells (Niki et al., 1991). MukB acts in concert with MukE and MukF and has 

the structure of a motor protein (Niki et al., 1991;Niki et al., 1992;Yamanaka et al.,

1996). MukB binds unspecifically to DNA and is probably not directly involved in 

segregation. However, the nucleoid is more dispersed than the wild type nucleoid 

(Weitao et al., 1999), suggesting a role in chromosome condensation. Recently an 

intergral inner membrane protein, SetB, was found to strongly affect chromosome 

organization and segregation (Espeli et al., 2003). SetB localizes in the cell as a helix and 

interacts with MreB, the bacterial actin homologue, which also forms a helix (Espeli et

al., 2003;Kruse et al., 2003). These observations suggest that there may be a link between 

chromosome segregation and cellular infrastructure. 

The SeqA protein also seems to be important for organization and segregation of 

the chromosome. seqA mutant cells and cells with excess SeqA protein show aberrant 

nucleoid folding and segregation in vivo (Lu et al., 1994;Weitao et al., 1999;von 

Freiesleben et al., 2000;Bach et al., 2003). In addition, the SeqA protein was found to 

affect the DNA topology in vitro (Torheim et al., 1999;Klungsoyr et al., 2004). 

Formation of discrete SeqA foci in wild type cells are believed to arise from 

multimerization of SeqA on hemimethylated DNA at the replication fork, presumably 

representing organization of newly formed DNA by SeqA (Hiraga et al., 1998;Onogi et

al., 1999;Hiraga et al., 2000).

The SeqA2 mutant protein was unable to restrain negative supercoils in vitro and 

form discrete SeqA foci in vivo. These defects might be explained by the inactivity of 

SeqA2 in correct and stable binding to hemimethylated DNA (Paper I). SeqA4 was able 

to form a dimer that bound hemimethylated DNA, but failed to form higher-order 

multimers (see page 22) (Paper II).  Binding of SeqA4 dimers to DNA led to a topology 

change equivalent to positive supercoiling. In contrast, the topology change that resulted 

in restraint of negative supercoils could not be made by the SeqA4 protein. We suggested 
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that for this type of topology change, binding of single, independent dimers is not 

sufficient, and formation of a SeqA multimer is required. A model was designed to 

explain the finding that negative supercoils of DNA bound to a SeqA multimer become 

restrained (Fig 6B) (Paper II). In this model SeqA forms a left handed helix with the 

negatively supercoiled DNA wrapped around the SeqA filament. The model was 

supported by structure determination and modeling of the SeqA N-terminus, which 

indicates that it forms a helical fiber made up of dimers (Fig 6C) (Guarne et al., 2005).

The SeqA4 protein was also unable to form discrete SeqA foci in vivo. This indicates that 

specific N-terminus interactions are required for generating such structures. It is probable 

that the foci consist of helical SeqA filaments bound to hemimethylated DNA (Paper II). 

 Eukaryotic chromosomes have a locus, the centromere, at which force is applied 

to separate replicated chromosomes. In bacteria, the replicon theory proposed that 

chromosome segregation is a passive mechanism coupled to membrane growth via 

attachment of specific chromosomal sites to the cell membrane (Jacob et al., 1963). Later 

is has been suggested that sites close to the origin region of the chromosome carry out the 

centromere function in E.coli. The hemimethylated oriC could be a candidate (Ogden et 

al., 1988).  However, deletion of oriC does not affect the localization pattern of the 

region surrounding oriC  (Gordon et al., 1997;Berkmen and Grossman, 2007) and 

plasmids containing oriC do not localize in a discrete fashion inside the cell (Niki and 

Hiraga, 1999). In E.coli the cis-acting sequence, migS, was recently discovered to be 

involved in active segregation of the chromosome (Yamaichi and Niki, 2004;Fekete and 

Chattoraj, 2005). The 25 base pair migS sequence is located close to the replication origin 

and is supposed to play a crucial role in bipolar positioning of oriC (Yamaichi et al.,

2004).
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Dynamic organization of E.coli DNA replication cycle 

components

Formerly it was proposed that the chromosome and protein components of the bacterial 

cell cycle were highly unorganized and that movement mostly relied on physical forces 

and self-organizing mechanisms. In the last ten years, new fluorescence microscopy 

techniques have revealed specific organization of cellular processes within the bacterial 

cell.  Positioning and proper organization of the DNA replication cycle components may 

contribute to timely regulation of the replication initiation, orderly separation of daughter 

chromosomes and efficient DNA replication (Thanbichler and Shapiro, 2006). Several 

models have tried to explain how the replication machinery and chromosome is organized 

in the cell. The models are based on different types of microscopy techniques and involve 

growth of cells at different rates. The models therefore have some conflicting 

conclusions, which are discussed below.

The Replication Factory model 

Organization of the replication machinery into one unit, “the Replication Factory”, 

containing both forks originating from the same origin was initially proposed by 

Dingman (Dingman, 1974). In this model the replication machinery is tethered to the cell 

centre and the chromosome feeds into it as replication proceeds. Initially the model got 

support from cytological studies of replication fork localization in live B.subtilis cells 

(Lemon and Grossman, 1998;Lemon and Grossman, 2000). The replication fork was 

visualized with GFP-tagged replication protein. The factory model has also got support 

from studies of fixed E.coli cells in which newly replicated DNA was visualized with 

immunostaining of SeqA (Hiraga et al., 1998;Molina and Skarstad, 2004) or by pulse-

labeling with [(3)H] thymidine followed by electron-microscopic autoradiography 

(Koppes et al., 1999). In another study of replication fork localization using GFP-tagged 

SeqA protein evidence for associated replication forks was not found. The authors 

reported a 1:1 correspondence between replication forks and SeqA foci (Brendler et al.,

2000). The existence of replication factories is therefore still controversial.
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In paper I and III we studied replication fork colocalization during rapid growth. 

The replication fork was visualized by immunostaining of SeqA (Paper I) or by BrdU 

labeling and subsequent immunostaining (Paper III). The number of replication fork foci 

was compared with the number of origins and replication forks as determined by flow 

cytometry analysis of the same cells. In paper I we found that the number of replication 

fork foci was about half the number of origins per cell in two different wild type strains.

This indicates that two or more replication forks are held together forming one replication 

fork focus. In paper III we found that the distributions of BrdU foci were in agreement 

with the distributions of foci found by immunostaining of SeqA (Hiraga et al.,

1998;Molina et al., 2004) (Paper I). The average number of forks per cell was calculated 

from flow cytometry histograms and found to be about twice the average number of 

replication fork foci per cell. Again we found that pairs of replication forks were 

colocalized throughout most of the cell cycle. Both studies therefore supports the 

replication factory model (Dingman, 1974;Lemon et al., 1998). In a study of rapidly 

growing cells it was also found that immediately after initiation, the eight or twelve 

replication forks were organized into a higher-order structure (Molina et al., 2004).

Recently the existence of the replication factory has got support from studies in 

budding yeast. It was found that sister replication forks generated from the same origin 

stay associated with each other within a replication factory during replication (Kitamura 

et al., 2006).

The Translocating Replication Apparatus model  

Hiraga and coworkers have suggested that the Replication factory model needs some 

modifications (Hiraga et al., 2000). In the Translocating Replication Apparatus model the 

oriC region is localized at mid-cell prior to replication and a pair of replication forks will 

form at the same site upon initiation of replication. As replication proceeds, a SeqA 

multimer will bind to nascent, hemimethylated DNA to form a SeqA focus. The SeqA 

focus then separates into two foci that migrate in opposite directions to the ¼ and ¾ 

positions. The sister oriC copies however, stayed associated at mid-cell. After release of 

cohesion, the sister chromosomes rearranged to form separate nucleiods that moved 
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towards the cell pole. It was suggested that the migration is due to an active segregation 

mechanism (Hiraga, 2000;Hiraga et al., 2000).

The Extrusion-Capture model 

Dingman also proposed that newly replicated DNA moves away from the anchored 

replication machinery as replication proceeds. This proposal was refined and named as 

the Extrusion-Capture model (Lemon and Grossman, 2001). In this model the newly 

replicated chromosome is directed away from the cell centre towards the cell poles by the 

replication process itself.  Thus, segregation of sister chromosomes occurs as replication 

proceeds (Sawitzke and Austin, 2001;Lemon et al., 2001). This model has got support 

from localization studies of chromosomal loci, which have been detected with 

fluorescence in fixed cells by in situ hybridization (FISH) (Niki and Hiraga, 1998)  or by 

using fluorescent techniques such as GFP-ParB/parS system (Li et al., 2002;Nielsen et

al., 2006) or the GFP-LacI/lac operator system (Gordon et al., 1997;Lau et al.,

2003;Wang et al., 2005;Berkmen and Grossman, 2006). In slowly growing cells, in 

which DNA replication is confined to a single division cycle (Fig 1A). The sister origins 

region were found to stay in close proximity at mid-cell for a short period following 

initiation before they separated and moved towards the future mid-cell positions (Wang et

al., 2005;Bates and Kleckner, 2005;Nielsen et al., 2006). Furthermore, the chromosomal 

loci were found to segregate according to their distance from the origin (Nielsen et al.,

2006).

The Sister Chromosome Cohesion model 

Distinct from the Factory model by Dingman, evidence has been presented that 

replication produces sister chromosomes that are paired during much of their replication 

period and later separate in a coordinated manner (Niki et al., 1999;Hiraga et al.,

2000;Niki et al., 2000;Sunako et al., 2001;Bates et al., 2005). Interpretation of some of 

these results may not be straightforward due to the use of synchronized mutant cells, 

since such cells has been reported to be altered in replisome organization, and therefore 
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also maybe in chromosome organization, compared with wild type cells (Bach et al.,

2003).

In Paper III we studied origin organization in rapidly growing E. coli wild type 

cells using the GFP-LacI/lac operator system. The cells initiated at two or four origins 

and therefore replicated with multiple replication cycles. We found in cells that initiated 

replication towards the end of the “grandmother” generation or early in the “mother” 

generation, new origins were spatially localized into a structure that could not be visually 

separated within the resolution of the light microscope for most of the cell cycle (Paper 

III). In slowly growing cells chromosome segregation was found to start within a short 

time-period after replication initiation and does not wait till completion of replication (see 

above). Since we found extensive colocalization of origins with multifork DNA 

replication during rapid growth, we decided to investigate how the organization of origins 

may change as cellular growth rate varies. We found that the period of origin 

colocalization increased with decreasing growth rate (Paper III). During rapid growth the 

replication pattern is more complex with the two segregating chromosomes having 

several replication forks and two or four origins (Fig 1B). These cells have to ensure that 

the “correct” pair of chromosomes segregates. We suggested that colocalization during 

rapid growth is a way to organize the chromosome preventing the cell from segregating 

the incorrect DNA strands (Paper III).

The role of SeqA in sister origin and replisome organization 

We found extensive colocalization of sister origins and replication forks during rapid 

growth (see above). The role of origin sequestration by SeqA in this colocalization was 

investigated. The studies were performed using two different mutant cells. In the oriCm3

mutant cells, eight of the origin GATC sites have been changed to GTTC (Bach et al.,

2004). The origins of these cells cannot bind SeqA, and therefore cannot be sequestered. 

The other type of mutant cells have an in-frame deletion in the seqA gene (Slater et al.,

1995). These cells are unable to sequester newly replicated origins and also deficient in 

SeqA binding of newly replicated, hemimethylated, chromosomal DNA in general (von 
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Freiesleben et al., 1994;Lu et al., 1994;Slater et al., 1995). We found wild type 

organization of new origins and sister replication forks in the oriCm3 mutant cells. In 

contrast, the cells without SeqA were large and had multiple origin and replication fork 

foci. The number of origin foci and replication fork foci seemed to roughly equal the 

number of origins and replication forks as measured with flow cytometry, respectively. 

These results indicated that colocalization of new origins and sister replication forks did 

not occur, or was less extensive, in cells lacking SeqA. We also found that SeqA was 

capable of pairing sister oriC regions after DNA replication in vitro. We suggested that 

colocalization of sister origins and replisome was independent of origin sequestration, but 

dependent on the presence of functional SeqA protein (Paper III). It might be that SeqA 

provide a coupling between initiation of replication, and origin and replisome 

organization during sequestration. After sequestration however, another mechanism 

might provide extensive pairing of these components. 
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Key experimental methods 

Drug treatment of cells and flow cytometry analysis 

Rifampicin is an antibiotic that inhibits the β-subunit of RNA polymerase (Messer, 

1972;Lark, 1972;Zyskind et al., 1977). Initiation of replication, but not elongation, 

depends on transcription by the RNA polymerase. Thus, treatment with rifampicin allows 

ongoing rounds of replication to finish and no new initiations of replication take place. 

Cephalexin is another antibiotic that inhibits cell septum formation and therefore cell 

division. Cells that are simultaneously treated with rifampicin and cephalexin will end up 

with an integral number of chromosomes that reflect the number of origins at the time of 

drug treatment. In a culture with cells that initiate replication synchronously will 

therefore ended up with 2n (n = 1, 2, 3…) chromosomes, i.e., 2, 4 or 8 chromosomes, 

while cells that initiate asynchronously will also contain 3, 5, 6 or 7 chromosomes 

(Skarstad et al., 1986).

Flow cytometry is a sensitive method for measuring the characteristics of 

individual cells in vivo (Boye and Lobner-Olesen, 1991). The cells are fixed in ethanol 

and stained with dyes that bind specifically to DNA or protein (Hoechst 33258 and FITC, 

respectively). By measuring the fluorescence emitted from single cells passing an 

excitation light-focus in the flow cytometer, the DNA and protein content per cell is 

determined. The protein content is proportional to the cell mass and determination of 

protein content is an alternative to light scatter measurements (Wold et al., 1994).  The 

analysis of thousands of cells from an exponentially growing culture or a culture treated 

with antibiotics is a way of determining the average cell mass, cell mass at initiation of 

replication, DNA content per cell and number of origins per cell.  

The initiation age and the B, C and D periods were calculated on the basis of the 

model proposed by (Cooper et al., 1968) and later described (Skarstad et al., 1985;Molina 

et al., 2004). The average number of replication forks per cell was calculated from the 

generation time, C and D periods (Molina et al., 2004).
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Light microscopy 

Visualization of the bacterial cell, chromosome and protein was performed with light 

microscopy. The bacterial cell outline was observed using phase contrast or DIC 

objectives. The chromosome was visualized by staining DNA with DAPI fluorescent 

dyes. The origin region, newly synthesized DNA and the SeqA protein were visualized 

with methods described below.   

Immunofluorescence microscopy was used to detect the SeqA protein or newly 

synthesized DNA within a cell using specific antibody. Newly synthesized DNA was 

labeled by incorporation of 5-bromo-2-deoxyuridine (BrdU) (Molina et al., 2004). BrdU 

is a synthetic nucleoside which is an analogue of thymidine and is incorporated into the 

newly synthesized DNA of replicating cells. The cells were then fixed in methanol, 

attached to a microscope slide and treated with lysozyme in order to permeabilize the cell 

membrane. BrdU labeled DNA was detected using primary mouse anti-BrdU antibody 

conjugated to a fluorescent dye (Alexa488) (Molina et al., 2004). The SeqA protein was 

detected in a two step reaction. The cells were fixed in ethanol, attached to a microscope 

slide and treated with lysozyme. The detection of SeqA included incubation with a 

primary rabbit anti-SeqA antibody and a secondary anti-rabbit antibody conjugated to a 

fluorescent dye (Cy3) (Paper I).

Immunofluorescence microscopy was then performed using a Zeiss Axioplan2 

phase-contrast/fluorescence microscope equipped with a 63× objective and a BP546/12 

filter (Cy3) or BP450/490 filter (Alexa488). DNA was visualized with a BP365/12 filter. 

Pictures were taken using a MicroMax CCD camera (Princeton Instruments) that was 

connected to a computerized image analysis system (Axiovision2 Multichannel, Zeiss) 

(Paper I). 

Visualization of the origin region of the chromosome was performed with live cell 

microscopy. An array containing 240 repeats of the lac operator sequence (21 bp) was 

placed in the attTn7 (3.909Mbp) site near oriC (3.910Mbp) (Lau et al., 2003). The cells 

were then transformed with a plasmid containing lac repressor fused to green fluorescent 

protein (GFP-LacI) (Gordon et al., 1997). GFP is a protein, comprised of 238 amino 

acids (27 kDa), from the jellyfish Aequorea victoria that fluoresces green when exposed 

to blue light (Prendergast and Mann, 1978;Tsien, 1998). Expression of GFP-LacI was 
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induced by addition of arabinose and GFP-LacI bound specifically to the lac operator 

array near oriC. After 90 minutes the cells were then transferred into a 0.7 % agarose 

layer containing phosphate-buffered saline for microscopy.  Fluorescent microscopy 

imaging was performed with an Olympus Fluoview BX61 Laser Scanning Microscope 

equipped with an UPlanApo 100x objective, and BA 505-525 filter.  Images were 

captured, processed, and analyzed using Flouview 4.3, MetaMorph 6.1 and Adobe 

Photoshop Elements 4.0 software (Paper III). 

Reconstituted DNA replication, restriction enzyme analysis and 

native gel electrophoresis

DNA replication can be reconstituted in vitro using supercoiled oriC plasmid and purified 

proteins (Kaguni and Kornberg, 1984). We performed reconstituted DNA replication 

using the following proteins: DnaA, DnaB helicase, DnaC, single stranded DNA binding 

protein (SSB), integration host factor (IHF), DnaG primase, DNA gyrase and polymerase 

III holoenzyme essentially as described in (Wold et al., 1998). We included primase at 

150 nM, which supported correctly coupled bidirectional DNA replication (Hiasa and 

Marians, 1994). The replication proteins were incubated at 30oC with negatively 

supercoiled oriC plasmid and deoxynucleotides in a buffer containing ATP and 

magnesium. Replication was measured as the amount of radioactively labelled 

deoxynucleotides incorporated into synthesized DNA.

The replication reaction was further analyzed in an experimental setup that 

included restriction enzyme digestion and native gel electrophoresis. The DNA 

replication reactions were digested with EcoRI and PstI, yielding two fragments: a 678 

base pair oriC fragment and a 2959 base pair plasmid fragment.  The restriction digestion 

products were resolved by native agarose (1.2%) gel electrophoresis.



48

References

 1.  Amabile-Cuevas CF, Cardenas-Garcia M, and Ludgar M. (1995). Antimicrobial
Resistance in Bacteria. Horizon Scientific Press. 

 2.  Asai T, Chen CP, Nagata T, Takanami M, and Imai M (1992) Transcription in 
vivo within the replication origin of the Escherichia coli chromosome: a 
mechanism for activating initiation of replication. Mol Gen Genet, 231, 169-178. 

 3.  Atlung T, Lobner-Olesen A, and Hansen FG (1987) Overproduction of DnaA 
protein stimulates initiation of chromosome and minichromosome replication in 
Escherichia coli. Mol Gen Genet, 206, 51-59. 

 4.  Bach T, Krekling MA, and Skarstad K (2003) Excess SeqA prolongs 
sequestration of oriC and delays nucleoid segregation and cell division. EMBO J,
22, 315-323. 

 5.  Bach T and Skarstad K (2004) Re-replication from non-sequesterable origins 
generates three-nucleoid cells which divide asymmetrically. Mol Microbiol, 51,
1589-1600.

 6.  Bach T and Skarstad K (2005) An oriC-like distribution of GATC sites mediates 
full sequestration of non-origin sequences in Escherichia coli. J Mol Biol, 350, 7-
11.

 7.  Baker TA, Funnell BE, and Kornberg A (1987) Helicase action of dnaB protein 
during replication from the Escherichia coli chromosomal origin in vitro. J Biol 
Chem, 262, 6877-6885. 

 8.  Bates D and Kleckner N (2005) Chromosome and replisome dynamics in E. coli: 
loss of sister cohesion triggers global chromosome movement and mediates 
chromosome segregation. Cell, 121, 899-911. 

 9.  Berkmen MB and Grossman AD (2006) Spatial and temporal organization of the 
Bacillus subtilis replication cycle. Mol Microbiol, 62, 57-71. 

 10.  Berkmen MB and Grossman AD (2007) Subcellular positioning of the origin 
region of the Bacillus subtilis chromosome is independent of sequences within 
oriC, the site of replication initiation, and the replication initiator DnaA. Mol 
Microbiol, 63, 150-165. 

 11.  Blattner FR, Plunkett G, III, Bloch CA, Perna NT, Burland V, Riley M, Collado-
Vides J, Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick 
HA, Goeden MA, Rose DJ, Mau B, and Shao Y (1997) The complete genome 
sequence of Escherichia coli K-12. Science, 277, 1453-1474. 



49

 12.  Boeneman K and Crooke E (2005) Chromosomal replication and the cell 
membrane. Curr Opin Microbiol, 8, 143-148. 

 13.  Boye E (1991) The hemimethylated replication origin of Escherichia coli can be 
initiated in vitro. J Bacteriol, 173, 4537-4539. 

 14.  Boye E and Lobner-Olesen A (1991) Bacterial growth control studied by flow 
cytometry. Res Microbiol, 142, 131-135. 

 15.  Boye E, Lobner-Olesen A, and Skarstad K (2000) Limiting DNA replication to 
once and only once. EMBO Rep, 1, 479-483. 

 16.  Boye E, Stokke T, Kleckner N, and Skarstad K (1996) Coordinating DNA 
replication initiation with cell growth: differential roles for DnaA and SeqA 
proteins. Proc Natl Acad Sci U S A, 93, 12206-12211. 

 17.  Bramhill D and Kornberg A (1988) Duplex opening by dnaA protein at novel 
sequences in initiation of replication at the origin of the E. coli chromosome. Cell,
52, 743-755. 

 18.  Braun RE, O'Day K, and Wright A (1987) Cloning and characterization of 
dnaA(Cs), a mutation which leads to overinitiation of DNA replication in 
Escherichia coli K-12. J Bacteriol, 169, 3898-3903. 

 19.  Braun RE and Wright A (1986) DNA methylation differentially enhances the 
expression of one of the two E. coli dnaA promoters in vivo and in vitro. Mol Gen 
Genet, 202, 246-250. 

 20.  Brendler T, Abeles A, and Austin S (1995) A protein that binds to the P1 origin 
core and the oriC 13mer region in a methylation-specific fashion is the product of 
the host seqA gene. EMBO J, 14, 4083-4089. 

 21.  Brendler T and Austin S (1999) Binding of SeqA protein to DNA requires 
interaction between two or more complexes bound to separate hemimethylated 
GATC sequences. EMBO J, 18, 2304-2310. 

 22.  Brendler T, Sawitzke J, Sergueev K, and Austin S (2000) A case for sliding SeqA 
tracts at anchored replication forks during Escherichia coli chromosome 
replication and segregation. EMBO J, 19, 6249-6258. 

 23.  Camara JE, Skarstad K, and Crooke E (2003) Controlled initiation of 
chromosomal replication in Escherichia coli requires functional Hda protein. J
Bacteriol, 185, 3244-3248. 

 24.  Campbell JL and Kleckner N (1990) E. coli oriC and the dnaA gene promoter are 
sequestered from dam methyltransferase following the passage of the 
chromosomal replication fork. Cell, 62, 967-979. 



50

 25.  Cassler MR, Grimwade JE, and Leonard AC (1995) Cell cycle-specific changes in 
nucleoprotein complexes at a chromosomal replication origin. EMBO J, 14, 5833-
5841.

 26.  Cooper S and Helmstetter CE (1968) Chromosome replication and the division 
cycle of Escherichia coli B/r. J Mol Biol, 31, 519-540. 

 27.  Crooke E, Castuma CE, and Kornberg A (1992) The chromosome origin of 
Escherichia coli stabilizes DnaA protein during rejuvenation by phospholipids. J
Biol Chem, 267, 16779-16782. 

 28.  Dingman CW (1974) Bidirectional chromosome replication: some topological 
considerations. J Theor Biol, 43, 187-195. 

 29.  Dixon NE and Kornberg A (1984) Protein HU in the enzymatic replication of the 
chromosomal origin of Escherichia coli. Proc Natl Acad Sci U S A, 81, 424-428. 

 30.  Donachie WD (1968) Relationship between cell size and time of initiation of 
DNA replication. Nature, 219, 1077-1079. 

 31.  Draper GC and Gober JW (2002) Bacterial chromosome segregation. Annu Rev 
Microbiol, 56, 567-597. 

 32.  Erzberger JP, Pirruccello MM, and Berger JM (2002) The structure of bacterial 
DnaA: implications for general mechanisms underlying DNA replication 
initiation. EMBO J, 21, 4763-4773. 

 33.  Espeli O, Nurse P, Levine C, Lee C, and Marians KJ (2003) SetB: an integral 
membrane protein that affects chromosome segregation in Escherichia coli. Mol 
Microbiol, 50, 495-509. 

 34.  Fang L, Davey MJ, and O'Donnell M (1999) Replisome assembly at oriC, the 
replication origin of E. coli, reveals an explanation for initiation sites outside an 
origin. Mol Cell, 4, 541-553. 

 35.  Fekete RA and Chattoraj DK (2005) A cis-acting sequence involved in 
chromosome segregation in Escherichia coli. Mol Microbiol, 55, 175-183. 

 36.  Fujikawa N, Kurumizaka H, Nureki O, Terada T, Shirouzu M, Katayama T, and 
Yokoyama S (2003) Structural basis of replication origin recognition by the DnaA 
protein. Nucleic Acids Res, 31, 2077-2086. 

 37.  Fujita MQ, Yoshikawa H, and Ogasawara N (1990) Structure of the dnaA region 
of Micrococcus luteus: conservation and variations among eubacteria. Gene, 93,
73-78.



51

 38.  Fuller RS, Funnell BE, and Kornberg A (1984) The dnaA protein complex with 
the E. coli chromosomal replication origin (oriC) and other DNA sites. Cell, 38,
889-900.

 39.  Funnell BE, Baker TA, and Kornberg A (1987) In vitro assembly of a prepriming 
complex at the origin of the Escherichia coli chromosome. J Biol Chem, 262,
10327-10334.

 40.  Gale EF, Cundliffe E, Reynolds PE, Richmond MH, and Waring MJ (1981). The
Molecular Basis of Antibiotic Action., . (Wiley, London), pp. 278-379. 

 41.  Geier GE and Modrich P (1979) Recognition sequence of the dam methylase of 
Escherichia coli K12 and mode of cleavage of Dpn I endonuclease. J Biol Chem,
254, 1408-1413. 

 42.  Gon S, Camara JE, Klungsoyr HK, Crooke E, Skarstad K, and Beckwith J (2006) 
A novel regulatory mechanism couples deoxyribonucleotide synthesis and DNA 
replication in Escherichia coli. EMBO J, 25, 1137-1147. 

 43.  Gordon GS, Sitnikov D, Webb CD, Teleman A, Straight A, Losick R, Murray 
AW, and Wright A (1997) Chromosome and low copy plasmid segregation in E. 
coli: visual evidence for distinct mechanisms. Cell, 90, 1113-1121. 

 44.  Guarne A, Brendler T, Zhao Q, Ghirlando R, Austin S, and Yang W (2005) 
Crystal structure of a SeqA-N filament: implications for DNA replication and 
chromosome organization. EMBO J, 24, 1502-1511. 

 45.  Guarne A, Zhao Q, Ghirlando R, and Yang W (2002) Insights into negative 
modulation of E. coli replication initiation from the structure of SeqA-
hemimethylated DNA complex. Nat Struct Biol, 9, 839-843. 

 46.  Hansen FG, Atlung T, Braun RE, Wright A, Hughes P, and Kohiyama M (1991a) 
Initiator (DnaA) protein concentration as a function of growth rate in Escherichia 
coli and Salmonella typhimurium. J Bacteriol, 173, 5194-5199. 

 47.  Hansen FG, Christensen BB, and Atlung T (1991b) The initiator titration model: 
computer simulation of chromosome and minichromosome control. Res
Microbiol, 142, 161-167. 

 48.  Hansen FG, Koefoed S, and Atlung T (1992) Cloning and nucleotide sequence 
determination of twelve mutant dnaA genes of Escherichia coli. Mol Gen Genet,
234, 14-21. 

 49.  Hiasa H and Marians KJ (1994) Primase couples leading- and lagging-strand 
DNA synthesis from oriC. J Biol Chem, 269, 6058-6063. 



52

 50.  Hill TM, Henson JM, and Kuempel PL (1987) The terminus region of the 
Escherichia coli chromosome contains two separate loci that exhibit polar 
inhibition of replication. Proc Natl Acad Sci U S A, 84, 1754-1758. 

 51.  Hill TM, Kopp BJ, and Kuempel PL (1988a) Termination of DNA replication in 
Escherichia coli requires a trans-acting factor. J Bacteriol, 170, 662-668. 

 52.  Hill TM and Marians KJ (1990) Escherichia coli Tus protein acts to arrest the 
progression of DNA replication forks in vitro. Proc Natl Acad Sci U S A, 87,
2481-2485.

 53.  Hill TM, Pelletier AJ, Tecklenburg ML, and Kuempel PL (1988b) Identification 
of the DNA sequence from the E. coli terminus region that halts replication forks. 
Cell, 55, 459-466. 

 54.  Hiraga S (2000) Dynamic localization of bacterial and plasmid chromosomes. 
Annu Rev Genet, 34, 21-59. 

 55.  Hiraga S, Ichinose C, Niki H, and Yamazoe M (1998) Cell cycle-dependent 
duplication and bidirectional migration of SeqA-associated DNA-protein 
complexes in E. coli. Mol Cell, 1, 381-387. 

 56.  Hiraga S, Ichinose C, Onogi T, Niki H, and Yamazoe M (2000) Bidirectional 
migration of SeqA-bound hemimethylated DNA clusters and pairing of oriC 
copies in Escherichia coli. Genes Cells, 5, 327-341. 

 57.  Hwang DS and Kornberg A (1992) Opening of the replication origin of 
Escherichia coli by DnaA protein with protein HU or IHF. J Biol Chem, 267,
23083-23086.

 58.  Jacob F, Brenner S, and Cuzin F. On the regulation of DNA replication in 
bacteria. 23, 329-348. 1963.  Cold Spring Harb. Symp. Quant.Biol.  
Ref Type: Report 

 59.  Kaguni JM (2006) DnaA: controlling the initiation of bacterial DNA replication 
and more. Annu Rev Microbiol, 60, 351-375. 

 60.  Kaguni JM and Kornberg A (1984) Replication initiated at the origin (oriC) of the 
E. coli chromosome reconstituted with purified enzymes. Cell, 38, 183-190. 

 61.  Kang S, Lee H, Han JS, and Hwang DS (1999) Interaction of SeqA and Dam 
methylase on the hemimethylated origin of Escherichia coli chromosomal DNA 
replication. J Biol Chem, 274, 11463-11468. 

 62.  Katayama T (1994) The mutant DnaAcos protein which overinitiates replication 
of the Escherichia coli chromosome is inert to negative regulation for initiation. J
Biol Chem, 269, 22075-22079. 



53

 63.  Katayama T (2001) Feedback controls restrain the initiation of Escherichia coli 
chromosomal replication. Mol Microbiol, 41, 9-17. 

 64.  Katayama T, Crooke E, and Sekimizu K (1995) Characterization of Escherichia 
coli DnaAcos protein in replication systems reconstituted with highly purified 
proteins. Mol Microbiol, 18, 813-820. 

 65.  Katayama T and Kornberg A (1994) Hyperactive initiation of chromosomal 
replication in vivo and in vitro by a mutant initiator protein, DnaAcos, of 
Escherichia coli. J Biol Chem, 269, 12698-12703. 

 66.  Katayama T, Kubota T, Kurokawa K, Crooke E, and Sekimizu K (1998) The 
initiator function of DnaA protein is negatively regulated by the sliding clamp of 
the E. coli chromosomal replicase. Cell, 94, 61-71. 

 67.  Kato J and Katayama T (2001) Hda, a novel DnaA-related protein, regulates the 
replication cycle in Escherichia coli. EMBO J, 20, 4253-4262. 

 68.  Kato J, Nishimura Y, Imamura R, Niki H, Hiraga S, and Suzuki H (1990) New 
topoisomerase essential for chromosome segregation in E. coli. Cell, 63, 393-404. 

 69.  Kellenberger-Gujer G, Podhajska AJ, and Caro L (1978) A cold sensitive dnaA 
mutant of E. coli which overinitiates chromosome replication at low temperature. 
Mol Gen Genet, 162, 9-16. 

 70.  Kelman Z and O'Donnell M (1995) Structural and functional similarities of 
prokaryotic and eukaryotic DNA polymerase sliding clamps. Nucleic Acids Res,
23, 3613-3620. 

 71.  Kitagawa R, Mitsuki H, Okazaki T, and Ogawa T (1996) A novel DnaA protein-
binding site at 94.7 min on the Escherichia coli chromosome. Mol Microbiol, 19,
1137-1147.

 72.  Kitagawa R, Ozaki T, Moriya S, and Ogawa T (1998) Negative control of 
replication initiation by a novel chromosomal locus exhibiting exceptional affinity 
for Escherichia coli DnaA protein. Genes Dev, 12, 3032-3043. 

 73.  Kitamura E, Blow JJ, and Tanaka TU (2006) Live-cell imaging reveals replication 
of individual replicons in eukaryotic replication factories. Cell, 125, 1297-1308. 

 74.  Klungsoyr HK and Skarstad K (2004) Positive supercoiling is generated in the 
presence of Escherichia coli SeqA protein. Mol Microbiol, 54, 123-131. 

 75.  Kogoma T (1997) Stable DNA replication: interplay between DNA replication, 
homologous recombination, and transcription. Microbiol Mol Biol Rev, 61, 212-
238.



54

 76.  Kong XP, Onrust R, O'Donnell M, and Kuriyan J (1992) Three-dimensional 
structure of the beta subunit of E. coli DNA polymerase III holoenzyme: a sliding 
DNA clamp. Cell, 69, 425-437. 

 77.  Koonin EV (1992) DnaC protein contains a modified ATP-binding motif and 
belongs to a novel family of ATPases including also DnaA. Nucleic Acids Res,
20, 1997. 

 78.  Koppes LJ, Woldringh CL, and Nanninga N (1999) Escherichia coli contains a 
DNA replication compartment in the cell center. Biochimie, 81, 803-810. 

 79.  Kornberg A and Baker TA. DNA replication.  1992.  Freeman, New York.  
Ref Type: Generic 

 80.  Kowalski D and Eddy MJ (1989) The DNA unwinding element: a novel, cis-
acting component that facilitates opening of the Escherichia coli replication 
origin. EMBO J, 8, 4335-4344. 

 81.  Kruse T, Moller-Jensen J, Lobner-Olesen A, and Gerdes K (2003) Dysfunctional 
MreB inhibits chromosome segregation in Escherichia coli. EMBO J, 22, 5283-
5292.

 82.  Kucherer C, Lother H, Kolling R, Schauzu MA, and Messer W (1986) Regulation 
of transcription of the chromosomal dnaA gene of Escherichia coli. Mol Gen 
Genet, 205, 115-121. 

 83.  Kurokawa K, Mizushima T, Kubota T, Tsuchiya T, Katayama T, and Sekimizu K 
(1998) A stimulation factor for hydrolysis of ATP bound to DnaA protein, the 
initiator of chromosomal DNA replication in Escherichia coli. Biochem Biophys 
Res Commun, 243, 90-95. 

 84.  Kurokawa K, Nishida S, Emoto A, Sekimizu K, and Katayama T (1999) 
Replication cycle-coordinated change of the adenine nucleotide-bound forms of 
DnaA protein in Escherichia coli. EMBO J, 18, 6642-6652. 

 85.  Landoulsi A, Hughes P, Kern R, and Kohiyama M (1989) dam methylation and 
the initiation of DNA replication on oriC plasmids. Mol Gen Genet, 216, 217-223. 

 86.  Landoulsi A, Malki A, Kern R, Kohiyama M, and Hughes P (1990) The E. coli 
cell surface specifically prevents the initiation of DNA replication at oriC on 
hemimethylated DNA templates. Cell, 63, 1053-1060. 

 87.  Lark KG (1972) Evidence for the direct involvement of RNA in the initiation of 
DNA replication in Escherichia coli 15T. J Mol Biol, 64, 47-60. 

 88.  Lau IF, Filipe SR, Soballe B, Okstad OA, Barre FX, and Sherratt DJ (2003) 
Spatial and temporal organization of replicating Escherichia coli chromosomes. 
Mol Microbiol, 49, 731-743. 



55

 89.  Lee H, Kang S, Bae SH, Choi BS, and Hwang DS (2001) SeqA protein 
aggregation is necessary for SeqA function. J Biol Chem, 276, 34600-34606. 

 90.  Lemon KP and Grossman AD (1998) Localization of bacterial DNA polymerase: 
evidence for a factory model of replication. Science, 282, 1516-1519. 

 91.  Lemon KP and Grossman AD (2000) Movement of replicating DNA through a 
stationary replisome. Mol Cell, 6, 1321-1330. 

 92.  Lemon KP and Grossman AD (2001) The extrusion-capture model for 
chromosome partitioning in bacteria. Genes Dev, 15, 2031-2041. 

 93.  Leonard AC and Grimwade JE (2005) Building a bacterial orisome: emergence of 
new regulatory features for replication origin unwinding. Mol Microbiol, 55, 978-
985.

 94.  Li Y, Sergueev K, and Austin S (2002) The segregation of the Escherichia coli 
origin and terminus of replication. Mol Microbiol, 46, 985-996. 

 95.  Lobner-Olesen A, Hansen FG, Rasmussen KV, Martin B, and Kuempel PL (1994) 
The initiation cascade for chromosome replication in wild-type and Dam 
methyltransferase deficient Escherichia coli cells. EMBO J, 13, 1856-1862. 

 96.  Lobner-Olesen A, Skarstad K, Hansen FG, von Meyenburg K, and Boye E (1989) 
The DnaA protein determines the initiation mass of Escherichia coli K-12. Cell,
57, 881-889. 

 97.  Lu M, Campbell JL, Boye E, and Kleckner N (1994) SeqA: a negative modulator 
of replication initiation in E. coli. Cell, 77, 413-426. 

 98.  Matsui M, Oka A, Takanami M, Yasuda S, and Hirota Y (1985) Sites of dnaA 
protein-binding in the replication origin of the Escherichia coli K-12 
chromosome. J Mol Biol, 184, 529-533. 

 99.  McGarry KC, Ryan VT, Grimwade JE, and Leonard AC (2004) Two 
discriminatory binding sites in the Escherichia coli replication origin are required 
for DNA strand opening by initiator DnaA-ATP. Proc Natl Acad Sci U S A, 101,
2811-2816.

 100.  Messer W (1972) Initiation of deoxyribonucleic acid replication in Escherichia 
coli B-r: chronology of events and transcriptional control of initiation. J Bacteriol,
112, 7-12. 

 101.  Messer W (2002) The bacterial replication initiator DnaA. DnaA and oriC, the 
bacterial mode to initiate DNA replication. FEMS Microbiol Rev, 26, 355-374. 

 102.  Messer W, Bellekes U, and Lother H (1985) Effect of dam methylation on the 
activity of the E. coli replication origin, oriC. EMBO J, 4, 1327-1332. 



56

 103.  Messer W, Blaesing F, Majka J, Nardmann J, Schaper S, Schmidt A, Seitz H, 
Speck C, Tungler D, Wegrzyn G, Weigel C, Welzeck M, and Zakrzewska-
Czerwinska J (1999) Functional domains of DnaA proteins. Biochimie, 81, 819-
825.

 104.  Messer W and Weigel C (1997) DnaA initiator--also a transcription factor. Mol
Microbiol, 24, 1-6. 

 105.  Miki T, Kimura M, Hiraga S, Nagata T, and Yura T (1979) Cloning and physical 
mapping of the dnaA region of the Escherichia coli chromosome. J Bacteriol,
140, 817-824. 

 106.  Molina F and Skarstad K (2004) Replication fork and SeqA focus distributions in 
Escherichia coli suggest a replication hyperstructure dependent on nucleotide 
metabolism. Mol Microbiol, 52, 1597-1612. 

 107.  Morigen, Lobner-Olesen A, and Skarstad K (2003) Titration of the Escherichia 
coli DnaA protein to excess datA sites causes destabilization of replication forks, 
delayed replication initiation and delayed cell division. Mol Microbiol, 50, 349-
362.

 108.  Morigen, Molina F, and Skarstad K (2005) Deletion of the datA site does not 
affect once-per-cell-cycle timing but induces rifampin-resistant replication. J
Bacteriol, 187, 3913-3920. 

 109.  Mulder E and Woldringh CL (1989) Actively replicating nucleoids influence 
positioning of division sites in Escherichia coli filaments forming cells lacking 
DNA. J Bacteriol, 171, 4303-4314. 

 110.  Neuwald AF, Aravind L, Spouge JL, and Koonin EV (1999) AAA+: A class of 
chaperone-like ATPases associated with the assembly, operation, and disassembly 
of protein complexes. Genome Res, 9, 27-43. 

 111.  Neylon C, Kralicek AV, Hill TM, and Dixon NE (2005) Replication termination 
in Escherichia coli: structure and antihelicase activity of the Tus-Ter complex. 
Microbiol Mol Biol Rev, 69, 501-526. 

 112.  Nielsen HJ, Li Y, Youngren B, Hansen FG, and Austin S (2006) Progressive 
segregation of the Escherichia coli chromosome. Mol Microbiol, 61, 383-393. 

 113.  Nievera C, Torgue JJ, Grimwade JE, and Leonard AC (2006) SeqA blocking of 
DnaA-oriC interactions ensures staged assembly of the E. coli pre-RC. Mol Cell,
24, 581-592. 

 114.  Niki H and Hiraga S (1998) Polar localization of the replication origin and 
terminus in Escherichia coli nucleoids during chromosome partitioning. Genes
Dev, 12, 1036-1045. 



57

 115.  Niki H and Hiraga S (1999) Subcellular localization of plasmids containing the 
oriC region of the Escherichia coli chromosome, with or without the sopABC 
partitioning system. Mol Microbiol, 34, 498-503. 

 116.  Niki H, Imamura R, Kitaoka M, Yamanaka K, Ogura T, and Hiraga S (1992) 
E.coli MukB protein involved in chromosome partition forms a homodimer with a 
rod-and-hinge structure having DNA binding and ATP/GTP binding activities. 
EMBO J, 11, 5101-5109. 

 117.  Niki H, Jaffe A, Imamura R, Ogura T, and Hiraga S (1991) The new gene mukB 
codes for a 177 kd protein with coiled-coil domains involved in chromosome 
partitioning of E. coli. EMBO J, 10, 183-193. 

 118.  Niki H, Yamaichi Y, and Hiraga S (2000) Dynamic organization of chromosomal 
DNA in Escherichia coli. Genes Dev, 14, 212-223. 

 119.  Ogden GB, Pratt MJ, and Schaechter M (1988) The replicative origin of the E. 
coli chromosome binds to cell membranes only when hemimethylated. Cell, 54,
127-135.

 120.  Oka A, Sugimoto K, Takanami M, and Hirota Y (1980) Replication origin of the 
Escherichia coli K-12 chromosome: the size and structure of the minimum DNA 
segment carrying the information for autonomous replication. Mol Gen Genet,
178, 9-20. 

 121.  Onogi T, Niki H, Yamazoe M, and Hiraga S (1999) The assembly and migration 
of SeqA-Gfp fusion in living cells of Escherichia coli. Mol Microbiol, 31, 1775-
1782.

 122.  Peng H and Marians KJ (1993) Escherichia coli topoisomerase IV. Purification, 
characterization, subunit structure, and subunit interactions. J Biol Chem, 268,
24481-24490.

 123.  Prendergast FG and Mann KG (1978) Chemical and physical properties of 
aequorin and the green fluorescent protein isolated from Aequorea forskalea. 
Biochemistry, 17, 3448-3453. 

 124.  Pritchard RH, Barth PT, and Collins J. Contol of DNA synthesis in bacteria. 19, 
263-297. 1969.  Symp. Soc. Gen. Mircobiol.  
Ref Type: Report 

 125.  Riber L and Lobner-Olesen A (2005) Coordinated replication and sequestration of 
oriC and dnaA are required for maintaining controlled once-per-cell-cycle 
initiation in Escherichia coli. J Bacteriol, 187, 5605-5613. 

 126.  Riber L, Olsson JA, Jensen RB, Skovgaard O, Dasgupta S, Marinus MG, and 
Lobner-Olesen A (2006) Hda-mediated inactivation of the DnaA protein and 



58

dnaA gene autoregulation act in concert to ensure homeostatic maintenance of the 
Escherichia coli chromosome. Genes Dev, 20, 2121-2134. 

 127.  Roth A and Messer W (1995) The DNA binding domain of the initiator protein 
DnaA. EMBO J, 14, 2106-2111. 

 128.  Roth A and Messer W (1998) High-affinity binding sites for the initiator protein 
DnaA on the chromosome of Escherichia coli. Mol Microbiol, 28, 395-401. 

 129.  Rothfield L, Taghbalout A, and Shih YL (2005) Spatial control of bacterial 
division-site placement. Nat Rev Microbiol, 3, 959-968. 

 130.  Russell DW and Zinder ND (1987) Hemimethylation prevents DNA replication in 
E. coli. Cell, 50, 1071-1079. 

 131.  Samitt CE, Hansen FG, Miller JF, and Schaechter M (1989) In vivo studies of 
DnaA binding to the origin of replication of Escherichia coli. EMBO J, 8, 989-
993.

 132.  Sawitzke J and Austin S (2001) An analysis of the factory model for chromosome 
replication and segregation in bacteria. Mol Microbiol, 40, 786-794. 

 133.  Schaper S and Messer W (1995) Interaction of the initiator protein DnaA of 
Escherichia coli with its DNA target. J Biol Chem, 270, 17622-17626. 

 134.  Schaper S and Messer W (1997) Prediction of the structure of the replication 
initiator protein DnaA. Proteins, 28, 1-9. 

 135.  Sekimizu K, Bramhill D, and Kornberg A (1987) ATP activates dnaA protein in 
initiating replication of plasmids bearing the origin of the E. coli chromosome. 
Cell, 50, 259-265. 

 136.  Sekimizu K, Bramhill D, and Kornberg A (1988) Sequential early stages in the in 
vitro initiation of replication at the origin of the Escherichia coli chromosome. J
Biol Chem, 263, 7124-7130. 

 137.  Sherratt DJ (2003) Bacterial chromosome dynamics. Science, 301, 780-785. 

 138.  Skarstad K, Baker TA, and Kornberg A (1990) Strand separation required for 
initiation of replication at the chromosomal origin of E.coli is facilitated by a 
distant RNA--DNA hybrid. EMBO J, 9, 2341-2348. 

 139.  Skarstad K and Boye E (1994) The initiator protein DnaA: evolution, properties 
and function. Biochim Biophys Acta, 1217, 111-130. 

 140.  Skarstad K, Boye E, and Steen HB (1986) Timing of initiation of chromosome 
replication in individual Escherichia coli cells. EMBO J, 5, 1711-1717. 



59

 141.  Skarstad K, Lobner-Olesen A, Atlung T, von Meyenburg K, and Boye E (1989) 
Initiation of DNA replication in Escherichia coli after overproduction of the DnaA 
protein. Mol Gen Genet, 218, 50-56. 

 142.  Skarstad K, Lueder G, Lurz R, Speck C, and Messer W (2000) The Escherichia 
coli SeqA protein binds specifically and co-operatively to two sites in 
hemimethylated and fully methylated oriC. Mol Microbiol, 36, 1319-1326. 

 143.  Skarstad K, Steen HB, and Boye E (1983) Cell cycle parameters of slowly 
growing Escherichia coli B/r studied by flow cytometry. J Bacteriol, 154, 656-
662.

 144.  Skarstad K, Steen HB, and Boye E (1985) Escherichia coli DNA distributions 
measured by flow cytometry and compared with theoretical computer simulations. 
J Bacteriol, 163, 661-668. 

 145.  Slater S, Wold S, Lu M, Boye E, Skarstad K, and Kleckner N (1995) E. coli SeqA 
protein binds oriC in two different methyl-modulated reactions appropriate to its 
roles in DNA replication initiation and origin sequestration. Cell, 82, 927-936. 

 146.  Sompayrac L and Maaloe O (1973) Autorepressor model for control of DNA 
replication. Nat New Biol, 241, 133-135. 

 147.  Speck C and Messer W (2001) Mechanism of origin unwinding: sequential 
binding of DnaA to double- and single-stranded DNA. EMBO J, 20, 1469-1476. 

 148.  Speck C, Weigel C, and Messer W (1999) ATP- and ADP-dnaA protein, a 
molecular switch in gene regulation. EMBO J, 18, 6169-6176. 

 149.  Stukenberg PT, Studwell-Vaughan PS, and O'Donnell M (1991) Mechanism of 
the sliding beta-clamp of DNA polymerase III holoenzyme. J Biol Chem, 266,
11328-11334.

 150.  Su'etsugu M, Shimuta TR, Ishida T, Kawakami H, and Katayama T (2005) 
Protein associations in DnaA-ATP hydrolysis mediated by the Hda-replicase 
clamp complex. J Biol Chem, 280, 6528-6536. 

 151.  Sunako Y, Onogi T, and Hiraga S (2001) Sister chromosome cohesion of 
Escherichia coli. Mol Microbiol, 42, 1233-1241. 

 152.  Sutton MD, Carr KM, Vicente M, and Kaguni JM (1998) Escherichia coli DnaA 
protein. The N-terminal domain and loading of DnaB helicase at the E. coli 
chromosomal origin. J Biol Chem, 273, 34255-34262. 

 153.  Sutton MD and Kaguni JM (1997) Novel alleles of the Escherichia coli dnaA 
gene. J Mol Biol, 271, 693-703. 



60

 154.  Thanbichler M and Shapiro L (2006) Chromosome organization and segregation 
in bacteria. J Struct Biol, 156, 292-303. 

 155.  Torheim NK and Skarstad K (1999) Escherichia coli SeqA protein affects DNA 
topology and inhibits open complex formation at oriC. EMBO J, 18, 4882-4888. 

 156.  Tougu K, Peng H, and Marians KJ (1994) Identification of a domain of 
Escherichia coli primase required for functional interaction with the DnaB 
helicase at the replication fork. J Biol Chem, 269, 4675-4682. 

 157.  Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem, 67, 509-544. 

 158.  von Freiesleben U, Krekling MA, Hansen FG, and Lobner-Olesen A (2000) The 
eclipse period of Escherichia coli. EMBO J, 19, 6240-6248. 

 159.  von Freiesleben U, Rasmussen KV, and Schaechter M (1994) SeqA limits DnaA 
activity in replication from oriC in Escherichia coli. Mol Microbiol, 14, 763-772. 

 160.  Wahle E, Lasken RS, and Kornberg A (1989) The dnaB-dnaC replication protein 
complex of Escherichia coli. I. Formation and properties. J Biol Chem, 264, 2463-
2468.

 161.  Walsh C (2003). Antibiotics: Actions, Origins, Resistance., . Am. Soc. Microbiol., 
Washington, DC, pp. 50-69. 

 162.  Wang X, Possoz C, and Sherratt DJ (2005) Dancing around the divisome: 
asymmetric chromosome segregation in Escherichia coli. Genes Dev, 19, 2367-
2377.

 163.  Weigel C and Messer W. Secondary structure predictions for 104 DnaA protein 
sequences.  2002.
Ref Type: Unpublished Work 

 164.  Weigel C, Schmidt A, Seitz H, Tungler D, Welzeck M, and Messer W (1999) The 
N-terminus promotes oligomerization of the Escherichia coli initiator protein 
DnaA. Mol Microbiol, 34, 53-66. 

 165.  Weitao T, Nordstrom K, and Dasgupta S (1999) Mutual suppression of mukB and 
seqA phenotypes might arise from their opposing influences on the Escherichia 
coli nucleoid structure. Mol Microbiol, 34, 157-168. 

 166.  Wold S, Boye E, Slater S, Kleckner N, and Skarstad K (1998) Effects of purified 
SeqA protein on oriC-dependent DNA replication in vitro. EMBO J, 17, 4158-
4165.

 167.  Wold S, Crooke E, and Skarstad K (1996) The Escherichia coli Fis protein 
prevents initiation of DNA replication from oriC in vitro. Nucleic Acids Res, 24,
3527-3532.



61

 168.  Wold S, Skarstad K, Steen HB, Stokke T, and Boye E (1994) The initiation mass 
for DNA replication in Escherichia coli K-12 is dependent on growth rate. EMBO
J, 13, 2097-2102. 

 169.  Yamaichi Y and Niki H (2004) migS, a cis-acting site that affects bipolar 
positioning of oriC on the Escherichia coli chromosome. EMBO J, 23, 221-233. 

 170.  Yamanaka K, Ogura T, Niki H, and Hiraga S (1996) Identification of two new 
genes, mukE and mukF, involved in chromosome partitioning in Escherichia coli. 
Mol Gen Genet, 250, 241-251. 

 171.  Yu XC and Margolin W (1999) FtsZ ring clusters in min and partition mutants: 
role of both the Min system and the nucleoid in regulating FtsZ ring localization. 
Mol Microbiol, 32, 315-326. 

 172.  Zheng W, Li Z, Skarstad K, and Crooke E (2001) Mutations in DnaA protein 
suppress the growth arrest of acidic phospholipid-deficient Escherichia coli cells. 
EMBO J, 20, 1164-1172. 

 173.  Zyskind JW, Deen LT, and Smith DW (1977) Temporal sequence of events 
during the initiation process in Escherichia coli deoxyribonucleic acid replication: 
roles of the dnaA and dnaC gene products and ribonucleic acid polymerase. J
Bacteriol, 129, 1466-1475. 

 174.  Zyskind JW and Smith DW (1986) The bacterial origin of replication, oriC. Cell,
46, 489-490. 


