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Chromosome replication and cell division of Escherichia coli are 

coordinated with growth such that wild-type cells divide once and only once after 

each replication cycle. Two components of this coordination are the SOS system 

and nucleoid occlusion. The SOS regulon expresses DNA repair genes after 

DNA damage and delays FtsZ-ring formation and cell division to enhance 

survival. Nucleoid occlusion prevents cell division over un-replicated nucleoids, a 

process partially dependent on the SlmA protein. Z-ring formation is shown here 

to be dependent on DNA replication by an additional mechanism, independent of 

the SOS regulon and of the SlmA protein and which acts by preventing FtsZ-ring 

formation when replication is perturbed. Replication dependent Z-ring formation 

(RDZ) was shown to be SOS-independent by the fact that FtsZ-rings were 

inhibited, after replication blockage, in a lexA1 mutant and in strains containing a 
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 vii

null allele of sulA or the ftsZ/sulB103 mutation. SlmA protein-independence was 

shown by the fact that FtsZ-rings were also inhibited in lexA1 ΔslmA double 

mutants after replication blockage. This SOS- and SlmA-independent mechanism 

functions effectively in cells growing slowly with only one replicating chromosome 

and also in cells growing rapidly with multi-fork replication and after replication 

inhibition by different methods - chemical inhibitors and a temperature-sensitive 

polymerization mutation. 



Table of Contents 

List of Tables.................................................................................................................... xi 

List of Figures .................................................................................................................xii 

List of Figures .................................................................................................................xii 

Chapter 1  Introduction .................................................................................................... 1 

1.1  The Bacterial Cell Cycle ................................................................................ 1 

1.1.1  DNA Replication ................................................................................ 3 

1.1.2  Chromosomal Partitioning ................................................................ 6 

1.1.3  Cell Division........................................................................................ 9 

1.2  Bacterial Cell Division: Z-ring Formation and Its Controls........................ 9 

1.2.1  Characteristics of The FtsZ Protein ................................................ 9 

1.2.2  Proto Z-ring Formation.................................................................... 11 

1.2.3  The Complete Z-ring ....................................................................... 12 

1.2.4  Min System ....................................................................................... 14 

1.2.5  Nucleoid Occlusion.......................................................................... 15 

1.3  Coordination of Replication and Cell Division .......................................... 19 

1.3.1  No Perceived Coordination Between Replication and Cell 
Division ............................................................................................... 20 

1.3.2  Coordination of Early Replication Stages and Z-ring 
Formation ........................................................................................... 21 

1.3.3  Coordination of Late Replication Stages and Z-ring 
Formation ........................................................................................... 23 

1.3.4  Complete Coordination of Replication and Z-ring Formation ... 23 

1.3.5  Replication and Z-ring Coordination by Transcription of ftsZ ... 24 

1.3.6  SOS Check Point............................................................................. 26 

1.3.7  Evidence of SOS-independent Inhibition of Cell Division.......... 27 

1.4  Objectives of This Work............................................................................... 28 

Chapter 2  Materials and Methods .............................................................................. 29 

2.1  Bacterial strains, plasmid and culture media............................................ 29 

 viii



2.2  Molecular techniques ................................................................................... 39 

2.3  Flow Cytometry ............................................................................................. 40 

2.4  Quantitative Real-Time PCR....................................................................... 41 

2.5  Staining and Microscopy ............................................................................. 41 

Chapter 3  Results ......................................................................................................... 44 

3.1  Approach........................................................................................................ 44 

3.2  Replication Dependent Z-ring Formation Acts in Cells With One 
Replicating Chromosome and Functions Independently of Both 
SOS and the SlmA Protein........................................................................ 46 

3.2.1  RDZ Functions Independently of SOS Activation by LexA 
Cleavage ............................................................................................ 46 

3.2.2  RDZ is independent of the SulA protein....................................... 65 

3.2.3  RDZ Z-ring Formation Is Independent of SlmA Protein-
Mediated Nucleoid Occlusion. ........................................................ 71 

3.2.4  Is Transcription An Effecter of RDZ?............................................ 80 

3.3  Replication Dependent Z-ring Formation Does Not Allow Z-ring 
Formation in Rapidly Growing Cells When DNA Polymerization is 
Blocked by Temperature Shift of dnaE(Ts) Mutants. ............................ 84 

3.3.1  RDZ Functions Independently of Both SOS and the SlmA 
Protein in Rapidly Growing Cells.................................................... 84 

3.3.2  The RDZ Mechanism Acts Distinctly from The SulA 
Mechanism of FtsZ Inhibition. ......................................................... 87 

Chapter 4  Discussion ................................................................................................... 89 

4.1  Inhibitor targets. ............................................................................................ 89 

4.2  SOS independence. ..................................................................................... 90 

4.3  Efficiency of the SOS-independent mechanism. ..................................... 91 

4.4  Replication - ftsZ transcription link? ........................................................... 93 

4.5  Additional mechanisms for coordination of replication and cell 
division? ....................................................................................................... 96 

4.6  Does the presence of incompletely replicated chromosomes 
physically block Z-ring assembly? ........................................................... 98 

4.7  Physical characteristics of the nucleoid influence Z-ring structure, 
position, and formation in various ways. ............................................... 100 

 ix



4.8  Is the SOS- and SlmA-independent coupling of cell division to 
replication an active process? ................................................................ 101 

References....................................................................................................................... 103 

Vita ............................................................................................................................... 118 

 x



List of Tables 

Table 1.  List of dnaC(Ts) strains used in this study and their construction. ........ 31 

Table 2.  PCR primers employed to verify mutations. .............................................. 32 

Table 3.  List of dnaE(Ts) strains used in this study and their construction.......... 35 

Table 4.  List of donor strains obtained from other labs ........................................... 37 

Table 5.  Generation time (τ), origin content (in percent of cells containing the 

indicated number of origins) and the average origin content/cell 

of the dnaC+ (MG1655), dnaC(Ts) (JC112), and dnaC(Ts) lexA1 

(JC212) strains growing exponentially at 28°C................................... 49 

Table 6.  Generation time (τ), average oriC content per cell, percentage of 

cells with Z-rings (Percent Z-rings) and mean cell mass (MCM, 

relative to cells incubated at 42°C for 120 min) for the dnaC(Ts) 

strains........................................................................................................ 52 

 xi



List of Figures 

FIGURE 1 ORIC CONTENT OF STRAINS GROWING EXPONENTIALLY IN GYC5 

MEDIUM ...................................................................................................... 47 

FIGURE 2.  INHIBITION OF REPLICATION INITIATION OF DNAC(TS) STRAIN JC112 

DURING TWO HOUR INCUBATION AT 42°C................................................ 51 

FIGURE 3. REPLICATION INHIBITION (BY HYDROXYUREA (HU) OR NALIDIXIC ACID 

(NAL)) PREVENTS Z-RING FORMATION AND CELL DIVISION .................... 53 

FIGURE 4. CHROMOSOME AND ORIGIN CONTENT IMMEDIATELY AFTER RETURN TO 

28°C AND AFTER 15 MIN OF INCUBATION AT 28°C.................................. 55 

FIGURE. 6.  CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) SOS-NON-

INDUCIBLE LEXA1 STRAIN (JC212) DURING EXPONENTIAL GROWTH, 

INCUBATION AT 42°C, SYNCHRONIZED REPLICATION AND 

REPLICATION INHIBITION BY INCUBATION IN HU OR NAL ........................ 58 

FIGURE 7. QUANTITATIVE REAL-TIME PCR ANALYSIS OF REPLICATION INITIATION 

IN THE DNAC(TS) MUTANT DURING INCUBATION AT 42°C AND AFTER 

SHIFTING BACK TO 28°C ........................................................................... 60 

FIGURE 8. Z-RINGS AND NUCLEOIDS OF SYNCHRONIZED DNAC(TS) (JC112) CELLS 

COLLECTED FROM CULTURES GROWN AT 28°C, INCUBATED AT 42°C 

FOR 120 MIN AND RETURNED TO 28°C .................................................... 62 

FIGURE 9. Z-RINGS OF SYNCHRONIZED DNAC(TS) LEXA1 (JC212) CELLS GROWN 

AT 28°C, INCUBATED AT 42°C FOR 120 MIN AND RETURNED TO 28°C.. 62 

 xii



FIGURE 10 Z-RING FORMATION AND CELL DIVISION INHIBITION WHEN REPLICATION 

WAS INHIBITED BY HU IN A SYNCHRONIZED SOS-INDUCIBLE BUT 

ΔSULA STRAIN (JC162) ............................................................................ 66 

FIGURE. 11.  CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSULA 

STRAIN (JC162)......................................................................................... 67 

FIGURE 12. Z-RINGS OF SYNCHRONIZED DNAC(TS) ΔSULA (JC162) CELLS ............... 70 

FIGURE 13.  Z-RING FORMATION AND CELL DIVISION INHIBITION WHEN 

REPLICATION IS INHIBITED BY HU IN SYNCHRONIZED ΔSLMA 

MUTANTS.................................................................................................... 74 

FIGURE 14. CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSLMA SOS-

INDUCIBLE LEXA+ STRAIN (JC152) ........................................................... 77 

FIGURE 15. CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSLMA SOS-

NON-INDUCIBLE LEXA1 STRAIN (JC252).................................................. 78 

FIGURE 16. Z-RINGS OF SYNCHRONIZED DNAC(TS) ΔSLMA (JC152) CELLS............... 79 

FIGURE 17. Z-RINGS OF SYNCHRONIZED DNAC(TS) ΔSLMA LEXA1 (JC252) CELLS... 79 

FIGURE 18. Z-RINGS IN RAPIDLY GROWING CELLS AND Z-RING INHIBITION WHEN 

REPLICATION IS PERTURBED IN THE DNAE(TS) SLMA LEXA+ STRAIN 

(JC135) AND THE DNAE(TS) SLMA LEXA1 STRAIN (JC235) .................. 85 

FIGURE 19. REPLICATION INHIBITION (BY TEMPERATURE SHIFT) IN FAST GROWING 

DNAE(TS) ΔSLMA LEXA+ STRAIN (JC135) (A-D) AND DNAE(TS) 

ΔSLMA LEXA1 STRAIN (JC235) (E-H) ..................................................... 86 

 xiii



FIGURE 20.  INHIBITION OF REPLICATION BY INACTIVATION OF THE TEMPERATURE 

SENSITIVE DNA POLYMERASE DNAE(TS) MUTANTS CAUSES CELL 

DIVISION INHIBITION EVEN WHEN CELLS CONTAIN THE SULA-

REFRACTORY ALLELE SULB103(FTSZ103).............................................. 88 

 

 xiv



Chapter 1  Introduction 

1.1  THE BACTERIAL CELL CYCLE 

Early studies on the Escherichia coli cell cycle attempted to explain the 

apparent coordination between DNA replication and cell division as sequential 

events of replication, chromosome segregation and cell division.  It was 

suggested that cell growth (i.e., the cell size) controlled both replication initiation 

and cell division.  However, more recent knowledge has led to the understanding 

that these events, though coordinated, do not occur exactly sequentially. That is, 

one event can be perturbed and another may continue.  Therefore, replication, 

segregation and cell division should be considered as distinct cycles with 

interrelated checkpoints to maintain correct timing of each event (reviewed by 

Boye and Nordström, 2003). 

 The bacterial cell cycle is often viewed as three parts: (B) the time 

between birth and initiation of DNA replication, (C) the duration of replication and 

(D) the period between termination of replication and cell division.  The C and D 

periods of growth are considered to remain more or less constant (at generation 

times of 60 min or less) with a minimum time of 40 and 20 min respectively, even 

when the growth rate is altered (Cooper, 2006; Michelsen et al., 2003; Cooper 

and Helmstetter, 1968).  In rich media providing growth with a generation time of 

60 min or less, the B period would not exist as it is the time remaining after 

subtracting the C and D period times from the total generation time (Cooper, 
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2006).  While replication may not proceed faster than 40 min, it can be extended.  

Lower temperature (33°C) in glucose minimal medium lengthened replication 

time to 60 min (Marunouchi and Messer, 1972) and cells at 30°C in glucose 

casamino acids had an average replication time of 70 min (Zhou et al., 1997).  

Altering nutrition also effects replication rate, as the Kleckner lab has shown that 

slowing the generation time to as much as 300 min by varying the carbon source 

(glucose, succinate or alanine) extends the length of the C period to 65 min and 

the bulk of the cell cycle is spent in an apparent growth phase (equivalent to 

Eukaryotic G2) between replication termination and septation initiation (Bates 

and Kleckner, 2005). 

Though E. coli is an extremely well-studied organism, many questions 

remain unanswered.  We wonder what mechanisms or checkpoints control the 

timing of replication and septation so precisely that they appear either 

coordinated with each other or with cell growth (Boye and Nordström, 2003; 

Bates and Kleckner, 2005; Margolin, 2005; Harry, 2001a).  Two major controls 

which link DNA replication and cell division are the SOS check point and nucleoid 

occlusion.  The Min system is related and functions to determine the location of 

division, reviewed in Margolin (2005).  Here we focus on the known 

characteristics of replication and cell division and their controls in E. coli; 

however, we will, when merited, refer to Bacillus subtilis.  Particular attention is 

given to the relationship between DNA replication and formation of the ring-like 

structure (Z-ring) that forms at midcell as the first observed step of cell division 

(reviewed by Haeusser and Levin, 2008). 

 2
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1.1.1  DNA Replication 

DNA replication initiates when 20 to 30 DnaA monomers (activated by ATP) bind 

eleven 9 base pair (bp) non-palindromic repeat sequences known as DnaA 

boxes located in the 250 bp region that is the single origin of replication (oriC) 

(Mott and Berger, 2007).  This binding causes wrapping of the oriC region around 

DnaA filaments directly facilitating the melting of an AT-rich region, leading to 

single stranded DNA (ssDNA) segments required for the loading of the 

replisome.  The DnaC protein is required to load DnaB helicase; however, DnaB 

is recruited to the origin by, and complexed with, DnaA, while DnaC interacts 

directly with the ssDNA.  These interactions drive the recruitment and loading of 

the ATP-stabilized helicase loader DnaC/DnaB helicase complex to the unwound 

origin (reviewed in Zakrzweska-Czerwińska et al., 2007).  After the stable binding 

of DnaB to DNA, the release of DnaC was previously thought to be induced by 

the hydrolysis of the bound ATP (before which helicase activity is undetectable) 

(Funnell et al., 1987; Wahle et al., 1989; Sutton et al., 1998).  However, DnaB 

recruitment of DnaG primase is required (Lu et al., 1996; Tougu and Marians, 

1996), and this interaction is shown to dissociate DnaC from the DnaB-DnaC 

complex (Makowska-Grzyska and Kaguni, 2010). Once free from DnaC 

inhibition, DnaB unwinds and separates the DNA and recruits DNA polymerase 

III and its associated factors to bind to and replicate the chromosome (LeBowitz 

and McMacken, 1986; Kim et al., 1996).  Two or three Polymerases (Pol III) 

assemble at each replication fork (potentially two on the lagging strand) 



(McInerney et al., 2007; Reyes-Lamothe et al., 2010) and replicate bidirectionally 

the entire the genome. 

After initiation, oriC and the dnaA promoter (located near oriC) are 

sequestered for roughly 1/3 of the cell cycle preventing untimely activation of new 

oriC sites or expression of dnaA (Campbell and Kleckner, 1990; Kitagawa et al., 

1998).  Replication initiation requires new transcription of the dnaA gene every 

cell cycle (Messer, 1972, Zyskind et al., 1977).  DnaA is also a transcriptional 

regulator binding to several gene promoters, an action which includes down 

regulating its own expression.  Moreover, much of the available DnaA becomes 

bound to about 300 sites around the chromosome. Finally a process designated 

regulatory inactivation of DnaA, or RIDA, causes ATP hydrolysis resulting in a 

replication inactive ADP-bound DnaA (reviewed in Paulsson and Chattoraj, 

2006).   

While unable to initiate further replications, DnaA-ADP causes increased 

nrdAB expression allowing coordination of ribonucleotide reductase (RNR) 

synthesis and DNA replication (Gon et al., 2006).  RNR is proposed to be part of 

the replication hyperstructure (Guzman et al., 2002) and is responsible for 

reducing the abundant pool of ribonucleotides to deoxyribonucleotides, which are 

scarce.  Because of the close association of RNR and the replisome, RNR is 

able to maintain a localized, abundant pocket of deoxyribonucleotides near Pol III 

so local concentrations are high enough to support replication while cellular 
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concentrations remain very low compared to ribonucleotides (Reviewed in 

Herrick and Bianca, 2007).  

Though our understanding of the basic function of replication proteins has 

increased, a fundamental question has persisted.  Namely, does Pol III move 

along the chromosome (tracking) or does a stationary Pol III push the 

chromosome away from it (spooling).  Early models of bidirectional replication 

have predicted stationary membrane-bound replication factories (Dingman, 

1974).  This hypothesis was given more credit when replication machinery was 

first imaged in living bacteria by green fluorescent protein labeling and as much 

as 56% of the cells contained single foci, interpreted to mean that the 

bidirectional replisomes remained colocalized for a significant part of the 

replication process (Lemon and Grossman, 1998).  Bates and Kleckner provided 

further evidence that oriC moves toward the midcell while the replication 

machinery (DnaX) waits at the midcell and replication begins when the oriC focus 

coincides with the DnaX focus.  Moreover, 14 min into the 46 minute replication 

cycle, two oriC foci were observed, while separated DnaX foci were not observed 

until 6 min later, suggesting a replisome that forms at midcell and remains 

stationary for nearly half of the replication cycle (Bates and Kleckner, 2005).  

While the first portion of replication may involve a stationary replisome after 

which the replisome becomes free to move along the chromosome (reviewed in 

Bates, 2008), other evidence from the Sherratt lab suggests that the replisome 

does not remain stationary (or connected) for long, if at all.  Using fluorescent C-

terminal fusion-protein derivatives of E. coli replisome components (expressed by 
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endogenous promoters) to track replisome migration, the two replication forks 

were seen as proximal to each other near the midcell but often as distinguishable 

foci during the first five min of replication: separation of replication machinery into 

different cell halves occured at about the first five min point and, for 

approximately 80% of the replication cycle, the two replication forks were 

spatially separated (Reyes-Lamothe et al., 2008).  Additionally, they 

demonstrated that the replisome assembles at oriC at the time of initiation 

regardless of where oriC is positioned in the cell, providing further evidence 

against a stationary midcell replisome. 

Regardless of the actual movement, replication continues until the 

replisome reaches the termination of replication (ter) site where helicase is 

impeded by ter-binding proteins (TBP).  These proteins bind at opposite ends of 

the ter region and in opposite orientation to each other.  DnaB helicase can pass 

by TBP when oriented in one direction but not the other.  This system ensures 

termination will occur within the termination region as one replication fork moving 

faster than the other would pass by the first TBP, be blocked by the second and 

forced to wait for the other replication fork (Lee et al., 1989).   

1.1.2  Chromosomal Partitioning 

To partition the 4.6 million base pair chromosome along with its many 

associated proteins is no small task (Bates, 2008).  During replication of the 

circular double helical chromosome, as the two strands are separated and the 

downstream coils become tighter, DNA gyrase must relieve this strain by 
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introducing negative supercoils.  It does this by looping the double stranded 

DNA, forming a positive supercoil, and breaking the double strand of DNA and 

passing an intact region of the chromosome through the break (Drlica and Zhao, 

1997).  Replication of a circular chromosome generates sister chromosomes 

linked together in a structure called catenanes.  Topoisomerase IV (Topo IV) is 

required to process the late intermediate replicating chromosome and decatenate 

the intertwined daughter chromosomes (Kato et al., 1990; Peng and Marians, 

1995).  Topo IV acts in a similar fashion as gyrase with the exception that it acts 

intermolecularly between two sister chromosomes while gyrase acts on a single 

chromosome (Kampranis and Maxwell, 1996).   

Other important chromosome partitioning proteins are the MukBEF 

proteins. MukB, a member of the ubiquitous family of SMC (structural 

maintenance of chromosome), directs chromosome condensation and is 

proposed to be directly involved in chromosome partitioning (Wang et al., 2006; 

Sawitzke and Austin, 2000).  Other studies place MukB in the family of motor 

proteins like myosin, a protein family involved in muscle contraction, vesicle 

transport, cell motility and cytokinesis (Alberts et al., 2002).  MukB has a certain 

degree of homology with the mechanochemical enzyme dynamin (D100), which 

helps pinch off invaginating vesicles in rat brain (Niki et al., 1991).  Additionally, 

mukB mutant cultures contained significant levels of anucleate, binucleate and 

nucleoid guillotined cells (Hiraga et al., 1991; Jaffé et al., 1997).  The MukE and 

MukF proteins, while not directly required for chromosome partitioning, bind to 

MukB and perform a critical role in stabilizing MukB chromosomal attachment 
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(She et al., 2007).  As MukBEF bind two or more sections of DNA in vitro, it may 

function in DNA condensation by bridging distant chromosomal fragments.  

MukBEF also binds the ParC subunit of Topo IV, an interaction that could 

increase the ability of Topo IV to decatenate through sequestering 

interchromosomal DNA intertwinings near Topo IV, or aid in chromosomal 

segregation by an unknown mechanism (Reviewed in Gruber, 2011).  The 

MukBEF complex is also involved in condensing the chromosome through DNA 

supercoiling as muk mutants are particularly sensitive to gyrase inhibitors 

(Sawitzke and Austin, 2000).  Furthermore, it has been recently proposed that 

MukBEF, through preferred interactions with the oriC region, helps organize 

chromosome partitioning by maintaining bidirectional orientations following 

replication i.e., oriC moving to opposite cell poles (Danilova et al., 2007). 

While the mechanics of separating the nascent chromosomes are not 

completely understood, proponents of the replication factory argue that spooling 

DNA in opposite directions from the cell center would provide the force at least to 

orient the daughter strands properly (Haeusser and Levin, 2008).  This is an 

improbable model as the mobile replication machinery would unlikely be able to 

generate the forces necessary to move such a macromolecule (discussed in 

Bates, 2008).  Moreover, the chromosome segregation data reported by Reyes-

Lamothe et al. (2008), and in agreement with Bates and Kleckner’s (2005) data 

presented above, indicate that chromosome segregation lags behind replication 

in the range of 11.5 to 16.5 min. 
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1.1.3  Cell Division 

The first known division step begins with the formation of a ring-like 

structure (Z-ring) at the midcell.  This process requires the action of at least ten 

different proteins, (Aarsman et al., 2005; Goehring et al., 2005, Margolin, 2006; 

Adams and Errington, 2009), and begins with polymerization of the FtsZ(SulB) 

protein into a circumferential ring on the inner surface of the cytoplasmic 

membrane (Bi and Lutkenhaus, 1991).  Accurate placement of the Z-ring at mid-

cell occurs with high precision (Koppes et al., 1978; Trueba, 1982; Sun and 

Margolin., 1998; den Blaauwen et al., 1999; Potluri et al., 2010) and depends, at 

least partially, on negative activities of Min proteins and nucleoid occlusion. 

The complex division process lasts ~20 min and is carefully controlled so 

that septation occurs after chromosome replication and partitioning (Bates and 

Kleckner, 2005).  This coordination of replication with the precise timing of Z-ring 

formation is under investigation.  Several different models couple replication and 

cell division in both Escherichia coli and Bacillus subtilis (Bernander and 

Nordström 1990; den Blaauwen et al., 1999; Harry et al., 1999; Wang et al., 

2005; Moriya et al., 2010). 

1.2  BACTERIAL CELL DIVISION: Z-RING FORMATION AND ITS CONTROLS 

1.2.1  Characteristics of The FtsZ Protein 

FtsZ is related to eukaryotic tubulin protein including high GTPase activity 

(Margolin, 2005; Erickson, 1997), and, even though they share only 10% 
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sequence homology, their crystal structures are quite similar (Moller-Jensen and 

Lowe, 2005; Dajkovic and Lutkenhaus, 2006).  Tubulin is a 50 kD GTPase in 

Eukaryotic cells that forms hollow tubes termed microtubules, which are 

composed of 13 tubulin protofilaments (Akhmanova and Steinmetz, 2008).  

These microtubules are an integral part of the cytoskeleton providing the 

structure for intra-cellular transport of vesicles and forming cilia, flagella and polar 

mitotic spindles, which are directly involved in separating sister chromatids during 

anaphase (Alberts et al., 2002).   

Like tubulin, FtsZ, when bound to GTP, forms short filaments by binding 

end to end, and, although not forming tubules, the filaments will form into sheets 

or bundles in vitro in the presence of cofactors, such as Ca2+ or its binding 

partner ZipA or where macromolecular crowding similar to a cellular environment 

exists (reviewed in Margolin, 2005).  With the many similarities to tubulin, 

including assembly and disassembly occurring only at the ends of protofilaments 

and the existence of a critical concentration for FtsZ polymerization, a 

cooperative multistranded polymerization model is reasonable (Dajkovic and 

Lutkenhaus, 2006; Chen et al., 2005).  However, while bundling may be 

important in vivo, FtsZ has been predominantly viewed in vitro as single stranded 

filaments observed by scanning and transmission electron microscopy (Gonzalez 

et al., 2003; Romberg et al., 2001; Chen et al., 2005).  Still, predictions based on 

the high GTPase activity, and the observations in vitro, suggest that the 

individual FtsZ filament may only reach a mere 150 subunits or 600 nm, a length 

not nearly long enough to demarcate the septation site around the cell (Chen et 
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al., 2005; Gonzalez et al., 2005).  This is evidence that FtsZ, with the aid of its 

many associated proteins like ZipA and FtsA, must form uneven overlapping 

bundles in vivo to reach the required length to line the inner cytoplasmic 

membrane (Vicente and Rico, 2006; Bates, 2008; Dajkovic and Lutkenhaus, 

2006). 

1.2.2  Proto Z-ring Formation 

As far as is known, FtsZ is the first protein to aggregate at the mid-cell 

and lead to septation (reviewed in Vicente and Rico, 2006).  FtsZ, however, has 

no ability to interact with the membrane and instead binds to both FtsA and ZipA.  

Indeed, FtsA and ZipA are membrane associated proteins and at least one of the 

two is required for the Z-ring formation (Adams and Errington, 2009; Vats et al., 

2009; Lowe and Amos, 2009), though both are required for cell division (Pinchoff 

and Lutkenhaus, 2002; Hale and de Boer, 1997).  Furthermore, accumulation of 

FtsZ, FtsA and ZipA to form the Z-ring cannot be visualized as separate events 

leading to more recent suggestions of concomitant binding at the midcell (Rueda 

et al., 2003). 

The C-terminal domain of ZipA interacts directly with the conserved C-

terminal tail of FtsZ, an interaction both necessary and sufficient for recruitment 

of FtsZ to the midcell (Mosyak et al., 2000; Moy et al., 2000; Hale et al., 2000; Liu 

et al., 1999; Haney, 2001).  In vitro, the C terminus of ZipA promotes the 

assembly of FtsZ into thick bundles and sheets of laterally aligned protofilaments 

(Hale et al., 2000; Ray, 1999). Furthermore, the role of ZipA in the formation of 
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stable lateral interactions is illustrated by its ability, when overproduced two fold, 

to suppress the ftsZ84 thermosensitive division septation defect in mutant cells at 

the non-permissive temperature (Ray, 1999).  Other non-essential proteins like 

ZapA and the recently discovered ZapC (ycbW) have been shown to interact with 

FtsZ and cause lateral binding of FtsZ filaments in vivo (reviewed in de Boer, 

2011; Hale et al., 2011) 

The FtsA protein might be, in a large part, responsible for Z-ring 

constriction.  A 2009 study shows that a hypermorphic (or gain in gene function) 

mutant, FtsA* (R286W), stimulates curvature and de-polymerization of FtsZ 

protofilaments in an ATP dependent manner (Beuria et al., 2009) and has the 

ability to support efficient cell division in the absence of ZipA (Geissler et al., 

2003; Geissler et al., 2007).  These three proteins, FtsZ, FtsA and ZipA, together 

form the proto Z-ring (reviewed in Vicente and Rico, 2006). 

1.2.3  The Complete Z-ring 

These crucial proteins (FtsZ, FtsA and ZipA) act as a scaffold and are 

required to recruit numerous other division proteins including the other essential 

ring components; including, FtsK, FtsQ, FtsB, FtsL, FtsW, FtsI, and FtsN 

(reviewed in Vicente and RIco, 2006).  Furthermore, FtsZ is required during the 

entire cell septation process (Addinall et al., 1997; Taschner et al., 1988). When 

the temperature sensitive (Ts) conditional FtsZ84 mutant was shifted to non-

permissive temperature, the Z-ring diffused within one minute and septal 

ingrowth was immediately inhibited. 
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ZipA is required to recruit FtsK which subsequently recruits more 

downstream division proteins (Pinchoff and Lutkenhaus, 2002; Hale and de Boer, 

2002).  The FtsK protein and the proto-ring protein FtsA, interact with the 

membrane spanning proteins, FtsQ, FtsB and FtsL, which form the periplasmic 

connecter and together with FtsA and FtsK recruit the peptidoglycan factory 

components, FtsW and FtsI, and the peptidoglycan binding protein FtsN 

(reviewed in Vicente and Rico, 2006).  Many of the proteins forming the ring 

lining the cytoplasmic side of the membrane provide the structure that causes 

septation (Harry, 2001b). 

The steady state Z-ring is very dynamic and exchanges individual FtsZ 

proteins from the cytoplasm as fast it does during ring formation and is just as 

dynamic during constriction.  In photo-bleaching experiments, the Z-ring had a 

recovery half-time of about 30 seconds at any stage in the life of the Z-ring 

(Stricker et al., 2002).  However, a more recent study suggests the polymerized 

molecule has a half-time of only about 9 seconds in both E. coli and B. subtilis 

(Anderson et al., 2004). 

Accumulation of FtsN may help trigger the constriction process which 

likely occurs through FtsZ flexing or bending and is perhaps aided by 

transpeptidation of peptidoglycan at the septation site (reviewed in de Boer, 

2011) 
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1.2.4  Min System 

The accurate and high precision with which Z-rings are placed at mid-cell, 

results in part from the negative activities of the Min and nucleoid occlusion 

systems (Koppes et al., 1978; Trueba, 1982; Sun and Margolin., 1998; den 

Blaauwen et al., 1999; Potluri et al., 2010).The Min system is a group of spatially 

oscillating proteins that prevent Z-ring formation at the cell poles (reviewed in 

Margolin, 2005 and Meinhardt and de Boer, 2001).  This system is made up of 

proteins MinC, D, and E.  MinD binds to the cytoplasmic side of the membrane 

and recruits the otherwise cytoplasmic proteins MinC and E (reviewed in 

Meinhardt and de Boer, 2001).   

The MinC protein (when activated by MinD) binds to FtsZ protein and 

prevents Z-ring assembly at all positions except at mid-cell (Raskin and de Boer, 

1999; Hu and Lutkenhaus, 1999).  In addition to activating MinC, MinD also 

causes MinC to be sensitive to MinE (de Boer et al., 1990).  MinE is the system 

regulator and is recruited by MinD.  Forming a ring at mid cell, MinE sweeps 

along the interior cytoplasmic membrane towards one cell pole removing MinC-

MinD complexes.  This displacement naturally allows MinD to move to and bind 

the membrane on the opposite end of the cell.  Then, MinE returns to the center 

and repeats the process moving towards the other pole.  In this fashion, the 

oscillating MinE ensures that the lowest concentration of the FtsZ inhibitors MinC 

and MinD exists at the midcell (reviewed in Meinhardt and de Boer, 2001) with 

the result that Z-rings are permitted to form only there.  In B. subtilis, MinC is 
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tethered to the cell poles and blocks polar divisions (Marston et al., 1998) but this 

organism places Z-rings precisely at mid-cell in the absence of the Min system, 

suggesting an additional mechanism for location at mid-cell, at least in B. subtilis 

(Migocki et al., 2002).   

1.2.5  Nucleoid Occlusion 

Nucleoid Occlusion (NO) is a system that prevents formation of the Z-ring 

over a replicating nucleoid.  Proposed in 1989, NO was originally thought to 

prevent cell division as a result of a highly active nucleoid and a greatly trafficked 

region between the nucleoid and cell membrane.  It was suggested that NO was 

effected specifically (or at least partly) by the concurrence of transcription and 

translation of membrane bound proteins and their insertion into membranes 

(Mulder and Woldringh, 1989; Woldringh et al., 1990, and Woldringh et al., 

1991).  Such activity tethers mRNA and polypeptide to stretch from the 

chromosome to the membrane.  Conrad Woldringh and colleagues published 

autoradiographic evidence that the rate of peptidoglycan synthesis is suppressed 

in the vicinity of the nucleoid (Mulder and Woldringh, 1991).  From these data 

they surmised that envelope growth slows down in the nuclear region.  Thus, the 

original NO model (Woldringh et al., 1990, Woldringh et al., 1991) predicts that 

inhibition of peptidoglycan synthesis can only be relieved in DNA free zones.  

This model was consistent with the previously proposed surface stress model 

(Koch, 1985), which predicted that local activation of surface synthesis results in 

invagination.  If surface growth is slowed, however, then the cell is predicted to 
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bulge.  Woldringh et al. (1994) found that SOS filaments tend to bulge in the 

middle of the cells and taper towards the ends and suggested that this was 

caused by NO. 

 While Woldringh’s model predicted that transcription/translation/insertion 

activity prevents invagination, the NO model has since been modified to suggest 

that Z-rings are inhibited from forming over replicating nucleoids.  Indeed, the 

Margolin lab has shown that FtsZ rings not only do not form over non-replicating 

nucleoids (in dnaA(Ts) mutants) but they do not form over large non-segregating 

nucleoids (in parC(Ts) mutants) (Yu and Margolin 1999; Sun and Margolin, 

2001).  However, MinE-GFP rings can form over these nucleoids suggesting the 

inhibitory affect of an unsegregated nucleoid on FtsZ assembly is not simply a 

steric effect that can be applied to any protein, but is fairly specific to FtsZ. 

 In a 2004 study, Sun and Margolin reported that inhibiting transcription 

prevented NO.  They blocked transcription in wild-type (WT) cells by incubation 

with the RNA polymerase inhibitor rifampicin or by incubating a thermosensitive 

σ70 mutant at the nonpermissive temperature (45°C).  In both cases, they 

observed Z-rings formation over the nucleoid, which tends to support the NO 

model.  However, they also noted that the nucleoids had become diffuse 

throughout the cells.  It is, therefore, very possible that the Z-rings they observed 

were a result of nucleoid relaxation caused by inhibiting transcription.  Other 

studies showed that MukB mutants result in relaxed chromosomes and increased 
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numbers of anucleate and nucleoid guillotined cells (Sawitzke and Austin, 2000; 

Hiraga et al., 2001; Jaffé et al., 1997). 

Bernhardt and de Boer (2005) identified SlmA as the NO protein in E. coli.  

They found this 198 residue protein localizes with the nucleoid as it elongates 

and separates, and when overexpressed, SlmA not only abolished cell division 

but, surprisingly caused recruitment of FtsZ to the Nucleoid.  Additionally, light 

scattering and electron microscopy experiments suggested that SlmA not only 

binds to FtsZ but that it enhances the polymerization of FtsZ (Bernhardt and de 

Boer, 2005).  Indeed, a recent study identified SlmA as having an N-terminal 

helix-turn-helix DNA binding domain, which causes the protein to bind DNA at 

specific SlmA-DNA-binding sequences which are not present in the terminus 

domain.  Parts of the C-terminal domain cause SlmA to dimerize and bind to FtsZ 

(when SlmA is bound to DNA) (Cho et al., 2011; Tonthat et al., 2011).  The origin 

and right and left domains are replicated and migrate toward the poles relatively 

early, but the terminus domain, which lacks SlmA-DNA-binding sequences, is 

replicated last and in the cell center (Niki, 2000; Valens et al., 2004; Bates and 

Kleckner, 2005, Wang et al, 2005; Reyes-Lamothe et al., 2008; Espeli et al., 

2008) . The result is that Z-ring formation is permitted at the appropriate time and 

place (Cho et al., 2011; Tonthat et al., 2011).  This SlmA-FtsZ binding does not, 

however, interfere with the FtsZ GTP binding domain or the “Tubulin-loop” no. 7, 

which is responsible for self-activation of GTP hydrolysis (Tonthat et al., 2011; 

Scheffers et al. 2002), both of which are required for protofilaments formation 

(Lowe and Amos, 1999; Oliva et al. 2003).  As such, FtsZ still filaments when 
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bound to SlmA, however, the orientation of the SlmA dimer causes these FtsZ 

filaments to run anti-parallel, forming only non-functional spirals (Tonthat et al. 

2011; Cho et al., 2011). 

It appears that the primary role of SlmA is to prevent guillotining the 

chromosome by untimely division.  Cells which lack SlmA seem normal but, 

when replication was blocked, cell division frequency (compared to SlmA+) 

increased (Bernhardt and de Boer, 2005). This increase included about 16% 

nucleoid free cells and 36% of cells with a midcell septum forming over 

nucleoids, compared to essentially none for both classes in SlmA+ cultures 

(grown in LB).  In this experiment, the researchers waited for 3.5 hours (4-7 

generations) before looking at Z-rings, and it is possible that this data represents 

an accumulation of DNAless cells over many generations of growth.  Therefore, 

the percentage reported might be overestimates of the ΔslmA affect per cell 

cycle.  

So far SlmA is the only known NO protein in E. coli although other 

occlusion factors possibly exist (reviewed in Margolin, 2005, Bernhardt and de 

Boer, 2005) especially considering the lack of phenotype of ΔslmA cells grown in 

minimal media. 

 Nucleoid occlusion alone cannot, however, explain the accuracy of 

septum formation.  In fact, it has been shown that there is no correlation between 

the position of the septum and the nucleoid, except that Z-rings will not form over 

nucleoids (Cook and Rothfield, 1999).  It was proposed that septum placement is 
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determined by some predetermined distance form the pole or some 

predetermining marker placed in the membrane, based on the observation that 

elongated cells containing large nucleoid free regions formed septa, not next to 

the nucleoids, but at a uniform 5 μm distance from the cell poles. 

The nucleoid occlusion and Min systems operate independently because 

the phenotype of the mutants are different.  Cells without a functional Min system 

will still produce Z-rings between two nucleoids but will also abnormally form the 

Z-ring adjacent to single nucleoids (Yu and Margolin, 1999; Sun and Margolin, 

2001). Furthermore, anucleate parC or mukB mutant cells (i.e., which cannot 

express NO) still produce a central Z-ring, albeit less precisely (Sun et al., 1998).  

The slmA::null mutant has no apparent phenotype while a ΔslmA Δmin  double 

mutant, however, yields filaments that form multiple non-functioning Z-rings, 

some of which form on top of nucleoids (Bernhardt and de Boer, 2005).  Wu and 

Errington (2004) identified Noc (YycA) as the nucleoid occlusion protein of B. 

subtilis. 

1.3  COORDINATION OF REPLICATION AND CELL DIVISION 

It is obvious that replilcation and division are coordinated with growth 

because one and only one division occurs after each replication cycle (e.g., 

Cooper & Helmstetter, 1968).  However, studies of direct coordination of 

replication with Z-ring formation have led to several very different models.  These 

include no direct correlation between replication and cell division (Bernander and 

Nordström, 1990), a connection between replication initiation and Z-rings (Harry 
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et al., 1999), triggering of Z-rings by termination of replication (den Blaauwen et 

al., 1999), complete coordination of Z-ring formation with replicaion (Inoue and 

Nishimura, 2009), and replication dependent transcription of division genes (Liu 

et al., 2001). 

1.3.1  No Perceived Coordination Between Replication and Cell Division 

Bernander and Nordström (1990) concluded that cell division is not 

triggered by chromosome replication but is controlled independently.  They used 

an E. coli intR1 strain in which replication initiation frequency, under control of a 

plasmid replicon integrated into an inactive oriC, was dependent on temperature. 

This replicon was regulated by the transcription rate of the rate-limiting RepA 

protein and its antisense RNA.  At temperatures above 39°C, the cells contained 

higher-than-normal-chromosome content (over-replication) (Bernander and 

Nordström, 1990), while lowering the temperature repressed transcription of 

RepA resulting in a lower-than-normal chromosome content (under-replication) 

(Botello and Nordström, 1998). 

They argued that, during over-replication, cell division is triggered by 

something other than DNA replication.  They showed that, as the chromosome 

content increased by increments up to 43%, cell division did not keep pace and 

the cells divided at constant mass, irrespective of the chromosome content 

(Bernander and Nordström, 1990).  However, it should be noted that the normal 

controls of replication initiation were not functional and initiation occurred 

randomly during the cell cycle.  Furthermore, their conclusion that replication 
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does not trigger division (based on the observation that cells divided at constant 

mass irrespective of DNA content), is not entirely sound.  It is quite possible that 

replication still provides some control or coordination (discussed below) for 

division but other checkpoints like the Min system maintain a size threshold 

before which cells are not permitted to divide (e.g., Z-rings were observed 

forming at a set distance from the cell poles (Cook and Rothfield, 1999)). 

When the DNA/cell mass ratio was decreased (by as much as 60%) 

some cells delayed division until they were twice normal mass.  They proposed 

that cell division may occur only at distinct cell sizes, but is also dependent on 

obtaining some minimal DNA/mass ratio below which division will not occur 

(Botello and Nordström, 1998).  In another experiment, the Nordström lab 

reported that stationary cells with two chromosome equivalents (a minority of the 

cells) could be diluted into conditions prohibiting replication initiation and the cells 

would divide, suggesting there is no time limit in which division must occur after 

the previous replication cycle.  Additionally, if those cells were kept long enough 

in a non-permissive condition, a Z-ring formed without subsequent division 

(Gullbrand and Nordström, 2000). 

1.3.2  Coordination of Early Replication Stages and Z-ring Formation 

Harry et al. (Harry et al., 1999; Harry, 2001a; Moriya et al., 2010) 

concluded that replication initiation (but not elongation) is required for proper Z-

ring placement in B. subtilis and that midcell Z-ring formation is progressively 

enhanced as the process of replication initiation proceeds.  They argued that a 
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midcell site must be ‘potentiated’ either through a maturation process or by 

accrual of some positive factor (resulting from the actions of replication initiation 

proteins) (Harry et al., 1999; Moriya et al., 2010).  

To avoid the possibility that signals begun in a previous generation would 

influence events of the cycle under study, they used germinating and outgrowing 

spores.  The mutants were temperature-sensitive in replication initiation and 

thymine-less so that initiation could be inhibited by incubation at high 

temperature and the extent of replication could be controlled by adjusting the 

thymine concentration of the medium.  

In the presence of adequate thymine at the permissive temperature, 

about 80% of the outgrowing cells formed centrally placed Z-rings within 180 min.  

When initiation was inhibited, the fraction of cells which formed Z-rings, was 

reduced about 50%, and most of those which formed were acentral (i.e., not in 

the normal mid-cell position).  When a very low amount of thymine (0.03 μg/ml) 

was added, the frequency of Z-ring formation was reduced but they were mostly 

centrally positioned.  When enough thymine (0.1 μg/ml) was added to allow 

significant progression into the round but at a very low rate of synthesis, 

approximately 10% the normal, the overall frequency of Z-ring formation 

decreased still more (from 80 to 20%) and those which formed were essentially 

all acentral.  That is, allowing significant progression of the replisome suppressed 

the mid-cell Z-ring formation observed in cultures supplemented with 0.03 μg/ml 

thymine.  They proposed (1) that replication initiation is essential to “potentiate” a 
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Z-ring assembly site at midcell but (2) that Z-rings cannot form until the 

nucleation site is unmasked by replisome removal from midcell.  

1.3.3  Coordination of Late Replication Stages and Z-ring Formation 

Termination, or near termination, of replication was considered by den 

Blaauwen et al. (1999) to be a possible cell division signal.  They showed that, in 

both K-12 and B/r strains of E. coli growing exponentially over a range of 

generation times (and without over-expression of FtsZ), initiation of FtsZ ring 

formation occurs slightly before the end of the C period which corresponds to 

slightly before the beginning of the D period.  Although the timing of the C period 

end, for the B/r strain, was not measured directly but was taken from an 

independent study (Helmstetter, 1996), the authors demonstrated by microscopy 

that Z-rings were visible before complete separation of daughter nucleoids.  

Therefore, complete separation of daughter nucleoids is not the signal for Z-ring 

formation. 

1.3.4  Complete Coordination of Replication and Z-ring Formation 

The Nishimura lab, in agreement with the Harry lab early coordination 

model, concluded that replication initiation and Z-ring formation are coordinated, 

but proposed a different model.  They found that Z-ring polymerization begins 

with initiation of replication but does not stabilize as a functional FtsZ-ring until 

replication termination. That is, a signal for Z-ring formation occurs at replication 

initiation and replication and Z-ring assembly stages are coordinated exactly 
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throughout the division cycle (Inoue and Nishimura, 2009).  The strain, containing 

an ftsZ-GFP gene fusion expressed under control of the normal ftsZ regulation, 

grew with a generation time of 103 min and was studied without the use of 

inhibitors, temperature shifts or starvation. Both replication and Z-ring assembly 

at mid-cell began at relative cell size 1.27-1.29 (normalized to the size of new 

born cells), termination of replication and Z-ring changing from a faint band to a 

well-defined band at size 1.55-1.57, and nucleoid separation and Z-ring 

constriction at size 1.70-1.80.  They proposed that Z-ring assembly requires the 

presence of the replisome, rather than being inhibited by replisomes. 

1.3.5  Replication and Z-ring Coordination by Transcription of ftsZ 

Several authors argue that inhibition of replication initiation or 

polymerization alters levels of transcription, reflecting ftsZ direct correlation of 

DNA replication and division (Liu et al., 2001; Garrido et al., 1993).  Moreover, 

the levels of ftsZ mRNA are known to oscillate through out the cell cycle, 

reaching a maximum at the time of DNA replication initiation, though this 

fluctuation is independent of DnaA (Garrido et al., 1993).  Though contrary to 

what one might think, the transcription rate of ftsZ is inversely related to growth 

rate (Dewar et al., 1989; Aldea et al., 1990; Smith et al., 1993), implying that as 

cells divide more often, they produce less FtsZ and intuitively must reuse cellular 

stocks.  Additionally, in a rapidly growing culture (45 minute generation time) ftsZ 

mRNA levels were found to have as few as three molecules per cell and a half-

life of only a one and a half minute (Garrido et al., 1993) suggesting small 
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amounts of FtsZ synthesis.  On the other hand, as the growth rate of cells slows, 

more of the FtsZ on hand would be degraded (between division events) causing 

a need for more synthesis.  Indeed, Weart and Levin (2003) demonstrated that 

the FtsZ concentration is constant, per unit amount of protein, in both E. coli and 

B. subtilis over a wide range of growth rates and a three-fold difference in Z-ring 

formation frequency. Its 10 μM concentration (Margolin, 2005) is ten-fold over the 

1 μM critical concentration required for polymerization in vitro and three-fold over 

the estimated 3 μM critical concentration required for Z-ring formation in vivo 

(Dajkovic and Lutkenhaus, 2006). 

The ftsZ transcription level (based on LacZ reporter) was repressed when 

replication was blocked by either nalidixic acid (NAL) or thymine starvation in an 

SOS-non-inducible culture.  However, increased levels of DNAless-mini cells 

were observed (Liu et al., 2001) suggesting the FtsZ protein was present in 

sufficient quantities as well as activity.  In addition, the authors pointed out that 

the decreased gene expression may have resulted from some indirect effect of 

the inhibitors, such as sequestration of the mra region which contains the ftsZ 

gene.  An earlier report demonstrated that blocking replication initiation in a 

dnaA(Ts) mutant, actually increased FtsZ transcription (Smith et al., 1996), 

contradictory to the replication transcription model.  Another study showed that 

decreasing FtsZ expression levels to 80% of WT did not change the timing of 

cytokinesis but did increase cell length by 1.2 fold greater than WT (Palacios et 

al., 1996). 
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1.3.6  SOS Check Point 

Whatever the timing mechanism, it seems that checkpoints must function 

to ensure that replication is completed before cell division may occur. The best 

studied  is the SOS system (named after the international distress signal 

(Radman, 1974)), which promotes survival by turning on DNA repair and 

recombination functions and delaying cell division after DNA damage or even 

intracellular signals (reviewed by Aertsen and Michiels, 2006, and Janion, 2008; 

Shinagawa, 1996; Erill et al., 2007).   SOS proteins are generally repressed by 

the binding of the LexA protein dimer to a 20 nucleotide inverted repeat 

sequence named the “SOS box” (Little and Mount, 1982).  When DNA damage 

(resulting from stalled replication forks or double strand breaks) results in 

formation of single stranded DNA (ssDNA), (Sassanfar and Roberts, 1990; 

Alberts et al., 2002), a RecA-ssDNA complex activates SOS by triggering the 

autocatalytic cleavage of LexA (Erill et al., 2007; Kowalczykowski et al., 1994).  

The cleaved LexA no longer represses its target genes resulting in expression of 

proteins that protect and stabilize the stalled fork, catalyze nucelotide excision 

repair, and recombine DNA.  Both error- and non-error-prone polymerases that 

replicate through lesions are produced and an approximately ~15-fold 

overproduction of the division inhibitor SulA(SfiA) protein is observed (reviewed 

in Erill et al., 2007; Kowalczykowski et al., 1994; Courcelle et al., 2001).  SulA 

dimerizes and binds two FtsZ proteins sequestering FtsZ in a one-to-one 

reaction, preventing FtsZ polymerization, Z-ring formation and cell division 

(Huisman et al., 1984; Bi and Lutkenhaus, 1993; Huang et al., 1996; Dajkovic 
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and Lutkenhaus, 2006).  Subsequent SulA proteolysis by the Lon protease 

releases the Z-ring formation inhibition and cell division resumes (Mizusawa and 

Gottesman, 1983).  Consequently, SOS is a check point system which evolved to 

permit chromosome repair and replication completion before division occurs (Erill 

et al., 2007). 

1.3.7  Evidence of SOS-independent Inhibition of Cell Division  

A second control, independent of the SulA-FtsZ SOS system, also inhibits 

cell division when replication is interrupted.  Reported early by Huisman et al. 

(1980a) and Burton and Holland (1983), replication inhibition by thymine 

starvation, UV irradiation or incubation of a dnaB(Ts) polymerization mutant at 

high temperature is followed by both SulA-dependent and -independent inhibition 

of cell division.  The SulA-independent mechanism was expressed 15-30 min 

more slowly, and was somewhat less efficient than, the SOS response.  Jaffé et 

al. (1986) extended those observations to show that inhibition of initiation in 

dnaA(Ts) or dnaC(Ts) mutants or of DNA polymerization in a dnaB(Ts) mutant 

resulted in division inhibition (and filamentous growth) even in ftsZ114(sulB114) 

mutant strains in which the mutant FtsZ protein is resistant to SulA inhibition (Bi 

and Lutkenhaus, 1990).   Hill et al. (1997) also demonstrated an SulA-

independent mechanism to maintain coupling between replication and cell 

division.  The wild-type, the sulA mutant, and the SulA-resistant ftsZ114(sulB114) 

mutant cells responded to mitomycin C by inhibiting cell division.  However, the 

inhibition was dependent on RecA and cleavage of the LexA repressor; 
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mitomycin C-treated cells continued to divide if RecA was inactivated  

(recA::CamR) or if the LexA repressor was the non-cleavable, non-inducible 

mutant LexA (Little, 1993). 

1.4  OBJECTIVES OF THIS WORK 

The objective of this work was to determine if the SOS-independent 

inhibitor of division acts at the level of Z-ring formation and if this action is 

dependent on the nucleoid occlusion protein SlmA.  I present evidence that, 

when replication is blocked in slow (one replicating chromosome) or fast 

(multifork replication) growing cells, Z-ring formation is blocked and cells fail to 

divide.  Additionally, this replication dependent Z-ring formation (RDZ) acts 

independently of SOS, SulA, and the nucleoid occlusion protein SlmA.

 28



Chapter 2  Materials and Methods 

2.1  BACTERIAL STRAINS, PLASMID AND CULTURE MEDIA. 

All strains used for this study of replication dependent Z-ring formation were 

derivatives of the authentic “wild-type” strain, MG1655 [rph1 ilvG rfb-50] (Blattner 

et al., 1997).  A strain incorrectly labeled MG1655 was inadvertently distributed 

by the Coli Genetic Stock Center during 1986-1993 (Soupene et al., 2003).  The 

incorrectly labeled strain carried a 14 kb deletion, including the fnr gene; Fnr is a 

transcription factor which activates genes coding for anaerobic oxidation of 

carbon sources and reduction of electron acceptors (Lin & Iuchi, 1991; Guest et 

al., 1996; Levanon et al., 2005).  The authentic strain MG1655 was confirmed as 

fnr+; it grew anaerobically on glycerol as the sole carbon source (Levanon et al., 

2005).  The authentic strain MG1655 is partially defective in pyrimidine synthesis 

(Jensen, 1993) and was supplemented with uracil when grown in minimal 

medium.   

All genetic crosses were made by Dr. Alexandra Blinkova (Molecular 

Genetics and Microbiology Section, University of Texas at Austin).  The Ts 

dnaC28 allele was transduced by P1 (Miller, 1972) with thr::Tn10 (Tet-R) from 

strain MG1655dnaC28 (Withers & Bernander, 1998) into an authentic strain 

MG1655 generating strain JC012; an otherwise isogenic dnaC+ thr::Tn10 

transductant was labeled JC011 (Table 1).  The wild-type and mutant alleles 

were verified by sequencing 1154 bp PCR-amplified fragments (DnaCFp1 and 

DnaCRp1 primers) (Table 2).  The dnaC28 mutation resulted in a T110I change, 

 29



(codon 110 changed from ACC to ATC) (Santanu Dasgupta, personal 

communication).  The MG1655dnaC28 donor strain was chosen, rather than the 

more commonly used dnaC2 mutant, because the latter contains a second 

mutation in the adjacent dnaT (S. Dasgupta, personal communication).   

Therefore, the entire dnaT gene of strain MG1655dnaC28 was sequenced and 

verified as wild-type.  A 1171 bp dnaT fragment was amplified using the primers 

DnaTFp1 and DnaTRp1. 

An SOS-non-inducible derivative of the strain MG1655 was made by 

transduction of the lexA1 (Howard-Flanders & Boyce, 1966) mutation, which 

resulted in a G80D change (codon 80 changed from GGT to GAT) (Lin & Little, 

1988; Mellies et al., 2007), along with malB::Tn9 (Cm-R) from strain CL103 

(Courcelle et al., 2001), generating strain JC210.  An isogenic  lexA+  malB::Tn9  

transductant was designated JC110.   Similarly, isogenic lexA1 malB::Tn9 and 

lexA+ malB::Tn9 derivatives of the dnaC28(Ts) thr::Tn10 strain JC012 were made 

by transducing lexA1 along with malB::Tn9 from strain CL103.  A dnaC28(Ts) 

thr::Tn10 lexA1 malB::Tn9 strain was labeled JC212; a lexA+ malB::Tn9 

transductant was labeled JC112.  lexA1 and lexA+ transductants were identified 

by UV-sensitivity of the mutants and confirmed by sequencing 880 bp PCR-

amplified fragments (primers LexAFp1 and LexARp1) (Table 2) from both wild-

type and mutant alleles. 
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Table 1.  List of dnaC(Ts) strains used in this study and their construction. 

 
 
Designation Relevant Genotypea        Construction                         ___ 
 
JC011  dnaC+ thr::Tn10        MG1655 x P1 MG1655dnaC28 
 
JC012  dnaC28(Ts) thr::Tn10        MG1655 x P1 MG1655dnaC28 
 
JC110  lexA+ malB::Tn9        MG1655 x P1 CL103 
 
JC210  lexA1 malB::Tn9        MG1655 x P1 CL103 
   
JC112  dnaC28(Ts) thr::Tn10 lexA+ malB::Tn9     JC012 x P1 CL103   
 
JC212  dnaC28(Ts) thr::Tn10 lexA1 malB::Tn9     JC012 x P1 CL103 
 
JC162  dnaC28(Ts) thr::Tn10 malB::Tn9 ΔsulA::kan     JC112 x P1 JW0941 
 
JC152  dnaC28(Ts) thr::Tn10 ΔslmA::aph lexA+ malB::Tn9    JC112 x P1 TB85 
 
JC252  dnaC28(Ts) thr::Tn10 ΔslmA::aph lexA1 malB::Tn9    JC212 x P1 TB85 
 

a Tn10 encodes Tetracycline resistance (Tet-R), Tn9 encodes Chlorampenicol resistance (Cm-R), Tn10kan, kan and aph encode 
Kanamycin resistance (Kan-R). 
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Table 2.  PCR primers employed to 

                

verify mutations. 

 
 
Primer   Sequence (5’ – 3’)     Location (beginning nt) 
                                                   
 
DnaCFp1  GATCAACTCTATCAGGAACCGCAAGCC   333 nt upstream of dnaC start codon 

 
DnaCRp1

DnaTFp1 

DnaTRp1
 
LexAFp1

LexARP1  
 
SulAFp1 
 
SulARp1
   
KanFp1 
KanRp1 
 
SlmARp1
  
FtsZFp1 
 
FtsZRp1  
                

  GGCACAGCACAGAAGATGTTTAACAGT  128 nt downstream of dnaC stop codon 
      

 ACCCTGTTAACCAACTTTCTTACAGCT  208 nt upstream of dnaT start codon 
    

  CGACATAATATCGGCCACGGTCATGAT  422 nt downstream of dnaT stop codon 

  CTGGTGCATTCTGTTATGGTCGCA  143 nt upstream of lexA start codon 
    

AATCATGGGTAAGGCGAGATGCCA  128 nt downstream of lexA stop codon 

 TAATTGAGGGTAACGGATCGGCCA    460 nt upstream of sulA start codon 

  TACAAGTGTGAACTCCGTCAGGCA  193 nt downstream of sulA stop codon 

 ACCTTGCTCCTGCCGAGAAAGTAT  316 nt downstream of kan start codon   
 ACCTGCGTGCAATCCATCTTGTTC  30 nt downstream of kan start codon 

  ACAAGGACGCGTAATGCTGGTAGA  331 nt downstream of slmA start codon 

 TAAATACCGATGCACAAGCGCTGC  125 nt downstream of ftsZ start codon 

GCACAAAGAGCCTCGAAACCCAAA  37 nt downstream of ftsZ stop codon 
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A sulA null derivative of the dnaC28(Ts) mutant was made by transducing 

the ∆sulA::kan (Kan-R) allele  from KEIO strain JW0941 (Baba et al., 2006) into 

strain JC112, generating the dnaC28(Ts) thr::Tn10 lexA+ malB::Tn9 ∆sulA::kan 

strain JC162.  The null allele, in which nucleotides 4-489 (codons 2-163) were 

replaced by kan, with the reading frame oriented in the same direction as sulA, 

was verified by two PCR reactions using primers SulAFp1 and KanRp1 and 

KanFp1 and SulARp1 (Table 2), which produced 922 and 772 bp fragments, 

respectively, corresponding to the left and right sulA-kan junctions. 

slmA null derivatives were made by transducing the ∆slmA::aph [KanR] 

allele from strain TB85 (Bernhardt & de Boer, 2005) into the dnaC28(Ts) lexA+ 

and lexA1 strains JC112 and JC212, respectively, generating the dnaC28(Ts) 

thr::Tn10 lexA+ malB::Tn9 ∆slmA::aph strain JC152 and the dnaC28(Ts) 

thr::Tn10 lexA1 malB::Tn9 ∆slmA::aph strain JC252.  The null allele was deleted 

from upstream of the start codon through codon 191 (nucleotides -48-571) and 

those nt replaced by the aph cassette.   [nt 1 corresponds to the first nt of the 

start codon.]  The presence of the aph cassette was verified by PCR using 

primers KanFp1 and SlmARp1 (Table 2) which produced a 915 bp fragment only 

from the ∆slmA::aph allele. 

The dnaE486(Ts) mutants were made by first transducing zae-502::Tn10 

from strain CAG18436 (Singer et al., 1989; Nichols et al., 1998) near the 

dnaE486(Ts) allele of strain E486 generating strain AB2819.  Second, P1 

transduced dnaE486(Ts) zae-502::Tn10 from strain A2819 into strain MG1655 

generating strain JC032; a wild-type dnaE+ zae-502::Tn10 transductant was 
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designated strain JC031 (Table 3).  The lexA1 allele was transduced along with 

malB::Tn9 from strain JC210 into strain JC032 generating the dnaE486(Ts) zae-

502::Tn9 lexA1 malB::Tn9 strain JC232.  A lex+ malB::Tn9 transductant from the 

same cross was designated strain JC132.  slmA null derivatives of the 

dnaE486(Ts) strains were made by transducing ∆slmA::aph from strain TB85 

(Bernhardt and de Boer, 2005) into strain JC132 generating strain JC135 

[dnaE486(Ts) zae-502::Tn10 ∆slmA::aph lexA+ malB::Tn9] and into strain JC232 

generating strain JC235 [dnaE486(Ts) zae-502::Tn10 ∆slmA::aph lexA1 

malB::Tn9].   The presence of the dnaE486(Ts) allele was determined by 

temperature-sensitivity of colony formation at 42°C and the quick-stop phenotype 

by flow cytometry.  lexA+ and lexA1 genotypes were scored by sequencing; the 

presence of the slmA::aph null allele was confirmed by PCR analysis.   
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Table 3.  List of dnaE(Ts) strains used in this study and their construction. 

 
 
Designation Relevant Genotypea         Construction                  _ 
 
AB2819 dnaE486(Ts) zae-502::Tn10        E486 x P1 CAG18436 
 
JC031  dnaE+ zae-502::Tn10         MG1655 x P1 AB2819 
 
JC032  dnaE486(Ts) zae-502::Tn10        MG1655 x P1 AB2819 
 
JC132  dnaE486(Ts) zae-502::Tn10 lexA+ malB::Tn9     JC032 x P1 JC210 
 
JC232  dnaE486(Ts) zae-502::Tn10 lexA1 malB::Tn9     JC032 x P1 JC210 
 
JC135  dnaE486(Ts) zae-502::Tn10 ΔslmA::aph lexA+ malB::Tn9    JC132 x P1 TB85 
 
JC235  dnaE486(Ts) zae-502::Tn10 ΔslmA::aph lexA1 malB::Tn9    JC232 x P1 TB85 
 
JC008  ftsZ/sulB103 leuO3093::Tn10kan       SS6321 x P1 CAG18436 
 
JC080  ftsZ/sulB103 leuO3093::Tn10kan       MG1655 x P1 JC008 
 
JC137   dnaE486(Ts) zae-502::Tn10 malB::Tn9 ftsZ/sulB+ leuO3093::Tn10kan   JC132 x P1 JC080 
 
JC138    dnaE486(Ts) zae-502::Tn10 malB::Tn9 ftsZ/sulB103 leuO3093::Tn10kan  JC132 x P1 JC080 
 

a Tn10 encodes Tetracycline resistance (Tet-R), Tn9 encodes Chlorampenicol resistance (Cm-R), Tn10kan, kan and aph encode 
Kanamycin resistance (Kan-R). 



 

The ftsZ/sulB103 mutation [FtsZ103 is refractory to SulA (Bi and 

Lutkenhaus, 1990)] was introduced into the dnaE486(Ts) strain by first 

transducing leuO3093::Tn10kan from strain CAG12131 (Singer et al., 1989; 

http://egsc.biology.yale.edu) near ftsZ/sulB103 in strain SS6321, an ftsZ/sulB103 

derivative (S. Sandler, personal communication) of strain JC13059 (Mann and 

Sandler, 2004), generating strain JC008 (ftsZ/sulB103 leuO3093::Tn10kan)  and 

from strain JC008 into the wild-type strain MG1655, generating strain JC080 and 

from there into strain JC132 (above), generating strain JC138 [dnaE486(Ts) zae-

508::Tn10 lexA+ malB::Tn9 ftsZ/sulB103 leuO3093::Tn10kan].  A wild-type 

ftsZ/sulB+ transductant from the last cross was designated JC137.  The 

ftsZ/sulB103 mutation, an F268C change, TTC to TGC (Bi and Lutkenhaus, 

1990), was confirmed in each strain by sequencing 1064 nt fragments amplified 

using FtsZFp1 and FtsZRp1. 

A list of all donor strains obtained from other labs is presented in Table 4.
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Table 4.  List of donor strains obtained from other labs 

 
  
Designation  Relevant Genotypeb    Reference    Source_______________ 
 
MG1655  dnaC+    Blattner et al., 1997   M. Harrison & G. Bennett 
 
MG1655dnaC28 dnaC28(Ts) thr::Tn10  Withers and Bernander, 1998     S. Dasgupta 
 
CL103   lexA1 malB::Tn9  Courcelle et al., 2001   J. Courcelle 
 
JW0941  ∆sulA::kan   Baba et al., 2006   S.  Jang & R. Harshey 
 
TB85   ∆slmA::aph   Bernhardt and de Boer, 2005  P. de Boer 
 
CAG18436  zae-502::Tn10   Singer et al., 1989   CGSC 
 
E486   dnaE486(Ts)   Wechsler and Gross, 1971  J. Wechsler 
 
CAG12131       leuO3093::Tn10kan  Singer et al., 1989   CGSC 
 
SS6321  ftsZ/sulB103   Mann and Sandler, 2004  S. Sandler 
 
 
a Tn10 encodes Tetracycline resistance (Tet-R), Tn9 encodes Chlorampenicol resistance (Cm-R), Tn10kan, kan and aph encode 
Kanamycin resistance (Kan-R). 
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All strains in which FtsZ-rings were studied also carried a plasmid 

constructed by W. Margolin (personal communication) from pDSW208 (Weiss et 

al., 1999) to express an FtsZ- Yellow Fluorescent Protein (YFP)-FtsZ fusion 

protein.  pDSW208 is a pBR-related plasmid carrying ampicillin-resistance and a 

trc promoter to drive fusion protein expression under control of the Lac repressor 

which is supplied by lacIq on the plasmid.   The gfp gene on pDWS208 was 

replaced by ftsZ into which the yfp gene was seamlessly inserted between 

codons 338 and 339, creating an ftsZ-yfp-ftsZ fusion.   The fusion protein was 

expressed from the un-induced trc promoter so that its concentration was not so 

high as to inhibit growth in the medium chosen. 

 For analysis of growth and Z-ring formation in cells with one replicating 

chromosome, strains were grown for 7-10 generations at 28°C with vigorous 

shaking in M9 medium (Miller, 1972) supplemented with 0.4% glycerol, 0.005% 

Casamino Acids, 20 μg/ml uracil, 20 μg/ml threonine (GYCA) and 100 μg/ml 

ampicillin (to ensure plasmid maintenance).  This medium supported a growth 

rate of approximately 150 min/generation and most cells at absorbance 0.2 

contained one replicating chromosome.  Some preliminary experiments were 

done with various M9 media supplemented with 0.1%, 0.2% or 0.4% glucose 

and/or 0.005 0.02 or 0.2% CAA.  For analysis of cells growing with multifork 

replication, strains were grown exponentially at 28°C for about 7 generations in 

LB medium (1% tryptone, 0.5% yeast extract and 0.5% NaCl) supplemented with 

100 μg ml-1 ampicillin.  Temperature shifts were made by 1:2 dilutions into 

prewarmed or precooled media.  For genetic selections, LB was supplemented 



 

with 50 μg ml-1 kanamycin (Kan), 30 μg ml-1 chloramphenicol (Cm) and 30 μg ml-1 

tetracycline (Tet), as needed.  Replication initiation was inhibited by incubation of 

the dnaC(Ts) strains at 42°C.  Replication polymerization was inhibited by 

addition of 100 mM hydroxyurea (HU) (Davies et al., 2009), 20 μg ml-1 nalidixic 

acid (NAL) (Goss et al., 1965, Drlica and Zhao, 1997) or, in the case of dnaE(Ts) 

polymerization mutants, by shifting to 42°C (Wechsler and Gross, 1971). 

2.2  MOLECULAR TECHNIQUES  

Chromosomal DNA was extracted with the PuregeneTM DNA Purification 

System (Gentra Systems, Minneapolis, MN). PCR reactions were done with the 

Expand High Fidelity PCR System in 200 μl thin-walled reaction tubes using a 

Personal Mastercycler (Eppendorf, Hamburg, Germany).  Reactions were begun 

with incubation at 94°C for 5 min, followed by 32-35 cycles of 94°C for 30 sec, 

58°C for 30 sec, and 72°C for 2.5 min and finished with 72°C for 5 min. PCR 

products were analyzed by electrophoresis in 1% agarose gels run in TAE (Tris-

acetate-EDTA buffer) and imaged with ethidium bromide. DNA fragments were 

extracted from gels with a ZymocleanTM Gel DNA Recovery Kit (Zymo Research 

Corp., 23 Irvine, CA) and sequenced with an ABI 3730 DNA Analyzer (Life 

Technologies, Carlsbad, CA). Sequences were analyzed with BioEdit 7.0.9.0 

software. 
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2.3  FLOW CYTOMETRY 

 Flow cytometry was used to determine the total cell number ml-1, the 

mean cell mass (MCM), the amount of DNA per cell and the number of 

chromosomal origins per cell.  For estimating the total cell number, 4-6 

independent samples were processed for each time point for each culture for 

each experiment.  The number of cells was determined based on forward scatter 

detection of particles rather than on stained nucleoids.  The relative MCM was 

determined from forward scatter and normalized, for each strain to the MCM of 

that strain growing exponentially at absorbance 0.2.  The total DNA content/cell 

was estimated by fixing cells in ethanol before staining with SYTOX Green 

(Invitrogen Molecular Probes, Eugene, OR) (Fixed Directly); origin content was 

determined by adding cephalexin (15 μg ml-1) and rifampicin (300 μg ml-1) to 

cultures and continuing incubation for 6-7 hours before fixing in ethanol and 

staining (Boye and Løbner-Olesen, 1991) (Runout).  The latter procedure 

inhibited further initiations and cell divisions but allowed replication rounds in 

progress to go to completion.  Cells were fixed by adding 1 ml of culture to 9 ml 

of 95% ethanol and holding at 4°C.  Cells were washed with and resuspended in 

Tris-EDTA (diluted to an absorbance of 0.05), and then stained with SYTOX 

Green to 5 μM in 50 μl of cells, incubating in the dark for 15 min, and diluting into 

1 ml of M9 salts.  Cells were analyzed using a Becton Dickinson FACSCalibur™ 

flow cytometer and Cell Quest Pro acquisition software.  Data were analyzed 

using FCS Express software by De Novo™.  



 

 Rifampicin was dissolved in water instead of ethanol because, in the 

course of this study, we determined that this method allowed for more nearly 

complete runout than observed when the rifampicin was dissolved in ethanol. 

2.4  QUANTITATIVE REAL-TIME PCR 

The qPCR experiments were performed by David Magnan and David 

Bates (Department of Molecular and Human Genetics, Baylor College of 

Medicine).  Genomic DNA was prepared from cell cultures by QIAamp DNA mini 

kit (Qiagen).  Reactions containing 10 ng genomic DNA and 350 µM primer in 1X 

DyNAmo SYBR Green HS qPCR buffer (10 µl total volume) were run on an 

Applied Biosystems 7900HT RT PCR machine in 384-well format.  Relative copy 

numbers of ori and ter sequences were determined by the ΔΔCt method 

(reviewed in VanGuilder et al., 2008): the difference in amplification rates of ori 

and ter (ΔCt) for each sample (average of 4 duplicate reactions) was normalized 

to the ΔCt for a Ts dnaC28 strain grown at 42°C for 2 hours to contain equal 

numbers of ori and ter sequences per cell.  Forward/reverse primer sequences 

(5’-3’) were TTCGATCACCCCTGCGTACA/CGCAACAGCATGGCGATAAC (ori), 

and AATGATGCCGGTTACCCAAAGC/AGTTGCGTTTCGACGGTCATTC (ter) 

(Bates and Kleckner, 2005).   

2.5  STAINING AND MICROSCOPY 

Cells were fixed for microscopy by adding 50 μl of cells to 20 μl of 1 M 

sodium phosphate (pH 7.4), 100 μl of 16% paraformaldehyde, and 400 μl of 25% 
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glutaraldehyde.  Fixation was for 15 min at room temperature and 30 min on ice.  

Fixed cells were washed with and resuspended in 10 μl of phosphate-buffered 

saline (PBS) (10 mM sodium phosphate [pH 7.4], 150 mM NaCl, and 15 mM KCl) 

(Weiss, 1999).  Whole cells were examined by differential interference contrast; 

Z-rings (tagged by the FtsZ-YFP-FtsZ fusion) and 4',6-diamidino-2-phenylindole 

(DAPI) (Sigma-Aldrich, St. Louis, Mo)–stained nucleoids by fluorescence 

microscopy.  DAPI staining was effected by adding 1 ng of DAPI per μl of fixed 

cells in PBS.  The cells were viewed with a Zeis Axiovert microscope and images 

captured with an AxioCam MRm camera using AvioVision 4.8.2 software (Carl 

Zeiss MicroImaging, LLC).  Images were analyzed with ImageJ 1.44 (National 

Institutes of Health).  

Cells and filaments were measured and scored for the presence of FtsZ-

rings modified from the description given by Weiss et at., (1999) for the presence 

or absence of an FtsI ring(s). Z-Rings were identified as fluorescent bands that 

extended at least 75% across the diameter of the cell regardless of  the cell 

width. Small spots of fluorescence at the middle of nonconstricting cells were not 

considered Z-rings, although they may indicate an early stage in ring formation. 

In highly constricted cells, bands that extended across the cell appeared as a 

spot but were scored as FtsZ rings because they extended across the whole 

diameter of the rod at that point.  Z-rings were scored whether central or not but 

were noted if acentrally located.  To be considered a true accumulation of YFP 

(Z-ring) the fluorescence had to be brighter then the background, so that the 

background could be eliminated (by adjusting the brightness/contrast) but the 
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ring remained visible.  The length of cells and filaments was measured using NIH 

Image software (developed at the U.S. National Institutes of Health and available 

on the Internet at http://rsb.nih.gov/nih-image/) to compare fluorescence images 

to a calibration standard. Only cells and filaments that were entirely within the 

image were scored, although this introduced a slight bias against longer 

filaments.
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Chapter 3  Results 

3.1  APPROACH 

We asked (1) if the previously identified SOS-independent inhibition of 

cell division when replication is inhibited acts at the level of Z-ring formation, (2) if 

the SlmA nucleoid occlusion protein is required for this division inhibition and (3) 

if this inhibition is a general phenomenon functioning in both slow- and fast-

growing cells. 

 First, conditions were chosen such that the cells contained only one 

chromosome and initiated replication and divided synchronously, conditions 

chosen to avoid complications from signals which could have been initiated 

during a previous generation (in multifork replication) and to simplify statistical 

analysis of the fraction of cells forming Z-rings.  A dnaC(Ts) mutant growing 

exponentially in defined medium wth a generation time of 150 min contained one 

replicating chromosome (in most cells).  This culture was synchronized by 

multiple temperature shifts.  Shifting to 42°C for 120 min inhibited replication 

initiation but replication rounds in progress were completed and residual cell 

division produced a population in which most cells contained one completed 

chromosome.  Reducing the temperature allowed synchronous replication 

initiation, Z-ring formation and cell division.  The effect of inhibiting replication on 

Z-ring formation and division was tested by adding hydroxyurea (HU) our 

nalidixic acid (NAL) 15 min after reducing the temperature.  The roles of SOS 
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and SlmA were tested by introducing the lexA1 and ΔslmA mutations into the 

dnaC(Ts) strain. 

 Second, the effects of replication inhibition on growth, Z-ring formation 

and cell division in cells growing with multifork replication was studied in a 

temperature sensitive dnaE(Ts) polymerization mutant in LB medium.  

Exponentially growing cells (at 28°C) were shifted to 42°C to inhibit abruptly 

replication.  The lexA1 and ΔslmA alleles were similarly introduced into the 

dnaE(Ts) strain.  
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3.2  REPLICATION DEPENDENT Z-RING FORMATION ACTS IN CELLS WITH ONE 

REPLICATING CHROMOSOME AND FUNCTIONS INDEPENDENTLY OF BOTH SOS AND 

THE SLMA PROTEIN. 

3.2.1  RDZ Functions Independently of SOS Activation by LexA Cleavage 

Exponential growth of dnaC28 lexA+ and dnaC28 lexA1 strains at 

28°C in defined media.  We first identified a growth condition in which cells 

would contain one replicating chromosome.  Growth of the wild-type (WT) strain 

MG1655 and its dnaC28(Ts) (strain JC112) and dnaC28(Ts) lexA1 (SOS non-

inducible) (strain JC212) derivatives (Table 1) (each with a plasmid-borne ftsZ-

yellow fluorescent protein (YFP) gene fusion), was observed in various media.  

Cultures which contained the plasmid were supplemented with 100 μg/ml of 

ampicillin to prevent loss of the plasmid. 

All three strains and grew exponentially at 28°C with a generation time of 

147-153 min in M9 media supplemented with 0.4% Glycerol and 0.005% 

Casamino acids (GYC5).  At absorbance 0.2, most cells (~70%) contained one 

replicating chromosome. However, the dnaC(Ts) mutant cultures consistently 

contained somewhat more cells with one non-replicating chromosome than did 

the dnaC+ WT culture, possibly the result of somewhat less efficient initiation in 

the dnaC(Ts) cells even at the permissive temperature.  In cultures of both 

dnaC(Ts) strains, about 20% of the cells contained one completed chromosome 

and a small fraction contained 3 or 4 origins (on replicating or non-replicating 

chromosomes). The average oriC content per cell (determined by flow cytometry 

[Boye and Løbner-Olesen, 1991]) was 2.08, 1.95 and 1.92 in the WT (MG1655), 



 

dnaC(Ts) lexA+ (JC112) and dnaC(Ts) lexA1 (JC212) strains, respectively (Fig. 

1A, B, E).  During exponential growth, 20-24% of dnaC(Ts) lexA+ (JC112) and 

dnaC(Ts) lexA1 (JC212) cells contained visible Z-rings and the cells measured 

approximately 3 μm in length. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1 ORIC CONTENT OF STRAINS GROWING EXPONENTIALLY IN GYC5 MEDIUM.  
Cultures were grown at 28°C to A600 =0.2 and analyzed by flow cytometry after 
replication runout (Boye and Løbner-Olesen, 1991) to determine the average 
number of origins/cell.  Strains analyzed were (A) dnaC+ (MG1655) (B) dnaC(Ts) 
(JC112); (C) dnaC(Ts) ΔslmA (JC152); (D) dnaC(Ts) ΔsulA (JC162); (E) 
dnaC(Ts) lexA1 (JC212); and (F) dnaC(Ts) ΔslmA lexA1 (JC252). 
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Even a slight increase in the supplementary Casamino acids (from 

0.005% to 0.02%), or employing glucose as the carbon source, increased the 

fraction of cells with two or more replicating chromosomes and the average oriC 

per cell from 2 to 3 (Table 5A).  Moreover, the generation time was significantly 

decreased by the use of glucose as the carbon/energy source.  Additionally, we 

found (contrary to a previous report, Withers and Bernander, 1998) that 

increasing the number of replicating chromosomes per cell during exponential 

growth decreased the fraction of cells with only one chromosome after incubation 

at 42°C (data not shown).  As a control, the dnaC(Ts) lexA+ and dnaC(Ts) lexA1 

strains without the ftsZ–YFP plasmid were grown in the same media.  The 

presence of the plasmid did not significantly affect growth in the GYC5 medium, 

which supported the slowest growth, although the plasmid did reduce growth rate 

in the richer media (compare Table 5A and B).  Therefore, the GYC5 medium 

was selected for all experiments in which a defined medium was used and, 

unless otherwise specified, each strain in each experiment contained the ftsZ-

YFP plasmid.
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Table 5.  Generation time (τ), origin content (in percent of cells containing the indicated number of origins) and the average

nt/cell of the dnaC+ (MG1655), dnaC(Ts) (JC112), and dnaC(Ts) lexA1 (JC212) strains growing exponentially 
M9 minimal media supplemented with glycerol (Gly), casamino (CAA) and/or glucose (Glu), as indicated on each 

cells containing the ftsZ–YFP plasmid and (B) cells without the plasmid are shown.  The MG1655
ot tested in all media, as indicated by blank fields.  Plus minus one standard deviation of τ is indicated. 

 
origin conte at 
28°C in 
column.  Growth of (A)  
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Synchronization of replication and cell division in the SOS-inducible 

dnaC28 strain (JC112) and its SOS-non-inducible lexA1 strain (JC212) 

derivative by temperature shifts.  In summary, replication, Z-ring formation and 

cell division of the dnaC(Ts) lexA+ strain JC112 and the dnaC(Ts) lexA1 strain 

JC212 were synchronized by a transient 28°C-42°C-28°C temperature shift.  

After shifting to 42°C, the growth rate increased to a mass doubling time of about 

100 min, but replication initiation was inhibited (Helmstetter and Krajewski, 1982; 

Withers and Bernander, 1998; Maisnier-Patin et al., 2001) (at the stage of 

replicative helicase loading (Funnell et al., 1987; Bramhill and Kornberg, 1988; 

Davey et al., 2002)).  Replication rounds in progress went to completion and 

residual cell division continued.   

First, initiation was inhibited by shifting to 42°C.  In Figures 2A, C, and D, 

the dnaC(Ts) lexA+ cells were fixed directly in ethanol before staining and the 

histograms present the total DNA present at the time of sampling.  In Figure 2B, 

these cells were subject to replication runout before staining.  These histograms 

demonstrate how a culture with mostly 2 origins (Fig. 2B) gradually shifts to a 

one chromosome/cell culture (Fig. 2C, D) during 2 hours of replication initiation 

inhibition at 42°C.  Very similar data were obtained with the dnaC(Ts) lexA1 

cultures (data not shown). Average origins per cell in both cultures decreased 

from about 70% two origins per cell to 1.28 and 1.21 as the cell numbers 

increased 1.9 and 1.7 fold in the lexA+ and lexA1 cultures, respectively. As the 

cells divided, the percentage of cells with Z-rings decreased from about 20-24 in 

the exponential phase to 13-14 in both strains (Fig. 3A at 42°C, B at 42°C).  
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Though it is clear that most cells divided, the Mean Cell Mass (MCM) (the 

average forward scatter from flow cytometer measurements), increased by about 

30% (Table 6A). 

 

 

FIGURE 2.  INHIBITION OF REPLICATION 

INITIATION OF DNAC(TS) STRAIN JC112 

DURING TWO HOUR INCUBATION AT 42°C.   
Histograms depict the gradual shift 
from a mixture of one replicating 
chromosome plus one non-replicating 
chromosomes/cell to one completed 
chromosome.  (A) Exponential growth 
at 28°C.  Cells were fixed directly, and 
(B) after runout (indicating origins per 
cell).  (C) 60 min after shifting to 42°C, 
fixed directly.  (D) After two hours at 
42°C, fixed directly.  
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Table 6.  Generation time (τ), average oriC content per cell, percentage of cells with Z-rings (Percent Z-rings) and mean cell mass 
(MCM, relative to cells incubated at 42°C for 120 min) for the dnaC(Ts) strains during (A) exponential growth and incubation at 42°C, 
(B) Synchronous growth 60, 120, 150, 180 and 240 min (C) Replication inhibition by HU added 15 min after temperature reduction 
and (D) Replication inhibition by NAL added 15 min after temperature reduction. (E) Genotypes of the strains described in this table. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. REPLICATION INHIBITION (BY HYDROXYUREA (HU) OR NALIDIXIC ACID (NAL)) 
PREVENTS Z-RING FORMATION AND CELL DIVISION in synchronized SOS-inducible (A, B, C) 
and non-inducible (D, E, F) strains.  SOS-inducible dnaC(Ts) lexA+ strain JC112 and the 
SOS-non-inducible dnaC(Ts) lexA1 strain JC212 containing pDSW208-FtsZ-YFP-FtsZ 
were grown exponentially at 28°C to A600=  0.2 and shifted to 42°C for 120 min.  The 
cultures were shifted back to 28°C at 0 min (A, D).  Absorbance (Diamonds), cell number 
(Squares) and the percentage of cells with visible Z-rings (Triangles) were determined.  
HU (B, E) and NAL (C, F) were added to portions of the cultures 15 min (arrows) after 
the shift back to 28°C.  All values were normalized to 1 at 0 min.  For A, B and C, 1 
represents A = 0.228, cell number = 2.2 X 10e8 and the percentage of cells with visible 
Z-rings = 13.7.  For D, E and F, 1 represents A = 0.195, cell number = 2.1 X 10e8 and 
percentage of cells with visible Z-rings = 12.9.  The values are the averages of 4-6 
experiments and error bars of 1 standard deviation were added only to critical time 
points to maintain clarity. 
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Synchronization was effected by reducing the temperature.  Immediately 

(with in seconds) after reducing the temperature to 28°C a small portion of cells 

initiated replication in both strains and by 15 min, 65-70% of both one- and two-

chromosome-containing cells had initiated replication (Fig. 4A, B) resulting in  

synchronous growth and division (Fig. 3A, D).  By 60 min, most cells contained 

one replicating or possibly two complete chromosomes; although a minority of 

cells contained three or four origins (Fig. 5E, K; Fig. 6E, K).  The first round of 

replication was completed within 80-100 min and a second round of replication 

had begun in some cells. Runout analysis revealed about 40% of cells at 100 min 

had three or four origins (Fig. 5F, L; Fig. 6F, L).  This pattern of initiation and 

completion of the first replication cycle and initiation of the second round was 

confirmed by quantitative real-time PCR (qPCR) (Fig. 7) (Bates and Kleckner, 

2005).  For the Ts dnaC28 lexA+ strain, the oriC/ter ratio decreased during 

incubation at 42°C as replication went to completion, began to increase within 10 

min after shifting  down to 28°C, indicating initiations, and continued to increase 

until 80 min at which time replication was complete in some cells.  The oriC/ter 

ratio then diminished as more cells completed replication but remained above 1.0 

through 180 min, indicating on-going initiations.  A similar pattern was observed 

with the lexA1 non-inducible mutant (data not shown).   Continuing initiations up 

to about 80 min indicates that the synchronization was not perfect.  Synchrony, 

effected by temperature shifts of dnaC(Ts) mutants, has been reported to 

deteriorate, even during the first cycle (Withers and Bernander, 1998).
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FIGURE 4. CHROMOSOME AND ORIGIN CONTENT IMMEDIATELY AFTER RETURN TO 28°C AND 

AFTER 15 MIN OF INCUBATION AT 28°C in strains (A) dnaC(Ts) lexA+ (JC112), (B) dnaC(Ts) 
lexA1 (JC212), and (C) dnaC(Ts) ΔsulA (JC162).  Immediately (0 min) after return to 
permissive temperature, cells were either fixed directly (on the left of each panel) to 
observe DNA content, or subjected to replication runout (on the right of each panel), 
indicating the fraction of initiating cells.  After 15 min at 28°C, cells fixed directly 
indicated any increase in DNA content per cell while runout indicates the fraction of cells 
which had initiated replication. 
 
 
 
 
 
 
 
 
 

dnaC(Ts) lexA+             dnaC(Ts) lexA1           dnaC(Ts) ΔsulA 
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FIGURE. 5. DNA AND ORIC CONTENT OF THE DNAC(TS) SOS-INDUCIBLE LEXA+ STRAIN (JC112) 
DURING EXPONENTIAL GROWTH, INCUBATION AT 42°C, AND SYNCHRONIZED REPLICATION AND 

REPLICATION INHIBITION BY INCUBATION IN HU OR NAL.  Cells fixed directly or after runout, were 
analyzed by flow cytometry.  Cells growing exponentially at A600 ≈ 0.2 were stained after runout 
(A).  Cells after 120 min at 42°C (Time 0) were fixed directly before staining (B).  Cells were 
sampled 15, 60, 100, 120, 150, 180 or 240 min after reducing the temperature to 28°C and fixed 
directly before staining (C, E-J) or stained after runout (D, K-P).  Panels A-D are repeated from 
Fig. 1B, 3B, D and 4A to allow comparisons.  Cells from the HU-treated (Q-T) and NAL-treated 
(U-X) cultures were sampled at 60, 120, 180 and 240 min and fixed directly before staining. 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure. 5 continued. DNA and oriC content of the dnaC(Ts) SOS-inducible lexA+ strain 
(JC112) during exponential growth, incubation at 42°C, and synchronized replication and 
replication inhibition by incubation in HU or NAL.  Cells fixed directly or after runout, were 
analyzed by flow cytometry.  Cells growing exponentially at A600 ≈ 0.2 were stained after runout 
(A).  Cells after 120 min at 42°C (Time 0) were fixed directly before staining (B).  Cells were 
sampled 15, 60, 100, 120, 150, 180 or 240 min after reducing the temperature to 28°C and fixed 
directly before staining (C, E-J) or stained after runout (D, K-P).  Panels A-D are repeated from 
Fig. 1B, 3B, D and 4A to allow comparisons.  Cells from the HU-treated (Q-T) and NAL-treated 
(U-X) cultures were sampled at 60, 120, 180 and 240 min and fixed directly before staining. 
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FIGURE. 6.  CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) SOS-NON-INDUCIBLE LEXA1 

STRAIN (JC212) DURING EXPONENTIAL GROWTH, INCUBATION AT 42°C, SYNCHRONIZED REPLICATION 

AND REPLICATION INHIBITION BY INCUBATION IN HU OR NAL.  Cells analyzed by flow cytometer (as 
described in the Fig. 5).  Cells growing exponentially at A600 ≈ 0.2 were stained after runout (A).  
Cells after 120 min at 42°C (Time 0) were fixed directly before staining (B).  Cells were sampled 
15, 60, 100, 120, 150, 180 or 240 min after reducing the temperature to 28°C and fixed directly 
before staining (C, E-J) or stained after runout (D, K-P). Panels A-D are repeated from Fig 1D 
and 4B to allow comparisons.  Cells from the HU-treated (Q-T) and NAL-treated (U-X) cultures 
were sampled at 60, 120, 180 and 240 min and fixed directly before staining. 
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Figure. 6 continued.  Chromosome and oriC content of the dnaC(Ts) SOS-non-inducible lexA1 
strain (JC212) during exponential growth, incubation at 42°C, synchronized replication and 
replication inhibition by incubation in HU or NAL.  Cells analyzed by flow cytometer (as 
described in the Fig. 5).  Cells growing exponentially at A600 ≈ 0.2 were stained after runout (A).  
Cells after 120 min at 42°C (Time 0) were fixed directly before staining (B).  Cells were sampled 
15, 60, 100, 120, 150, 180 or 240 min after reducing the temperature to 28°C and fixed directly 
before staining (C, E-J) or stained after runout (D, K-P). Panels A-D are repeated from Fig 1D 
and 4B to allow comparisons.  Cells from the HU-treated (Q-T) and NAL-treated (U-X) cultures 
were sampled at 60, 120, 180 and 240 min and fixed directly before staining. 
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FIGURE 7. QUANTITATIVE REAL-TIME PCR ANALYSIS OF REPLICATION INITIATION IN THE DNAC(TS) 
MUTANT DURING INCUBATION AT 42°C AND AFTER SHIFTING BACK TO 28°C.  The relative number of 
copies of oriC and ter were measured as described in Materials and Methods (Bates and 
Kleckner, 2005) to determine the oriC/ter ratio, using as a standard the DNA extracted from 
cells incubated at 42°C for 120 min, and shown by flow cytometry to contain equal numbers of 
oriC and ter sequences.  The -120 bar represents the ratio in cells grown exponentially at 28°C 
to A = 0.216 before shifting to 42°C for 120 min of incubation.  The bars are labeled according 
to the time scales in Fig. 3.  The error bars indicate +/- one standard deviation. 
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 Similar oriC/ter ratios were determined by both qPCR and flow cytometry 

analyses.  The ratio determined by qPCR for the dnaC(Ts) lexA+ strain increased 

from 1.0 to 1.43 within 10 min after reducing the temperature.  Using the flow 

cytometry data of Figure 5B and D to estimate the average oriC and ter 

contents/cell, the oriC/ter ratio at 15 min after shifting the temperature was 1.44 

for the same strain.  Similar data (ori/ter ratio of 1.49) were obtained with the 

dnaC(Ts) lexA1 mutant.  Total DNA content (from average fluorescence 

intensities of cells fixed directly), compared to cells after two hours at 42°C, 

increased nearly two fold in both cultures by 120 min, after which total DNA 

content decreased to a relative value of 1.4 by 180 min. 

Z-ring formation began in both lexA+ (JC112) and lexA1 (JC212) cultures 

at about 80 min and rings were visible in 45-50% of the cells by 120 min (Fig 8; 

Fig 9 and Table 6B).  Cell divisions began at about 120 min, doubling the cell 

number by 150-180 min (Fig. 3A, D).  By 120 min the MCM had increased 1.6 

fold relative to cells incubated at 42°C (doubled that of the exponential cells), and 

then decreased as divisions occurred (Table 6B).  These divisions eliminated 

most of the three- and four-origin cells which existed at 120 min and formed a 

population of cells most of which contained one replicating or two completed 

chromosomes by 150 min (Fig. 5H, N; Fig. 6H, N).  A second round of cell 

division, following the second round of replication, began at about 180-200 min. 
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FIGURE 8. Z-RINGS AND NUCLEOIDS OF 

SYNCHRONIZED DNAC(TS) (JC112) 
CELLS COLLECTED FROM CULTURES 

GROWN AT 28°C, INCUBATED AT 42°C 

FOR 120 MIN AND RETURNED TO 28°C 
(described in Fig. 3) were observed.  
HU was added to portions of each 
culture at 15 min after returning to 
28°C.  Cells analyzed at 120 min 
without HU (A), and with HU (added at 
15 min) (C).  Cells analyzed at 180 min 
without HU (B), and in the presence of 
HU (added at 15 min) (D).  Z-rings were 
observed by fluorescence of the FtsZ-
YFP-FtsZ from the pDSW208-FtsZ-
YFP-FtsZ plasmid present in the strain.  
The percentage of cells which 
contained Z-rings was measured by 
observing cell fluorescence in different 
microscopic fields the brightness and 
contrast of which were manually 

adjusted to enhance resolution.  Each panel is a composite of cells photographed in different 
microscopic fields.  The relation of Z-rings to nucleoids was observed by staining the nucleoids 
with DAPI and superimposing the Z-ring and nucleoid images (insert). 
 
 
 
 

 
FIGURE 9. Z-RINGS OF SYNCHRONIZED 

DNAC(TS) LEXA1 (JC212) CELLS GROWN 

AT 28°C, INCUBATED AT 42°C FOR 120 

MIN AND RETURNED TO 28°C prepared 
and visualized as described in Figure 8.  
Cells analyzed at 120 min without HU 
(A), and with HU (added at 15 min) (C).  
Cells analyzed at 180 min without HU 
(B), and with HU (added at 15 min) (D). 
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Hydroxyurea and nalidixic acid interruption of replication prevented 

Z-ring formation and cell division in both the SOS-inducible dnaC28(Ts) 

strain and its SOS-non-inducible lexA1 derivative.  Addition of HU 

(Rosenkranz et al., 1966; Sinha and Snustad, 1972; Ehrenberg and Reichard, 

1972; Atkin et al., 1973) 15 min after the temperature was reduced to 28°C 

blocked replication in both strains and the effects on growth, Z-ring formation, 

and cell division were also very similar in both strains.   Although growth 

continued, the absorbance increased only about 2.5-fold, compared to 3-fold in 

the cultures without drug.  The DNA content per cell did not change significantly 

after HU addition (Fig. 5C, Q-T; Fig. 6C, Q-T), although (1) the DNA peak width 

increased and the two chromosome-cell peak merged into the one chromosome 

cell peak by 120 min, and (2) a small amount of DNA synthesis was observed 

between 180 and 240 min, probably the result of HU oxidation (Davies et al., 

2009).  Z-ring formation and cell division were also inhibited and the cells grew 

into short filaments.  Z-ring formation was suppressed below the background 

level of about 13%, observed after the exponentially growing cells were 

incubated at 42°C for 120 min (Fig. 3B, E and Table 6C).  The total cell number 

remained approximately constant after HU addition (Fig. 3B, E) but the cells grew 

longer; the average cell length increased from 3.07 (+/-0.86) (during exponential 

growth) to 5.49 (+/-1.7) μm in the lexA+ strain by 240 min and from 3.06 (+/-1.1) 

to 4.85 (+/-1.4) μm in the lexA1 strain and the MCM increased in both lexA+ and 

lexA1 strains 2.12 and 1.92 fold, respectively, more than cells at 42°C(Table 6C).  



 

The positions of Z-rings were noted in the synchronized cells at 120 min, 

i.e., the time of the most rapid division when ~45% of the cells contained Z-rings.  

Nucleoids were defined as compact if their lengths were <1.7 μm (based on the 

length of nucleoids after 120 min of 42°C) or bilobed when 1.7 μm or longer.  In 

the untreated cultures, essentially all the Z-rings were located were located 

between segregated nucleoids (71 and 83% in the lexA+and lexA1 cultures, 

respectively) or over bilobed, and presumably nearly completely replicated 

nucleoids (29 and 16%).  Only 1 Z-ring of 117 was observed over a compact 

nucleoid.  In the treated cultures, the frequency of Z-rings was much lower (10-

13%) but most of them were, as in the untreated culture, between segregated or 

bilobed nucleoids.  In the HU treated lexA+ culture, one-third (5/15) of the rare Z-

rings were over compact nucleoids, although the significance of this observation, 

if any,is unknown. 

Addition of NAL at 15 min after reducing the temperature also perturbed 

replication (Goss et al, 1965; Gellert et al., 1977; Sugino et al., 1977; Snyder and 

Drlica, 1979; Chen et al., 1996) and inhibited cell division similarly in both the 

lexA+ and lexA1 strains.  Absorbance continued to increase similarly to that of the 

un-treated cultures with an approximate 3-fold increase (Fig. 3C, F).  NAL did not 

inhibit replication completely (even with as much as 100 μg ml-1 [data not 

shown]), in contrast to some previous reports, and the total amount of DNA per 

cell continued to increase (Fig. 5C, U-X Fig. 6C, U-X) including up to 240 min.  

However, at 120 min, the total amount of DNA per cell in NAL-treated cells was 
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less than in the untreated cultures (Fig. 5G, V; Fig. 6G, V) and Z-ring formation 

and cell division were completely inhibited (Fig. 3C, F). 

3.2.2  RDZ is independent of the SulA protein. 

Although SulA is expressed in lexA1 strains upon DNA damage by UV 

irradiation (Slilaty and Little 1987, Courcelle et al. 2001), we tested the possibility 

that replication inhibition might cause SulA protein overproduction, and, 

therefore, Z-ring inhibition by a mechanism independent of LexA inactivation.  

However, eliminating the SulA protein did not eliminate the Z-ring inhibition. 

Synchronization of replication and cell division in the ΔsulA 

derivative by temperature shifts.  The Ts dnaC28 ΔsulA strain JC162 grew 

exponentially at 28°C in GYC5 very similar to the dnaC(Ts) lexA+ and lexA1 

strains.  The generation time was about 155 min, most cells (69.8%) contained 

one replicating chromosome (although 23.6% contained one non-replicating 

chromosome and the remainder contained four origins), the average number of 

origins/cell was 1.89, and 24.2% of the cells had Z-rings (Fig. 1D, Fig. 10A, -120 

min). 

When the dnaC(Ts) ΔsulA strain was shifted to 42°C, the mass doubling 

rate increased to approximately 100 min (as did that of the dnaC(Ts) parent 

strain JC112) (Figures 10A, c.f. 4A).  Replication initiation was inhibited, residual 

division (during 120 min) increased the cell number by 70% (Fig. 10A), and like 

the sulA+ parents, the MCM increased about 30%.  The vast majority of cells 

(78.5%) contained 1 completed chromosome, 19.4% of the cells contained 2 



 

completed chromosomes and the average origins/cell was 1.25 (Fig. 11A, I).  

The percentage of cells with Z-rings decreased from 24.2 to 12.9 (Fig. 10A). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 10 Z-RING FORMATION AND CELL DIVISION INHIBITION WHEN REPLICATION 

WAS INHIBITED BY HU IN A SYNCHRONIZED SOS-INDUCIBLE BUT ΔSULA STRAIN 

(JC162).  (A) The dnaC(Ts) ΔsulA strain was grown exponentially at 28°C and 
shifted to 42°C for 120 min, and shifted back to 28°C at 0 min.  (B) HU was 
added to a portion of the culture at 15 min (arrow) after the shift back to 28°C.  
Absorbance (Diamonds), cell number (Squares) and the percentage of cells with 
visible Z-rings (Triangles) were determined.  All values were normalized to 1, 
which represents A600 = 0.198, cell number = 2.49x108 and the percentage of 
cells with visible Z-rings = 12.9%.  The values are the result of one experiment. 
Cell counts were determined in 4 independent samples of the culture. Error bars 
of +/- 1 standard deviation were added only to critical time points to maintain 
clarity. 
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FIGURE. 11.  CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSULA STRAIN (JC162) during 
incubation at 42°C, synchronized growth and replication inhibition by incubation in 
hydrxoxyurea.  The cells were processed as described in the Fig. 5 and analyzed by flow 
cytometry.  Cells after 120 min at 42°C (Time 0)  were fixed directly (A) or after runout (I).  Cells 
were sampled 15, 60, 100, 120, 150, 180 or 240 min after reducing the temperature to 28°C and 
fixed directly (B-H) or stained after runout (J-P).  Cells from the HU-treated cultures were 
sampled at 60, 100, 120, 150, 180 and 240 min and fixed directly before staining (Q-V). 
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Figure 11 continued.  Chromosome and oriC content of the dnaC(Ts) ΔsulA strain (JC162) 
during incubation at 42°C, synchronized growth and replication inhibition by incubation in 
hydrxoxyurea.  The cells were processed as described in the Fig. 5 and analyzed by flow 
cytometry.  Cells after 120 min at 42°C (0 min after shift to 28°C)  were fixed directly (A) or after 
runout (I).  Cells were sampled 15, 60, 100, 120, 150, 180 or 240 min after reducing the 
temperature to 28°C and fixed directly (B-H) or stained after runout (J-P).  Cells from the HU-
treated cultures were sampled at 60, 100, 120, 150, 180 and 240 min and fixed directly before 
staining (Q-V). 

 
 

 68



 

 69

After reducing temperature to 28°C, replication initiated quickly and by 15 

min, 69% of the single-chromosome cells and 47.3% of the two-chromosome 

cells initiated (53.7% and 13.1% the of total population, respectively) (Fig 11B, J).   

Between 40 (not shown) and 100 min there was a significant increase in three- 

and four-origin cells, accounting for ~56% of all cells (Fig 11B, C, D, J, K, L), a 

somewhat greater fraction than observed in the sulA+ cultures.  Moreover, 

average DNA content per cell reached a maximum of about 2 fold at 120 min and 

decreased to 1.6 and 1.2 (relative to cells after two hours at 42°C) by 150 min 

and 240 min, respectively (Fig 11E, F, G, H). 

The synchronous replication initiation allowed for synchronous formation 

of Z-rings.  By 100 min about 49.1% of the cells had Z-rings.  This fraction 

remained high until 120 min but declined to about 30.7% by 150 min and to 

21.4% by 180 min (Fig 10A, Fig 12A, B and Table 6B). 

Division began at about 120 min, doubling the cell number by 180 min, 

which increased a total of 2.8 fold by 240 min (Fig. 10A).  The MCM steadily 

increased, reaching a maximum between 100 and 120 min at which time the 

MCM was approximately 1.8 fold relative to cells after 120 min at 42°C.  By 150 

min, MCM had dropped to 1.32 and continued to decline to 0.96 by 240 min, 

indicative of cell division (Table 6B).  The corresponding increase in cell number 

and decrease in MCM are consistent with a synchronously dividing culture.  

Moreover, these divisions, by 150 min, diminished all four-origin-cells by half with 

a corresponding 2 fold increase in two-origin-cells (Fig 11L, M, N).  By 240 min 

the average origin per cell was reduced to 2.1 as most cells contained one 



 

replicating chromosome and the culture resembled exponentially growing cells 

(Fig 11H, P and Fig 1C) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 12. Z-RINGS OF SYNCHRONIZED DNAC(TS) ΔSULA (JC162) CELLS, prepared 
and visualized as described in Figure 8.  Cells analyzed at 120 min without HU 
(A), and with HU (added at 15 min) (C).  Cells analyzed at 180 min without HU 
(B), and with HU (added at 15 min) (D). 
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Hydroxyurea interruption of replication prevented Z-ring formation 

and cell division in the dnaC28(Ts) ΔsulA strain.  15 min after the return to 

permissive temperature, replication was inhibited in a portion of the culture by 

addition of HU.  Although growth continued, Z-ring formation and cell division 

were inhibited, similar to the sulA+ strains.  Growth continued although replication 

was inhibited, and absorbance increased 1.9 fold by 240 min, compared to 2.3 

fold in the non-HU treated culture (Fig 10B).  Replication was inhibited (Fig 11Q-

V), although the peaks broadened, as observed in the HU-treated dnaC(Ts) 

lexA+ and lexA1 cultures (Fig 5, 6).  Z-rings decreased from the 12.9% when cells 

were returned to permissive temperatures to 8.2% by 40 min (25 min after adding 

HU) and down to 5.3% by 60 min and remained constant (between 5 and 7%) 

during the 240 min incubation (Fig 10B and Fig 12C, D and Table 6C). 

The results of our measurements of continuing growth (by absorbance) 

and cell division inhibition (by particle counting) were corroborated by calculation 

of the MCM, which increased during 240 min (225 min with HU) 1.88 fold 

(relative to cells incubated 120 min at 42°C) (Table 6C).  In summary, this 

experiment rules out the possibility that SulA protein, induced by a mechanism 

other that LexA cleavage, inhibits Z-ring formation after HU treatment. 

3.2.3  RDZ Z-ring Formation Is Independent of SlmA Protein-Mediated 

Nucleoid Occlusion. 

Because the SlmA protein inhibits Z-ring formation in the vicinity of the 

nucleoid(Bernhardt and de Boer, 2005; Tonthat et al., 2011), its possible role in 



 

Z-ring inhibition during replication inhibition was tested.  The ΔslmA mutation had 

no significant effect on growth at permissive temperature, on synchronization 

after temperature shifts, or on Z-ring/cell division inhibition after HU addition. 

Exponential growth and synchronization of replication and cell 

division in the dnaC28(Ts) ΔslmA mutant and its lexA1 derivative by 

temperature shifts.  The dnaC(Ts) ΔslmA lexA+ (JC135) and dnaC(Ts) ΔslmA 

lexA1 (JC235) strains grew at 28°C in GYC5 medium very similarly to their slmA+ 

counterparts. Their generation times were 155+5.7 and 153+3.5 respectively, 

and they contained an average of 1.92 and 1.91 origins per cell, respectively, 

when the absorbance was 0.2 (Table 6A and Fig 1E, F).  The two strains had 

approximately 20% Z-rings, comparable to the smlA+ strains (Table 6A).  The 

dnaC(Ts), ΔslmA, lexA+ (JC135) and dnaC(Ts), ΔslmA lexA1 (JC235) strains, 

however, were slightly larger (on the average), at 3.73 + 1.39 and 3.55 + 1.41 μm 

in length, respectively, than their slmA+ counterparts both of which were 

approximately 3 μm in length. 

These ΔslmA strains were synchronized for replication, Z-ring formation 

and cell division (Fig 13A, C) by temperature shifts as described in (Fig. 3).  

Upon shifting to 42°C the growth rate increased to mass doubling times of about 

100 and 110 min for the laxA+ and lexA1 strains, respectively, consistent with the 

100 min mass doubling time of the slmA+ counterparts.  Replication rounds in 

progress went to completion and residual cell division continued so that by 120 

min at 42°C, most cells contained one complete, non-replicating chromosome 

(average oriC contents of 1.18 and 1.21 in the ΔslmA lexA+ and ΔslmA lexA1 
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strains, respectively.  As residual division occurred, the fraction of cells with Z-

rings decreased to about 13.5% in both cultures, consistent with the slmA+ cells 

(Table 6A).
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FIGURE 13.  Z-RING FORMATION AND CELL DIVISION INHIBITION WHEN REPLICATION IS INHIBITED BY 

HU IN SYNCHRONIZED ΔSLMA MUTANTS. SOS-inducible strain dnaC(Ts) ΔslmA lexA+ strain 
(JC152) (A, B) and the SOS-non-inducible dnaC(Ts) ΔslmA lexA1 strain (JC252) (C, D) were 
grown exponentially at 28°C and shifted to 42°C for 120 min.  The cultures were shifted back to 
28°C at 0 min.  Absorbance (Diamonds), cell number (Squares) and the percentage of cells with 
visible Z-rings (Triangles) were determined.  Normalized value 1 in A and B represents 
absorbance = 0.213, cell number = 1.9 X 10e8 and the percentage of cells with visible Z-rings = 
13.4.  For C and D, 1 represents absorbance = 0.198, cell number = 9.9 X 10e7 and percentage 
of cells with visible Z-rings = 13.9.  The values are the averages of 3 experiments and error bars 
of +/- 1 standard deviation were added only to critical time points to maintain clarity
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Replication initiation resumed when the temperature was reduced to 28°C 

and both dnaC28 ΔslmA lexA+ (JC135) and dnaC28 ΔslmA lexA1 (JC235) 

strains behaved similar to their slmA+ parent strains.  Within 15 min, the average 

origins per cell were 1.79 and 1.89 in the two strains, respectively.  In the lexA+ 

culture 69.6% of single-chromosome cells and 47.3% of two chromosome cells 

initiated within the first 15 min (54.3 and 7.7% of the total population, 

respectively) (Fig 14A, B, G, H).  In the lexA1 strain 64.7% of one chromosome 

cells and 24.3% of two chromosome cells initiated (52.7 and 3% of total 

population, respectively)( Fig 15A, B, G, H).  Similar to the slmA+ strains, the 

ΔslmA strains completed the first round of replication by about 80 to 100 min 

(data not shown) however, the second initiation included fewer cells and resulted 

in an increase of four-origin cells to 15-20% of the cultures (Fig. 14J and  Fig. 

15J) compared with ~35 to 40% in the slmA+ parents (Fig. 5M and Fig. 6M) 

During synchronous growth, Z-rings and cell division of the dnaC28 

ΔslmA lexA+ (JC135) and dnaC28 ΔslmA lexA1 (JC235) strains followed the 

same general pattern observed in the slmA+ parent strains.  In both ΔslmA 

strains, Z-ring formation remained fairly constant (13-16%) shortly after returning 

to permissive temperature and, at about 80 min, began increasing, reaching a 

maximum of about 45% at 100 to 120 min after which time the percentage of 

cells with rings declined rapidly (Fig 13A, C; Fig 16; Fig 17; and Table 6B).  MCM 

doubled by 120 min relative to exponential cells (not cells after 2 hours at 42°C) 

in both cultures and then decreased roughly 30% by 240 min (Table 6B).  

 75



 

 76

Accordingly, cell number remained constant in both cultures for the first 100-120 

min, after which both strains increased in number, doubling between 150 and 

180 min (Fig 13A, C). 
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FIGURE 14. CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSLMA SOS-INDUCIBLE LEXA+ 

STRAIN (JC152) during synchronized growth and replication inhibition by hydrxoxyurea 
(described in figure 2).  The cells were processed as described in the Fig. 5.  Cells after 120 min 
at 42°C  (Time 0) were fixed directly before staining (A) and after runout (G).  Cells were 
sampled 15, 60, 120, 180 or 240 min after reducing the temperature to 28°C and fixed directly 
before staining (B-F) and stained after runout (H-L).  Cells from the HU-treated (M-P) culture 
was sampled at 60, 120, 180 and 240 min and fixed directly before staining. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 15. CHROMOSOME AND ORIC CONTENT OF THE DNAC(TS) ΔSLMA SOS-NON-INDUCIBLE 

LEXA1 STRAIN (JC252) during, synchronized growth and replication inhibition by hydrxoxyurea 
(described in figure 2).  The cells were processed as described in the Fig. 5.  Cells after 120 min 
at 42°C  (Time 0) were fixed directly before staining (A) and after runout (G).  Cells were 
sampled 15, 60, 120, 180 or 240 min after reducing the temperature to 28°C and fixed directly 
before staining (B-F) and stained after runout (H-L).  Cells from the HU-treated (M-P) culture 
was sampled at 60, 120, 180 and 240 min and fixed directly before staining. 
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5

RINGS OF SYNCHRONIZED 

FIGURE 16. Z-RINGS OF SYNCHRONIZED 

DNAC(TS) Δ MA (JC1 2) CELLS, prepared 
and visualized as described in Figure 8.  
Cells analyzed at 120 min without HU (A), 
and with HU (added at 15 min) (C).  Cells 
analyzed at 180 min without HU (B), and 
with HU (added at 15 min) (D). 
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F
DNAC(TS) ΔSLMA LEXA1 (JC252) CELLS, 
prepared and visualized as described in 
Figure 8.  Cells analyzed at 120 min 
without HU (A), and with HU (added at 15 
min) (C).  Cells analyzed at 180 min 
without HU (B), and with HU (added at 15 
min) (D).  The inset (C) shows rare Z-ring 
forming events either next to or over a 
nucleoid. 
 
 



 

Inhibiting replication by hydroxyurea prevented Z-ring formation and 

cell division in both the ΔslmA lexA+ and ΔslmA lexA1 strains.  Addition of 

HU 15 min after the temperature was reduced to 28°C interrupted replication in 

both the dnaC28(Ts) ΔslmA SOS-inducible strain (JC135) and dnaC28(Ts) 

ΔslmA  SOS-non-inducible lexA1 (JC235) strain and the effects on growth, Z-ring 

formation, and cell division were similar in both strains to the effect of HU on the 

slmA+ parents. 

Growth continued in both cultures and absorbance increased 2.1 and 2.0 

fold in the ΔslmA lexA+ and ΔslmA lexA1 cultures (Fig 13B, D), compared to 2.6 

and 2.2 in the untreated cultures.  DNA content changed little after HU addition 

(Fig 14; Fig 15).  Z-ring formation and cell division were suppressed.  By 60 min 

(45 min after HU addition), the fraction of cells with Z-rings had decreased from 

about 13% to about 8% in both strains.  However, a small, and delayed (relative 

the untreated cultures), increase in Z-ring frequency occurred at about 150 min 

(Fig 13B, D; Fig 16; Fig 17; Table 6C).  Of the Z-rings observed nearly all had 

formed between separated nucleoids.  Therefore, the SOS-independent inhibition 

of Z-ring formation which occurs when replication is blocked is also independent 

of the SlmA protein.  

3.2.4  Is Transcription An Effecter of RDZ? 

Inhibiting transcription did not reverse the SOS- and SlmA-

independent Z-ring block (i.e., did not allow Z-ring formation after 

replication inhibition).  The early model of Nucleoid Occlusion proposed that Z-
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rings do not form over replicating nucleoids because of steric inhibition caused by 

the coupled transcription, translation and insertion of transmembrane proteins 

(Woldringh et. al., 1994, Sun and Margolin, 2004).  Sun and Margolin (2004) 

reported that midcell Z-rings formed (over nucleoids) when transcription was 

inhibited, (by rifampicin or Ts sigma 70) but they did not form when translation 

(chloramphenicol) or membrane insertion (Ts translocon) was inhibited.  They 

concluded that Z-ring formation over nucleoids is prohibited by a mechanism 

which involves transcription but not coupled translation/transertion.  That is, Z-

ring formation over nucleoids was inhibited even when translation/transertion was 

inactive.  However, inhibition of transcription by either mechanism resulted in 

nucleoid decondensation (which did not occur after the other treatments) and 

they could not rule out the possibility that decondensation of the nucleoids 

allowed Z-ring formation (over the nucleoid). 

In addition, other studies showed that mukB mutants have relaxed 

chromosomes and divisions sometimes occured adjacent to, or over nucleoids 

forming some anucleate cells and nucleoid-guillotined cells (Sawitzke and Austin, 

2000, Hiraga et al., 1991, Jaffé et al., 1997).  This supports the idea that 

chromosome relaxation, and not transcription inhibition, may have allowed Z-ring 

formation over the nucleoids in the Sun and Margolin study.   

We asked if ongoing transcription prevented Z-ring formation when DNA 

polymerization is blocked.  Under the conditions of HU treatment of slowly 

growing cells, nucleoids were not decondensed (i.e., most cells contained one 

compact non-replicating nucleoid near the center).  We, therefore, took 
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advantage of these conditions to test if the blocking of Z-ring formation, which 

follows replication inhibition, is the result of transcription.  If so, the addition of 

rifampicin after blocking DNA polymerization might be expected to relieve the Z-

ring block and allow more cells to form Z-rings. 

 As a control, we first tested the effect of rifampicin on synchronized 

cultures replicating normally.  dnaC(Ts) and dnaC(Ts) ΔsulA strains JC112 and 

JC162 were synchronized by transient temperature shifts (as described in Fig. 3).  

At 60 min (i.e., 60 min after reducing temperature) rifampicin was added to 

portions of the culture and Z-ring formation was analyzed at 120 min (i.e., the 

time at which untreated cultures form Z-rings, see Fig. 3).  Under these 

conditions, rifampicin had no detectable effect.  The nucleoids were not 

decondensed and Z-rings were formed in both cultures in about 40% of the cells 

and all were located between segregated nucleoids.  Therefore, blocking 

transcription during replication did not inhibit Z-ring formation after replication 

was completed.   

 Second, we tested the effect of rifampicin on synchronized cells of these 

strains in which replication was blocked.  HU added 15 min after temperature 

reduction blocked further polymerization and Z-ring formation, as expected, but 

did not cause nucleoid decondensation.  Greater than 60% of the cells contained 

one central compact nucleoid (<1.7 μm in length) but Z-rings were visible in only 

7-9% of the cells (at 120 min).  Therefore, in this specific situation of blocking of 

Z-ring formation by replication inhibition and adding rifampicin 60 min after 



 

reducing the temperature, we conclude that ongoing transcription is not the basis 

for blocking Z-ring formation. 
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3.3  REPLICATION DEPENDENT Z-RING FORMATION DOES NOT ALLOW Z-RING 

FORMATION IN RAPIDLY GROWING CELLS WHEN DNA POLYMERIZATION IS BLOCKED 

BY TEMPERATURE SHIFT OF DNAE(TS) MUTANTS. 

3.3.1  RDZ Functions Independently of Both SOS and the SlmA Protein in 

Rapidly Growing Cells. 

To explore the generality of RDZ, we tested the effect of inhibiting 

polymerization in cells growing with multifork replication on Z-ring formation and 

cell division.  Temperature sensitive dnaE mutants were grown at 28°C in LB 

medium and shifted to 42°C to inhibit polymerization abruptly.  To test the effect 

of eliminating SOS and the SlmA protein, we tested dnaE(Ts) ΔslmA lexA+ and 

dnaE(Ts) ΔslmA lexA1 strains (Table 2). 

Rapid Growth of dnaE(Ts) strains with multifork replication at 

permissive temperature.  Cultures of the dnaE(Ts) ΔslmA lexA+ and dnaE(Ts) 

ΔslmA lexA1 strains (JC135 and JC235) were grown about 7 generations at 

28°C until the absorbance reached 0.1, at which time the cells contained mostly 

2 or 4 replicating chromosomes and an average of 5.7 and 5.5 origins/cell, 

respectively.  60% of these cells contained a single Z-ring (Fig 18A, D).  As the 

absorbance increased above 0.1 the growth rate slowed and the number of Z-

rings/cell increased (Fig. 18B, E), possibly reflecting the transition from 

exponential growth to the stationary phase.  However, the percentage of cells 

with Z-rings remained essentially constant (Fig 19C, G). 
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FIGURE 18. Z-RINGS IN RAPIDLY GROWING CELLS AND Z-RING INHIBITION WHEN 

REPLICATION IS PERTURBED IN THE DNAE(TS) SLMA LEXA+ STRAIN (JC135) AND THE 

DNAE(TS) SLMA LEXA1 STRAIN (JC235).  Cells growing exponentially at 28°C in LB 
medium were sampled at A600 = 0.1 (Time = 0), 120 min later, and after 120 min 
of incubation at 42°C.  Strain JC135 at time 0 (A), 120 min at 28°C, (B) and 120 
min at 42°C.  Strain JC235 at time 0 (D), 120 min at 28°C (E), and 120 min at 
42°C. 
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FIGURE 19. REPLICATION INHIBITION (BY TEMPERATURE SHIFT) IN FAST GROWING DNAE(TS) ΔSLMA 

LEXA+ STRAIN (JC135) (A-D) AND DNAE(TS) ΔSLMA LEXA1 STRAIN (JC235) (E-H), causes inhibition 
of Z-ring formation and cell division.  The strains were grown exponentially in LB media and a 
portion of the cultures shifted to non-permissive temperature (at A600 = 0.1) to block DNA Pol III 
function.  A600 (Diamonds), Z-rings (Triangles), Cell number (Squares) and MCM (Circles) were 
monitored at 28°C (A, C, E, G) and 42°C (B, D. F, H).  Normalized value 1 in A, B, C and D 
represents absorbance = 0.152 cell number = 1.9x107 and the percentage of cells with visible Z-
rings = 59%.  For parts E, F, G, and H, 1 represents absorbance = 0.105, cell number = 
2.56x107 and the percentage of cells with visible Z-rings = 60%.  The standard deviations of the 
cell number determinations averaged 3.7 and 2.6% in panels B and F, respectively. 

 86



 

Blocking polymerization during multifork replication blocks Z-ring 

formation.  Portions of the cultures were shifted to 42°C, when the absorbance 

was 0.1, to stop replication abruptly (Wechsler and Gross, 1971).  As measured 

by absorbance, growth rate increased briefly and then slowed (Fig 19B, F).  

Residual cell division continued for approximately one hour increasing the cell 

number 1.6 +/- 0.1 and 2.8 +/- 0.2 fold in the lexA+ and lexA1 cultures, 

respectively.  The percentage of cells with Z-rings, however, decreased 

immediately after the temperature shifts from 60% down to the background level 

of 10-13% by 30 min at 42°C.  Continuing growth produced long filaments and 

increased cell mass (Fig. 18C, F and Fig. 19B, D, F, H).  The more restrictive 

limitation of division in the lexA+ culture presumably indicates that the SOS 

system was more efficient than the SOS-independent mechanism in these 

conditions (Fig. 19B, F). 

3.3.2  The RDZ Mechanism Acts Distinctly from The SulA Mechanism of 

FtsZ Inhibition.   

The SOS-independence of RDZ was further illustrated by shifting a 

dnaE(Ts) sulB103(ftsZ103) double mutant to 42°C.  The SulB103(FtsZ103) 

mutant protein is refractory to SulA (Bi and Lutkenhaus, 1990; Mann and 

Sandler, 2004) and it might be imagined that an inhibitor of Z-ring formation, 

other than SulA, could be induced by replication inhibition and act on FtsZ to 

inhibit Z-ring formation analogous to SulA.  However, both the dnaE(Ts) and 

dnaE(Ts) sulB103(ftsZ103) strains were inhibited in cell division by shifting to 
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42°C (Fig. 20A, B).  Again, the SOS dependent system was apparently more 

efficient, limiting the cell number increase to 1.2 x in the former strain.  When the 

SOS regulon was non-functional (dnaE(Ts) sulB103), the residual increase was 

2.8 x. 
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FIGURE 20.  INHIBITION OF REPLICATION BY INACTIVATION OF THE TEMPERATURE 

SENSITIVE DNA POLYMERASE DNAE(TS) MUTANTS CAUSES CELL DIVISION INHIBITION 

EVEN WHEN CELLS CONTAIN THE SULA-REFRACTORY ALLELE SULB103(FTSZ103).  
Strains were grown exponentially and shifted to 42°C to inhibit DNA replication 
(A) dnaE(Ts) sulB+ strain JC137, (B) dnaE(Ts) sulB103/ftsZ strain (JC138).  A600 
(Diamonds), Cell length (Triangles), Cell number (Squares) and OD/Cell # 
(Circles) were monitored at 42°C.  Normalized value 1 in A represents 
absorbance = 0.064 cell number = 1.61x107 and the average cell length = 4.1 
μm.  In part B, 1 represents absorbance = 0.072 cell number = 8.98x106 and the 
average cell length = 5.3 μm. 
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Chapter 4  Discussion 

To simplify statistical analysis of Z-ring formation and to eliminate cell 

division signals which might have originated in a preceding cell cycle, we used a 

Ts dnaC mutant defective in replication initiation to synchronize replication and 

grew it in a medium which supported only one replicating chromosome per cell.  

Blocking DNA replication by inhibitors (HU and NAL) with different targets 

resulted in inhibition of Z-ring formation and the cell division, which normally 

would have followed replication, by a mechanism independent of SOS induction 

and of the nucleoid occlusion protein SlmA.  This coupling mechanism also was 

not dependent on SulA protein induced by some event other than LexA repressor 

inactivation.  Moreover, this mechanism operates also in cells growing in 

enriched medium with multifork replication after inhibition of polymerization by 

shifting a Ts mutant defective in the DNA polymerase III polymerizing subunit to 

non-permissive temperature. 

4.1  INHIBITOR TARGETS.   

HU is thought to have only one target, the aerobic ribonucleotide 

reductase, such that dNTP pools are depleted and replication forks stall (Fuchs 

and Karlstrom, 1973, Kren and Fuchs, 1987; Sneeden and Loeb, 2004).  Long 

term HU treatment leads to cell death, the result of hydroxyl radical formation 

(Davies et al., 2009).  Nalidixic acid (NAL) and other quinolones inhibit 

topoisomerases (Gellert et al., 1977; Sugino et al., 1977; Snyder and Drlica, 



 

1979; Chen et al., 1996), resulting in a loss of negative supercoils in front of the 

replication fork resulting in blocked replication forks (Chen et al., 1996; Pohlhaus 

and Kreuzer, 2005) and eventually leads to double strand breaks (reviewed in 

Drlica and Zhao, 1997).  Although NAL has been reported to inhibit radioactive 

label incorporation into DNA quickly and completely (e.g., Goss et al., 1965), 

under the conditions used for this work, it slowed DNA synthesis, but did not 

inhibit it completely.  Nontheless, the slowing of replication was sufficient to 

inhibit Z-ring formation and cell division. 

4.2  SOS INDEPENDENCE.   

Although this study involved treatments which induce the SOS response 

– incubation of the Ts initiation dnaC and polymerization dnaE486 mutants at 

non-permissive temperature (Løbner-Olesen et al., 2008, Hishida et al., 2004) 

and both inhibitors, HU (Barbe et al., 1987; Davies et al., 2009) and NAL (Gudas 

and Pardee, 1976; Drlica and Zhao, 1997) – the inhibition of Z-ring formation and 

cell division were not the result of SOS induction as shown by the use of SOS 

non-inducible lexA1 (Howard-Flanders and Boyce, 1966; Lin and  Little, 1988; 

Mellies et al., 2007) derivatives of all strains.  Moreover, replication inhibition 

blocked Z-ring formation and cell division in a mutant with a null mutation in sulA, 

indicating that SulA overproduction by some means other than LexA inactivation 

was not responsible for the Z-ring formation inhibition.  
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4.3  EFFICIENCY OF THE SOS-INDEPENDENT MECHANISM.   

In the experiments reported here, derivatives of the “wild-type” strain 

MG1655 growing with a generation time of about 150 min, the SOS- and SlmA-

independent division inhibition was as efficient as the SOS mechanism.  Nearly 

every cell was inhibited from dividing.  However, in earlier reports, the SOS-

independent mechanism was not as efficient as the SOS system, possibly the 

result of growth of cells in richer media and/or the use of slmA+ strains.  (A)  

Howe and Mount (1975) first demonstrated that lexA+ cells growing in glucose 

medium but starved for thymidine (which causes SOS induction (Devoret and 

Blanco, 1970; Little and Hanawalt, 1977; Sassanfar and Roberts, 1990; Kuong 

and Kuzminov, 2010)) stopped division and grew into filaments; if the cells were 

LexA-non-inducible, division was also inhibited and filaments formed.   In the 

SOS-inducible culture, essentially all the starved cells grew into filaments;  in the 

SOS-non-inducible mutant, about 50% divided during starvation, sometimes 

producing DNA-less short cells,  and the remainder formed filaments. (B) The 

SOS independence of a secondary mechanism was shown also by the fact that 

thymine starvation blocked division in a sulA and sulB114 mutants (Huisman et 

al., 1980a).  Those thyA cells were grown in glucose and Casamino acids 

medium and starved for thymine; cell division was inhibited immediately in the 

sul+ culture;  the inhibition in both the sulA and sulB mutants was delayed about 

30 min and the total percentage of filamentous cells reached 65-70 that in the 

SOS-inducible culture.  The sulB114 allele is now known as ftsZ114 which is 

refractory to SulA protein (Bi and Lutkenhaus, 1990). (C)  Filamentous growth 



 

resulted also after UV irradiation in sulA and sulB114 mutants and during 

incubation of a Ts dnaB polymerization sulB114 mutant at high temperature 

(Huisman et al., 1980b), although the data and culture conditions were not 

shown.   Burton and Holland (1983) confirmed those observations about UV 

irradiation; in the sul+ strain growing in glucose medium, only 5-10% of the 

irradiated cells divided; in the sulA and B mutants, residual division continued for 

at least 15 min during which time 25-40% of the irradiated cells divided.  (D) NAL 

added to cells growing in glucose-Casamino Acids medium with a generation 

time of 40 min also inhibited cell division by two pathways.  The SOS-dependent 

pathway slowed division within minutes and stopped it completely within 15 min; 

the SOS-independent pathway  was effective only after about 20 min of normal 

cell division (Burton and Holland, 1983).  (E) Jaffé et al. (1986) showed that a 

sulA mutant growing in Glucose-Casamino acids (0.4% of each) medium 

responded to blocking replication initiation (by incubation of Ts dnaA and dnaC 

mutants at non-permissive temperature) or polymerization (thymine starvation or 

incubation of a Ts dnaB mutant at non-permissive temperature) by stopping cell 

division.  Even in the absence of active SulA protein, all methods used to block 

replication also blocked cell division.  However, the SulA-independent division 

inhibition was not complete; inhibiting polymerization allowed a 2.5X increase in 

total cell number and inhibiting initiation a 4-5X increase.  In each condition, 

residual division produced some normal-size, DNA-less cells (as observed also 

by Howe and Mount, 1970).   In the experiments involving Ts initiation mutants, 

residual division of cells which completed replication during the high-temperature 
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incubation would have been expected.  Residual division would have been 

expected also after stopping polymerization, but to a lesser extent than in the Ts 

initiation mutants.  (F) Wild-type and ΔsulA strains growing in LB broth with a 

generation time of 30 min were inhibited in cell division after UV; the residual 

division in the ΔsulA mutant was about twice the level of residual division in the 

wild-type strain (Rudolph et al., 2007).   

4.4  REPLICATION - FTSZ TRANSCRIPTION LINK?   

Two reports suggest that the SOS-independent inhibition of cell division 

after treatments which inhibit replication results from decreased ftsZ (or other cell 

division gene) transcription and a resulting decrease in FtsZ protein.  First, Liu et 

al. (2001) investigated the SOS-independent coupling of replication and division 

by testing the effect of NAL or thymine starvation on ftsZ transcription in 

sulA::Tn5 or recA::cat mutants.  The latter is non-inducible for the SOS regulon.  

ftsZ is located in the mra cluster of principal cell envelope and division genes 

which are expressed from several promoters (Flärdh, et al., 1997).  ftsZ-lacZ 

fusions were inserted into the chromosomal ftsZ gene, in one case subject to all 

the mra promoters, in another subject only to the promoters located within the 

three genes immediately upstream of ftsZ, and the specific activity of β-

galactosidase assayed as a measure of ftsZ transcription after treatment of 

sulA::Tn5 or recA::cat strains with NAL.  The specific activity decreased rapidly to 

about one-quarter of the control level.  Thymine starvation of a recA::cat mutant 

also reduced ftsZ transcription, although only to about one-half the control. The 
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authors predicted that, during normal growth, completion of replication stimulates 

transcription of cell division genes in the mra region and that blocking replication 

prematurely did not permit the stimulation with the result that reduction of mra 

transcription to a quarter or half its normal level was enough to reduce the FtsZ 

(or other cell division protein) concentration below that needed for septum 

formation.  However, the authors did not measure FtsZ concentration or observe 

Z-rings directly.  

 Second, Davies et al. (2009) reported that, although HU-inhibition of 

replication fork movement results in SOS induction (as reported also by Barbe et 

al., 1987) and filamentous growth, cell division was also inhibited in a ΔsulA 

strain.  HU treatment significantly decreased expression of four genes of the mra 

cluster (ftsZ, zipA, ftsQ and rcsB) within one hour in cells growing in glucose 

medium, measured by microarray analysis,  and the level of FtsZ protein 

decreased by 1.3 fold in the SOS-inducible strain MC4100.  Z-ring formation was 

not observed in that strain after one hour of HU treatment.  The authors suggest 

that decreased expression of ftsZ and possibly other septum assembly genes is 

sufficient to perturb normal septum formation.  

 However, the model of replication-dependent ftsZ transcription probably is 

not adequate to explain the complete, SOS- and SlmA protein-independent 

inhibition of Z-ring formation observed in this work.  First, FtsZ concentration is 

significantly higher than that required for Z-ring formation.  Its 10 μM 

concentration (Margolin, 2005) is ten-fold over the 1 μM critical concentration 

required for polymerization in vitro and three-fold over the estimated 3 μM critical 
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concentration required for Z-ring formation in vivo (Dajkovic and Lutkenhaus, 

2006).  Second, Weart and Levin (2003) demonstrated that the FtsZ 

concentration is constant, per unit amount of protein, in both E. coli and B. 

subtilis over a wide range of growth rates and a three-fold difference in Z-ring 

formation frequency.  Third, the ftsZ transcription inhibition model is not 

consistent with the fact that inhibiting initiation in Ts dnaA or Ts dnaC mutants, 

known to cause SOS-independent Z-ring formation inhibition (Jaffé et al., 1986), 

caused a two-three fold increase in ftsZ transcription (Smith et al., 1996; Liu et 

al., 2001).  However, Smith et al. (1996) and Liu et al. (2001) did not report FtsZ 

protein concentrations.  Fourth, Palacios et al., (1996) demonstrated that a 1.25 

fold decrease in FtsZ protein levels did not alter ability to divide.  FtsZ also 

appears to be protected against degradation possibly contributing to its high 

concentration (Srinivasan and Ajitkumar, 2007), and promoting the idea that each 

unit would be used in multiple division cycles causing FtsZ-ring formation not to 

be strictly dependent on fluctuating ftsZ transcription.  Therefore, any mechanism 

linking FtsZ transcription and DNA synthesis is not likely to effectuate adequate 

or immediate control of Z-ring assembly required from cell cycle to cell cycle.  

There exists a possibility, however, that the connections between transcription 

and replication may be part of a longer term adaptation to changes in the 

environment because FtsZ cellular concentrations seem relatively stable. 
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4.5  ADDITIONAL MECHANISMS FOR COORDINATION OF REPLICATION AND CELL 

DIVISION?   

A third mechanism of coupling division to replication was reported after 

DNA damaging treatment by mitomycin C, a DNA alkylating agent which 

crosslinks DNA strands in vitro and in vivo (reviewed by Champeil et al., 2010).  

Hill et al. (1997) demonstrated a LexA-dependent but SulA-independent 

mechanism which prohibited division of a recA441 sulA::Tn5 mutant grown at 

42°C during treatment with mitomycin C.   The recA441 mutant forms filaments at 

41°C because the SOS regulon (including sulA) is constitutively expressed at 

that temperature (Castellazzi et a., 1972; Little et al., 1980).   George et al. 

(1975) had previously reported that sulA or B mutations abolished the 

filamentous growth of the recA441 mutant at elevated temperature, in the 

absence of DNA damage.   

 A somewhat more subtle mechanism linking Z-ring formation, cell division 

and nucleoid partitioning to replication was reported by Kawakami et al. (2001).  

These authors showed that over-production of the initiator protein DnaA 

(Kornberg and Baker, 1992) in a mutant with a Ts mutation in the β-clamp protein 

gene, dnaN (Burgers et al., 1981), resulted in inhibition of Z-ring formation, 

nucleoid partitioning and cell division, at 34°C, a temperature which is normally 

permissive for the Ts dnaN mutant.  Although neither replication nor β-clamp 

regulation of DnaA activity (Katayama et al., 1998)  was significantly inhibited, 

the cells, even if  a sulA::Tn5 null allele was introduced,  grew into filaments 

generally without Z-rings (except for a few near filament poles) and with enlarged 
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nucleoids located near filament centers or expanded throughout the entire cells.  

The authors proposed that, in this unique mutant with a combination of Ts mutant 

β-clamp protein and an over-supply of DnaA protein, the normally coordinated 

action of proteins involved in regulating the cell cycle was disturbed and Z-ring 

formation and cell division were inhibited by a sulA-independent mechanism.   

Interplay of replisome components and topoisomerase IV (Topo IV) affect 

cell division. Topo IV, 402 the product of the parC and parE genes (Kato et al., 

1998; Kato et al., 1990), decatenates daughter chromosomes for partitioning 

(Adams et al., 1992; Peng and Marians, 1993). A Ts parE10 mutant phenotype, 

conditionally defective in partitioning and cell division (Kato et al., 1990; Levine 

and Marians, 1998), is suppressed by over-expression of the wild-type dnaX 

gene (Levine and Marians, 1998), which codes for the τ and γ subunits of DNA 

polymerase III (Kodaira et al., 1983; Mullin et al., 1983). Moreover, a dnaX 

mutant, E145A (Espeli et al., 2003), is defective in suppression of the Ts parE10 

phenotype when over-expressed from a multi-copy plasmid. When introduced as 

a haploid allele into the wild-type chromosome, the dnaXE145A strain grew 

exponentially in rich medium with no (detected) defect in DNA synthesis but 

about 40% of the cells formed filaments with uncondensed nucleoids. This 

phenotype was not observed when the cells were growing slowly in minimal 

medium. These data suggest that an alteration of the replisome, which does not 

significantly affect DNA synthesis, disrupts decatenation during multi-fork 

replication in rapid growth, leading to failure of complete segregation of daughter 

chromosomes and the resulting cell division inhibition. 
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4.6  DOES THE PRESENCE OF INCOMPLETELY REPLICATED CHROMOSOMES 

PHYSICALLY BLOCK Z-RING ASSEMBLY?   

Although nucleoid occlusion  was originally proposed as the consequence 

of replicating nucleoids actively transcribed and translated blocking cell division 

(Mulder and Woldringh, 1989; Woldringh et al., 1990), it seems possible that 

nucleoid occlusion might extend to incompletely replicated nucleoids which could 

explain some or all of the SOS-independent blockages of cell division (see 

above).   In support of this model, the organization and structure of the nucleoid 

are known to affect Z-ring formation (see below).  On the other hand, there are 

reports of Z-ring formation over both (apparently) normal and atypical nucleoids.  

Bernhardt and de Boer (2005) reported that, in a ΔslmA ∆minCDE double mutant 

and in the ΔslmA ∆minCDE mutant with the filamentation defect suppressed by 

growth in minimal medium containing both sugar and Casamino acids or by FtsZ 

over-production, many septal ring structures (and some abnormal Z-structures, 

including arcs, spirals and foci) formed over nucleoids (defined by DAPI staining).  

Although a minor fraction (8-22%), mid-cell Z-rings formed over typical single-

lobed nucleoids of noc+ B. subtilis cells growing from spores under conditions of 

limited replication (Moriya et al., 2010). The fraction increased when ∆noc 

mutants were examined.  Medial Z-rings formed over apparently unsegregated, 

but decondensed, nucleoids of a mukB mutant growing at permissive 

temperature (Sun & Margolin, 1998) although some of those rings had abnormal 

structures.    
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Bernard et al. (2010) reported SOS- and Noc-independent nucleoid 

occlusion of Z-ring formation and cell division in B. subtilis cells in which one 

replication fork was arrested.  Consider first inhibition of replication 

polymerization by 6-(p-hydroxyphenylazo)-uracil (HPUra) or mitomycin C, 

treatments which induce the B. subtilis SOS response (Au et al., 2005:  Goranov 

et al., 2006), including cell division inhibition.  The wild-type Noc protein prevents 

both septal events over DNA (the ∆noc mutant continued to form them over 

DNA) and serves to inhibit cell division if replication is inhibited (the ∆noc mutant 

cell division was inhibited and the cells were longer than normal but not so long 

as the wild-type) (Bernard et al., 2010).  The YneA protein (a divisome assembly 

factor induced by the SOS system and perhaps analogous to E. coli SulA but 

with another mechanism of action (Kawai et al., 2003; Mo and Burkholder, 2010)) 

prevented septation at normal division sites regularly spaced between nucleoids 

(the ∆yneA mutant cells became longer but not so long as wild-type) and also 

between nucleoids and the normal sites (the ∆yneA mutant formed septal 

structures adjacent to nucleoids) (Bernard et al., 2010).   However, arresting one 

fork (creating a roadblock by binding TetR to a tetO array) while replication 

proceeded on the other replichore also inhibited cell division but by a mechanism 

independent of SOS, Noc, and YneA.   After triggering the fork arrest, the wild-

type, ∆noc, ∆yneA, and non-inducible lexA mutants all filamented to 

approximately the same extent.  Under the conditions assayed, more than 80% 

of the cells did form Z-ring-like structures, probably immature or non-functional, 

near a nucleoid edge, but almost never on top of DNA.  This nucleoid occlusion 
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phenomenon was independent of Noc, in contrast to the Noc-dependent nucleoid 

occlusion after replication elongation inhibition.  

4.7  PHYSICAL CHARACTERISTICS OF THE NUCLEOID INFLUENCE Z-RING STRUCTURE, 

POSITION, AND FORMATION IN VARIOUS WAYS.   

mukB::null mutants (Niki et al., 1991) are defective in chromosome 

condensation (Hu et al., 1996, Sawitzke and Austin, 2000), grow into filaments 

and do not form colonies at higher temperature on rich media.  They survive at 

lower temperatures possibly because slowing of the cell cycle allows divisions 

even with insufficient chromosome condensation (Sun and Margolin, 1998).  

Even at 22°C, at which temperature the cells were normal size, apparently 

normal Z-rings were often formed over centrally located, uncondensed nucleoid.  

In addition, some Z-rings were abnormal in shape or location and some 

anucleate cells were formed, some of which contained Z-rings (Sun and 

Margolin, 1998).  At higher temperatures, the number of Z-rings per unit length of 

cell was reduced, suggesting that some relationship between the nucleoid and Z-

ring formation was interrupted in the mukB::null mutant.  These defects were 

largely suppressed by increasing negative superhelicity (by introduction of topA 

mutations) with resulting greater nucleoid compaction (Sawitzke and Austin, 

2000; Sun and Margolin, 2004).  

 In contrast, reduced superhelical density in a gyrase (gyrB) mutant 

incubated at non-permissive temperature and compaction of nucleoids by 

chloramphenicol did not prevent nucleoid occlusion; the vast majority of such 
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cells had acentral Z-rings near nucleoid edges.  Finally, expansion of nucleoids 

to fill the entire cells after rifampin treatment did not prevent Z-ring formation and 

all of them were over the extended nucleoids (Sun and Margolin, 2004).  As 

pointed out by Sun and Margolin (2004), each of the treatments might have 

caused indirect effects, which might explain the different patterns observed.  In 

the case of replication dependent Z-ring formation (RDZ), we observed that 

blocking transcription in cells with a replication block does did not relieve the Z-

ring inhibition caused by the replication inhibition. 

 Bernard et al. (2010) also reported effects of altering the nucleoid 

organization and/or compaction on the SOS- and Noc-independent nucleoid 

occlusion after fork arrest (roadblock) in B. subtilis.  Arresting one fork resulted in 

inhibition of cell division and elongated cells; the residual septation which did 

occur was almost always between well-separated nucleoids.  However, if the 

chromosomes were mildly modified in organization and/or compaction because 

of SMC chromosome condensation complex inactivity, septation events over 

nucleoids and between closely abutting nucleoids were observed in about 25% of 

the cells.  Moreover, the cell division inhibition was partially relieved and the 

distribution of cell lengths was greater than in the wild-type cells. 

4.8  IS THE SOS- AND SLMA-INDEPENDENT COUPLING OF CELL DIVISION TO 

REPLICATION AN ACTIVE PROCESS?   

It is possible that additional DNA-binding proteins, analogous to SlmA, 

function to inhibit Z-ring formation until newly replicated chromosomes have 
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begun segregation.  The combined action of such proteins would constitute a 

checkpoint to maintain the normal, rigorous coupling between replication, Z-ring 

formation and cell division.  The SOS- and SlmA-independent process for 

blocking Z-ring formation if replication is inhibited, as reported here, might be 

explained either by a passive response to the presence of the incompletely 

replicated chromosome at mid-cell or by an active inhibition of Z-ring 

polymerization which could act not only on the FtsZ protein but on its associated 

proteins required for Z-ring formation (e.g., ZipA or FtsA proteins) by an, as yet 

unknown, factor. 
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