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Introduction 
Division is probably one of the most complicated processes that a cell can 

accomplish. In order to divide, a cell has to replicate its DNA, segregate each copy 
of the chromosome to opposite parts of the cell and at the same time it has to 
increase sufficiently in size to accommodate for all the newly synthesized material. 
The cell also has to ascertain that septation does not occur before its DNA has 
replicated and segregated, which raises the question how this is accomplished. 
Another interesting question is how the cell knows where to divide as each division 
results in identical daughter cells. Even though research over the past decades has 
identified many proteins that are involved in cell division in one way or another, 
many pieces of the puzzle are still missing. To gain more insight, model organisms 
such as the rod-shaped Escherichia coli (E. coli, Figure 1-1) are studied extensively. 
With the development of new technology and techniques, science slowly unravels 
the mysteries that surround cell division. In this chapter a brief overview of what is 
currently known about cell division in E. coli is presented.  

 
 

 
 

Figure 1-1. Schematic representation of an E. coli cell. The dots represent ribosomes, the lines 
the nucleoid and the space between the two is the cytoplasm. The cell is surrounded by a cell 
envelope that is comprised of the inner membrane, the peptidoglycan layer and, on the outside, 
the outer membrane. 
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Cell Cycle 
During a cell cycle, the bacterial cell continuously grows by elongation 

(Figure 1-2). When a critical mass is reached, DNA replication is initiated 
(Donachie, 1968) and, simultaneously, each copy of newly replicated DNA is 
segregated into opposite halves of the cell (Nielsen et al., 2007; Wang et al., 2006). 
At some point during DNA replication and segregation, division is initiated, which 
ultimately results into two identical daughter cells.  

According to the Cooper-Helmstetter model (Cooper and Helmstetter, 1968), 
the bacterial cell cycle can be divided into two phases: the C and D period. The C 
period is defined as the amount of time it takes to replicate the DNA once, whereas 
the D period is the time between termination of DNA replication and cell division. 
For E. coli B/r cells with generation times between 20 and 60 min, the C period was 
found to be approximately 41 min and the D period 22 min (Cooper and 
Helmstetter, 1968). Because the C and D period are constant, the only way E. coli 
cells can ascertain that two fully replicated and segregated chromosomes are present 
at the time of division when the generation time is 50 min., is by initiating DNA 
replication during the previous round of division, a process referred to as multifork 
replication. This means that at a mass doubling time of 50 min, DNA replication is 
initiated approximately 10 min before the end of the previous division.  

During the D period, segregation is completed and septation is initiated until 
finally the cell divides. Septation or the synthesis of new cell poles is a process 
regulated by the divisomal proteins and at least some of the penicillin binding 
proteins (see below). 

 

Cell envelope 
Inner and Outer Membrane 

E. coli is a gram-negative bacterium and as such has a cell envelope that is 
comprised of an inner (cytoplasmic) membrane, a peptidoglycan layer and an outer 
membrane (Figure 1-3). The cytoplasmic membrane acts as a hydrophobic barrier 
and consists of a phospholipid bilayer with integral membrane proteins (Kadner, 
1996 and references therein). It regulates the flow of nutrients and metabolic 
products in and out of the cell, regulates energy generation and conservation and is 
involved in transmembrane signalling (Kadner, 1996).  

The outer membrane consists of proteins, phospholipids and 
lipopolysaccharide, organized in an asymmetric lipid bilayer. The outer leaflet of the 
bilayer primarily consists of lipopolysaccharide whereas the inner leaflet is mainly 
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comprised of phospholipids. The outer membrane prevents the release of 
periplasmic components, provides a permeation barrier against antibiotics and other 
harmful agents and allows for the uptake of small components through porins 
(Nikaido, 1996).  

 
 

 
 

Figure 1-2. Schematic representation of cell growth and division. The cell grows by elongation 
and at some point in the cell cycle, division is initiated. During division, the peptidoglycan layer, 
inner and outer membrane are invaginated, which is indicative of the synthesis of new cell 
poles. 

 

Peptidoglycan synthesis 

The peptidoglycan (murein) layer is a large macromolecule that surrounds the 
entire cytoplasmic membrane. It is attached to the outer membrane by covalently 
linked lipoprotein and a few other proteins provide non-covalent interactions 
between the murein layer and the outer membrane (den Blaauwen et al., 2008). The 
peptidoglycan layer is not attached to the cytoplasmic membrane (Nikaido, 1996). 
The purpose of the murein layer is to maintain cell shape and integrity by resisting 
turgor pressure. It consists of a hetero-polymer made of linear glycan strands of 
alternating β 1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 
(MurNAc) residues that are cross-linked by short peptides (Barreteau et al., 2008 
and references therein), thus creating a strong yet flexible mesh with large pores that 
allows for the diffusion of large molecules of up to 50 kDa through the 
peptidoglycan. The synthesis of murein is a complex process involving numerous 
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reactions in the cytoplasm (Barreteau et al., 2008), on the inner membrane and in the 
periplasm (den Blaauwen et al., 2008).  

In the cytosol, fructose-6-phosphate is used to synthesize UDP-N-acetyl-
glucosamine (UDP-GlcNAc), which in turn is used to form UDP-MurNAc. Then a 
pentapeptide is assembled on UDP-MurNAc resulting in UDP-N-acetylmuramyl-
pentapeptide (UDP-MurNAc-pp) (Barreteau et al., 2008). On the membrane, 
transfer of phospho-MurNAc-pp to undecaprenyl phosphate occurs, yielding 
undecaprenyl-pyrophosphoryl-MurNAc-pp (lipid I) (Bouhss et al., 2008 and 
references therein). Then, using UDP-GlcNAc, undecaprenyl-pyrophosphoryl-
MurNAc-(pentapeptide)-GlcNAc (lipid II) is formed. Lipid II is translocated by an 
unknown mechanism and is the substrate for polymerization reactions in the 
periplasm which results in peptidoglycan (Bouhss et al., 2008).  

 

 
 
Figure 1-3. Schematic representation of the membranes and the peptidoglycan layer. The 

integral membrane proteins are not shown for simplicity. P are peptides of variable length that 
are attached to the murein (M) units. G are the glucosamine units and LPP is lipoprotein. The 
outer layer of the outer membrane contains lipopolysaccharides. 
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Penicillin binding proteins 
Numerous proteins are involved in the synthesis and translocation of the 

murein precursors as well as the polymerization of the resulting substrates into the 
actual peptidoglycan layer (Barreteau et al., 2008; Bouhss et al., 2008; Sauvage et 
al., 2008). However not all of these proteins are involved in murein synthesis 
throughout the entire cell cycle. Two forms of growth can be distinguished during 
the cell cycle when it comes to peptidoglycan formation: longitudinal growth and 
cell pole synthesis. Longitudinal growth refers to elongation of the cell by insertion 
of appropriate substrates into the lateral part of the membranes and murein layer 
whereas cell pole synthesis refers to the formation of new cell poles during division. 
During the early part of the cell cycle, the cell is preparing to divide by replicating 
and segregating its DNA and increasing its size through longitudinal growth. Once 
the cell is ready to divide, longitudinal growth continues and, in addition, cell pole 
synthesis is initiated, which upon completion results into two identical cells. It is 
thought that the same proteins are involved in the cytoplasmic stage of murein 
synthesis throughout the cell cycle (den Blaauwen et al., 2008). From the membrane 
stage onwards, different proteins seem to be involved with peptidoglycan synthesis 
during elongation (longitudinal growth, elongasome) and division (cell pole 
synthesis, divisome) (den Blaauwen et al., 2008).  

A large group of proteins involved in the periplasmic stage of murein 
formation are the penicillin binding proteins (PBPs), so called for their ability to 
bind penicillin. PBPs are divided into two categories: low molecular mass (LMM) 
and high molecular mass (HMM). LMM PBPs are monofunctional enzymes and 
primarily act as DD-carboxypeptidases and endopeptidases (Nguyen-Distèche et al., 
1998). They are involved in cell separation, peptidoglycan remodelling or recycling 
(Sauvage et al., 2008). HMM PBPs on the other hand are bi- or multimodular PBPs 
and are involved in murein polymerization and insertion of precursors in the 
peptidoglycan (Sauvage et al., 2008). The topology of a typical HMM PBP protein 
consists of a cytoplasmic tail, a transmembrane domain and two (or more) large 
periplasmic domains. The C-terminal domain provides the binding site for penicillin 
and displays transpeptidase activity, catalyzing peptide cross-linking of adjacent 
glycan chains (Sauvage et al., 2008). Based on the function of the N-terminal 
domain, a subdivision into class A and B HMM PBPs can be made. Class A PBPs 
display glycosyltransferase activity and are involved in the elongation of murein 
strands (Sauvage et al., 2008). Class B PBPs are responsible for inter-protein 
interactions and as such play a role in cell morphogenesis (Sauvage et al., 2008).  

E. coli has twelve PBPs of which PBP1A, PBP1B, PBP1C, PBP2 and PBP3 
(FtsI) form the HMM PBPs and PBP4, PBP4B, PBP5, PBP6, PBP6B, PBP7 and 
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AmpH form the LMM PBPs (see Sauvage et al., 2008 for a division into 
subclasses). PBP1B has been found to localize to the division site and to interact 
with PBP3, suggesting that it might be involved in septal peptidoglycan synthesis 
(Bertsche et al., 2006). PBP1A does not localize to the septum (van den Berg, 
personal communication) and of PBP2 it has been shown that it is essential for the 
longitudinal as well as for polar growth (den Blaauwen et al., 2003; den Blaauwen et 
al., 2008). Although it is known which reactions some of the other PBPs catalyze, it 
is currently not known whether they are involved in polar or lateral murein 
synthesis, or even in both.  

 

Cytoplasm and nucleoid 
The cytoplasm is surrounded by the inner membrane. In it, macromolecules, 

precursors and ions are present as well as the genome and ribosomes. As a result, the 
cytoplasm is very crowded with about 340 mg RNA and protein per ml of cytoplasm 
(Zimmerman and Trach, 1991). In contrast to eukaryotes, the prokaryotic genome or 
nucleoid is not surrounded by an envelope.  

The nucleoid consists of DNA, RNA and proteins. The genome is circular 
and has a contour length of 1.6 mm (Luijsterburg et al., 2006). With a cellular 
volume of 1.86 µm3 (Chapter 3 of this thesis) and an estimated volume of 200 µm3 
for unconstrained bacterial DNA (Luijsterburg et al., 2006), the DNA has to be 
compacted approximately a hundredfold (Cunha et al., 2005). It is not entirely clear 
how this compaction is achieved, but it is believed that one of the compaction forces 
is molecular crowding in the cytoplasm, which has been estimated to result in a 
compaction of the DNA into 20% of the total cell volume (Woldringh and 
Nanninga, 2006; Zimmerman, 2006). As a consequence of this force, the nucleoid 
and cytoplasm segregate into two separate phases.  

Several proteins have been found to affect DNA compaction in vitro, but in 
vivo, the nucleoid structure did not appear to be affected much when one of these 
proteins was deleted, suggesting that either other proteins can compensate for the 
loss of one protein or the cell has several mechanisms by which to maintain nucleoid 
compaction (Luijsterburg et al., 2006). Either way, tight compaction such that DNA 
is wrapped around protein, as is the case in nucleosomes in eukaryotic cells, has so 
far not been found.  

Negative supercoiling of the DNA also contributes to compaction of the 
nucleoid as it facilitates folding of the DNA. Normally, DNA is present as a double 
helix, but this helix is often partially unwound by topoisomerases to allow for 
transcription, recombination or DNA repair. To compensate for the resulting 
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torsional stress, the DNA organizes itself in a negative supercoil (Thanbichler and 
Shapiro, 2006).  

The compaction of the nucleoid does not result in random positioning of 
certain regions on the genome. Four domains have been identified that localize at 
distinct positions in the cell, such as the oriC (origin of replication) and Ter 
(termination) region, which are referred to as macrodomains (Espéli and Boccard, 
2006). Recently, it has been shown that the OriC locus and loci close to it are 
positioned and replicated at the midcell, after which each copy is segregated to the 
quarter position, the future midcell of the new cell, in opposite cell halves. Other 
foci are replicated at their position and one copy is segregated to the opposite cell 
half whereas the other copy remains where it was replicated (Nielsen et al., 2006; 
White et al., 2008). 

In contrast, chromosome replication and segregation in Caulobacter 
crescentus occurs by a different mechanism. In the swarmer cell stage, the origin 
and terminus occupy opposite cell poles and loci in between adopt a position along 
the axis of the cell that corresponds with their linear position on the chromosome 
(see for reviews: Thanbichler and Shapiro, 2006; Woldringh and Nanninga, 2006). 
During DNA replication and segregation in the stalked cell stage, of each replicated 
locus, one copy remains at the cell pole where it was synthesized whereas the other 
copy was rapidly translocated to the opposite cell pole. The replisomes are initially 
present at opposite cell poles, but move gradually towards midcell during replication 
and segregation of the chromosome (see for reviews: Thanbichler and Shapiro, 
2006; Woldringh and Nanninga, 2006). These observations suggest that the 
chromosome in C. crescentus is highly organized.  

Due to processes like transcription, recombination and DNA repair, the 
nucleoid is never present in its most compact state. Only when cells are treated with 
chloramphenicol, which inhibits protein synthesis, is an immediate increase in 
compaction observed (Zimmerman, 2006). 

 

Cytoskeleton 
Tubulin homolog FtsZ 

The eukaryotic cytoskeleton is comprised of a filamentous structure in the 
cytoplasm which contributes to cell locomotion, DNA segregation and establishing 
cell shape (Michie and Löwe, 2006). As prokaryotes are often compared to 
eukaryotes, several of the prokaryotic cytoskeletal proteins are sometimes referred to 
by the name of their eukaryotic analogue. FtsZ is one such example. Although FtsZ 
and tubulin share a weak sequence similarity, the tertiary structure of FtsZ (Figure 1-
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6) is similar to that of tubulin (Löwe and Amos, 1998; Michie and Löwe, 2006; 
Nogales et al., 1998; Scheffers and Driessen, 2001). Tubulin alpha and beta subunits 
polymerize to form microtubuli which are involved in intracellular transport and 
mitosis in eukaryotic cells (Michie and Löwe, 2006). FtsZ polymerizes during cell 
division to form a ring at the division site (see also below) which serves as a 
platform for proteins that carry out DNA segregation and cell pole synthesis.  

 

Actin homologues MreB and FtsA 

Another important cytoskeletal element in eukaryotes is actin, which forms 
double helical thin filaments composed of two strands and along which motor 
proteins can move (Michie and Löwe, 2006). Actin is part of a family of proteins 
that is comprised of ATPases such as hexokinase and Hsp70 and of course actin 
itself. The common feature of these proteins is a fold involved in ATP binding and 
hydrolysis, which is highly conserved (Michie and Löwe, 2006). Prokaryotic 
versions of actin are MreB and FtsA (Michie and Löwe, 2006).  

MreB is one of the six currently known proteins that determine the rod-shape 
of the cell, the other five being MreC, MreD, PBP2, RodA and RodZ (Bendezú et 
al., 2009 and references therein). Like FtsZ and tubulin, MreB and actin are more 
similar in their tertiary structure than in their primary structure (van den Ent et al., 
2001). MreB polymerizes into helical filaments that lie just beneath the surface of 
the inner membrane (Figge et al., 2004; Jones et al., 2001; Kruse et al., 2003). The 
helical pattern in which MreB filaments localize is somehow affected by MreC, one 
of the proteins found to interact with MreB, as in its absence, MreB is no longer able 
to localize in a helical pattern (Defeu Soufo and Graumann, 2005).  

Because deletion of MreB results in spherical cells that have a larger 
diameter than wild type cells, it is believed that MreB is involved in murein 
synthesis as well as in controlling the cell diameter (Graumann, 2007). It has been 
suggested that MreB filaments provide the track along which murein synthases, such 
as the PBPs, can localize, which is supported by the observation that new cell wall 
material is inserted in a helical pattern (Daniel and Errington, 2003).  

MreB has also been implicated to be involved in chromosome segregation in 
E. coli (Kruse et al., 2003) and to cause a block in the movement of newly replicated 
loci near the origin of replication in Caulobacter crescentus (Gitai et al., 2004; Gitai 
et al., 2005). However, in E. coli identical behaviour of the chromosomes was found 
during a transition from rod-shape to spherical shape due to inhibition of either 
MreB or PBP2, suggesting that any impairment in chromosome segregation is most 
likely not a direct effect of MreB inhibition (Karczmarek et al., 2007). 
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FtsA, an ATPase and one of the divisomal proteins (see below), also 
resembles actin in its tertiary structure (Michie and Löwe, 2006). Since actin is able 
to self-assemble upon ATP hydrolysis and FtsA resembles actin at the structural 
level, it is believed that FtsA should be able to polymerize. However, most attempts 
to find conditions under which E. coli FtsA can self-assemble have so far failed. 
Only Streptococcus pneumoniae FtsA has so far been shown to be able to 
polymerize in vitro (Lara et al., 2005). ATPase activity, the driving force in actin 
self-assembly, has not been found for FtsA (Michie and Löwe, 2006). Even though 
actin is able to polymerize, self-assembly of members of the actin superfamily is an 
exception rather than the rule (Michie and Löwe, 2006; Schleicher and Jockusch, 
2008 and references therein). Since FtsA is present at about 200 copies per cell 
compared to about 5000 copies of FtsZ, it is not likely that FtsA is able to 
polymerize as too little FtsA is present in the cell to span the circumference of the 
cell, which would be a requirement for FtsA protofilaments to interact with FtsZ 
polymers at the midcell (Feucht and Errington, 2005; Pla et al., 1991; Rueda et al., 
2003; Wang and Gayda, 1992).  

What then could be the purpose of an actin homolog that localizes to the 
division site? The function of FtsA is unknown, but as the protein contains an 
amphipathic helix and its C-terminus contains a membrane targeting sequence, it is 
believed that FtsA is one of the proteins that anchor the FtsZ-ring to the membrane 
(Pichoff and Lutkenhaus, 2005) (see also below).   

 

Divisome 
Composition and maturation of the divisome 

The divisome is a large protein complex comprised of at least 14 proteins, the 
structure of which still remains a mystery (Figure 1-4). These proteins localize at 
midcell during cell division and, together with some of the PBPs, regulate the 
synthesis of the new cell poles and possibly are involved in DNA segregation as 
well. Until recently it was believed that these proteins localized in a linear and 
interdependent order, starting with FtsZ (Figure 1-5) (see for a review Errington et 
al., 2003). In this hierarchical order, FtsA, ZipA and ZapA localize independently of 
each other and FtsL and FtsB can only localize when in a trimeric complex with 
FtsQ (Buddelmeijer et al., 2002). Even though each divisomal protein is dependent 
on its predecessors for localization, premature targeting of some of the proteins has 
shown that it is possible to bypass downstream proteins. In one study, FtsQ was 
fused to ZapA to bypass FtsA and FtsK, which resulted in localization of the 
downstream proteins (Goehring et al., 2005). Similar results were obtained with
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Figure 1-4. Schematic representation of the organization of the divisomal proteins. The 
topology of each protein is roughly represented and not on scale. PG is peptidoglycan, IM is the 
inner membrane and CP is the cytoplasm. 

 
 
 
 

 
 

Figure 1-5. Order of recruitment of the divisomal proteins to the midcell. Which protein recruits 
which is indicated by the arrows. ZipA and FtsA are both involved in the recruitment of FtsEX 
whereas ZapA does not recruit any proteins at all. FtsZ through FtsE/X belong to the early 
localizing proteins and FtsK through AmiC to the late localizing proteins. 
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ZapA fusions to FtsL, FtsB, FtsW or FtsI but not for the downstream protein FtsN 
(Goehring et al., 2005; Goehring et al., 2006). It was also shown that these fusions 
were able to back-recruit upstream proteins (Goehring et al., 2006). In other studies 
it was shown that FtsA is able to recruit FtsI and FtsN independent of FtsZ (Corbin 
et al., 2004) and that FtsK is not directly involved in the recruitment of FtsI and 
FtsN (Geissler and Margolin, 2005). In addition, FtsN seems not to be dependent on 
FtsI and FtsQ for its localization (T. den Blaauwen, personal communication).  

When the timing of the localization of some of the divisomal proteins was 
studied, it was found that the divisome matures in two stages, separated by an 
interval (Aarsman et al., 2005). The first stage is comprised of the localization of 
FtsZ through ZipA (Aarsman et al., 2005), referred to as early localizing proteins. In 
the second stage, the late localizing proteins FtsK (Wang et al., 2005) through FtsN 
localize (Aarsman et al., 2005). FtsE/X could be co-immunoprecipitated with FtsZ 
in the absence of FtsA and ZipA (Corbin et al., 2007), which makes it likely that 
these two proteins belong to the early localizing proteins. The length of the interval 
between these two stages was found to depend on the growth conditions, varying 
from 14 min in TY medium (TD = 40 min) to 21 min in alanine-proline medium (TD 
= 140 min) (Aarsman et al., 2005).  

Some of the proteins are also able to compensate for mutated divisomal 
proteins that either localize poorly or have reduced functionality. One such protein is 
FtsN which is a multicopy suppressor of some temperature sensitive proteins (Dai et 
al., 1993; Draper et al., 1998; Geissler and Margolin, 2005; Ursinus et al., 2004). 
Similarly, a mutant FtsA can compensate for the loss of FtsN (Bernard et al., 2007). 
These results would, at first glance, suggest that there is some functional overlap 
between the divisomal proteins. However, it is far more likely that cell viability is 
achieved due to restoration of the recruitment pathway and/or the stabilizing effect 
of divisomal proteins on the Z-ring (Geissler and Margolin, 2005). 

 

Abundance of and interactions between divisomal proteins 

The number of divisomal proteins present in the cell ranges from 25-50 up to 
2000-15000 whereas the sizes of these proteins varies from 11.6 to 146.6 kDa 
(Aarsman et al., 2005; Barondess et al., 1991; Guzman et al., 1992; Hale and de 
Boer, 1997; Lu et al., 1998; Pla et al., 1991; Rueda et al., 2003; Ursinus et al., 2004; 
Wang and Gayda, 1992). As can be seen in Table 1-1, the most abundant protein is 
FtsZ, followed by ZapA and FtsN. The least abundant proteins are FtsQ and FtsL 
with about 20-50 molecules per cell each. That FtsZ is the most abundant protein of 
the divisomal proteins is to be expected as it polymerizes into a ring that matches the 
circumference of the inner membrane and it has been estimated that the Z-ring is
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Table 1-1. Molecular masses and molecules per cell of divisomal proteins (Aarsman et al., 
2005; Barondess et al., 1991; Guzman et al., 1992; Hale and de Boer, 1997; Lu et al., 1998; Pla 
et al., 1991; Rueda et al., 2003; Ursinus et al., 2004; Wang and Gayda, 1992). 

Protein Molecular 

weight (kDa)
a 

Molecules per cell 

FtsZ 40.3 2000-15000 

FtsA 45.3 50-700 

ZipA 36.5 100-1500 

ZapA 12.6 6100 

FtsE 24.4 ND 

FtsX 38.5 ND 

FtsK 146.6 ND 

FtsQ 31.4 25-50 

FtsL 13.6 20-40 

FtsB 11.6 ND 

FtsW 46 ND 

FtsI 63.9 25-100 

FtsN 35.8 1000-6000 
a 

Mass based on amino acid sequence. 

ND is not determined.  
 
 
 

Table 1-2. Interactions found between the divisomal proteins (Butland et al., 2005; de Leeuw et 
al., 1999; Di Lallo et al., 2003; Karimova et al., 2005; Small et al., 2007). The interactions listed 
were obtained either through co-purification with a ‘ bait’ protein or through a wto hybrid assay. 

 FtsZ FtsA ZipA ZapA FtsE FtsX FtsK FtsQ FtsL FtsB FtsW FtsI FtsN 

FtsZ X X X X X X X X      
FtsA  X   X   X    X X 
ZipA   X     X X   X  
ZapA    X          
FtsE     X X  X      
FtsX              
FtsK       X X X   X  
FtsQ        X X X X X X 
FtsL         X X X X X 
FtsB              
FtsW            X X 
FtsI            X X 
FtsN             X 

 



Chapter 1 

 28 

three strands thick (Anderson et al., 2004). The high abundance of ZapA may have 
something to do with it being involved in FtsZ protofilament stabilizing/cross-
linking, which it accomplishes as either a dimer or tetramer (Gueiros-Filho and 
Losick, 2002; Low et al., 2004; Small et al., 2007). 

It is not yet known how the divisomal proteins assemble into the divisome. 
The abundancies of the proteins may give a minor clue, but interaction studies are 
far more informative and several have been undertaken with various results (Butland 
et al., 2005; de Leeuw et al., 1999; Di Lallo et al., 2003; Karimova et al., 2005; 
Small et al., 2007). As can be seen in Table 1-2, FtsQ seems to interact with nearly 
all other divisomal proteins but is only present at 25-50 molecules per cell, making 
this high number of interactions unlikely. The results of the studies on interactions 
between divisomal proteins were obtained through different methods. Some were 
obtained through pull down experiments in which a ‘bait’ protein was purified under 
interaction conserving conditions, allowing the co-purification of interacting 
partners that were subsequently identified (Butland et al., 2005; de Leeuw et al., 
1999) whereas other interactions were identified using a two hybrid system (Di 
Lallo et al., 2003; Karimova et al., 2005). The two hybrid assays involve adding two 
different tags to two proteins that are co-expressed and will produce a measurable 
signal when in close proximity. An example is the use of the T18 and T25 fragments 
of the catalytic domain of Bordetella pertussis adenylate cyclase. When these two 
fragments are in close proximity, cAMP is synthesized which enables the expression 
of a reporter gene (Karimova et al., 2005). This type of assay unfortunately also 
produces false positive and negative results due to indirect interactions between 
proteins and the fact that the reporter domains on two interacting proteins may not 
always be in close enough proximity to detect the interaction. Therefore not all 
interactions that were found with this method correspond with the localization 
dependency of the divisomal proteins. 

Another interesting feature found through these interaction studies is that 
many of the divisomal proteins interact with themselves. Also, interactions have 
been found for nearly all proteins that are dependent on each other for recruitment to 
the Z-ring, the only exception being FtsEX and FtsK. 
 

FtsZ 
The highly abundant FtsZ (Figure 1-6) is a GTPase that polymerizes to form 

the so-called Z-ring at the midcell to which all other divisomal proteins localize. In 
the absence of GTP, FtsZ is present as a mixture of monomer and dimer (González 
et al., 2005). FtsZ polymerizes upon binding of GTP after which GTP is 
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Figure 1-6. Crystal structure of FtsZ from M. jannaschii with GDP bound (PDB entry 1FSZ, 
Löwe and Amos, 1998). Thus far no differences have been observed between the GTP and the 
GDP bound structures of FtsZ (Läppchen et al., 2008) 

  
immediately hydrolysed (Scheffers and Driessen, 2002). The active site for GTP is 
formed at the interface of two FtsZ subunits where one subunit provides the
binding pocket for GTP and the other the cation-co-ordinating T7 loop (Löwe and 
Amos, 1999; Scheffers et al., 2001, 2002). Even though GTP is hydrolysed 

immediately upon binding to FtsZ, the -phosphate is not released straight away and 

presumably plays a role in polymer dynamics as the presence or absence of the -
phosphate causes a displacement in the T3 loop (Errington et al., 2003 and 
references therein; Scheffers and Driessen, 2002). FtsZ polymers have been found to 
rapidly disassemble when GDP is bound, suggesting that these protofilaments are 
highly dynamic (Errington et al., 2003). This was confirmed when Z-ring dynamics 
were studied with Fluorescence Recovery After Photobleaching (FRAP) showing 
that the Z-ring completely remodels itself approximately every 20 sec (Anderson et 
al., 2004; Stricker et al., 2002). Depending on the experimental conditions used, 
FtsZ polymers have been observed to be straight, curved or helical or even 
organized into larger structures resembling bundles, sheets or tubes. Bundling of 
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FtsZ protofilaments is easily induced in vitro by cations such as calcium, ruthenium 
and magnesium (Löwe and Amos, 1999; Marrington et al., 2004; Mukherjee and 
Lutkenhaus, 1999; Santra et al., 2004). Whether lateral associations occur between 
FtsZ polymers in vivo is not known, but seems likely as it has been estimated that 
the Z-ring contains enough FtsZ to form 2-3 rings (Anderson et al., 2004).  

Being the only divisomal protein known to polymerize, FtsZ rings are 
believed to generate a force that ‘pulls’ the cell wall inwards so that division can 
occur. This theory is based on the observation that other polymerizing proteins, such 
as tubulin, have been shown to display force-generation (Dogterom and Yurke, 
1997; Janson and Dogterom, 2004). Depolymerisation can also result into force-
generation (Grishchuk et al., 2005). The hypothesis that FtsZ might generate a force 
during constriction of the cell is supported by the facts that FtsZ is highly dynamic 
in its polymerized state and it has been shown that GTP-bound FtsZ protofilaments 
are straight whereas GDP-bound polymers are curved (Erickson, 2001; Michie and 
Löwe, 2006). It could be the switch from straight to curved protofilaments upon 
GTP hydrolysis that may deliver the mechanical force for constriction of the cell 
(Erickson, 2001; Michie and Löwe, 2006). Several experiments performed in silico 
have shown that it is possible for the Z-ring to generate a force (Drew et al., 2009; 
Lan et al., 2009).  

 

Z-ring stabilizing proteins 
FtsA 

FtsA is one of the first three proteins to localize to the Z-ring and is only 
dependent on FtsZ for its localization (Addinall and Lutkenhaus, 1996). Both the  
membrane targeting sequence and amphipathic helix are required for proper 
targeting to the membrane (Pichoff and Lutkenhaus, 2007). Thermotoga maritima 
FtsA is comprised of two domains which both can be divided into two subdomains. 
The four subdomains are named 1A, 1C, 2A and 2B (van den Ent and Löwe, 2000). 

Subdomains 1A and 2A are similar in structure and contain a five stranded -sheet 

surrounded by three -helices. Subdomain 1C, named so because of its deviating 

location compared to actin, consists of a three stranded anti-parallel -sheet next to 

an -helix. Subdomain 2B consists of 3 -helices and two short, anti-parallel -

strands (van den Ent and Löwe, 2000). 
Upon interaction with the membrane, several conserved, charged residues in 

the 2B domain are able to interact with the C-terminus of FtsZ (Ma and Margolin, 
1999; Pichoff and Lutkenhaus, 2007) after which FtsA is able to interact with itself 
(Pichoff and Lutkenhaus, 2005, 2007). The 1C domain was found to be not involved 
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with FtsA recruitment to the Z-ring, but a polar targeting assay in which the 1C 
subdomain was targeted to the poles by fusion to DivIVA showed that this domain is 
able to attract FtsI and FtsN to the cell poles (Corbin et al., 2004). This suggests that 
FtsA interacts with FtsI and FtsN (Corbin et al., 2004). Whether this interaction is 
required for FtsI or FtsN recruitment to the midcell remains to be investigated. 

The precise function of FtsA is not known, but it has been shown that FtsA 
supports the formation and stabilization of the Z-ring (Jensen et al., 2005; Pichoff 
and Lutkenhaus, 2002). Furthermore, FtsA and FtsZ have to be present at the wild 
type ratio for division to occur (Dai and Lutkenhaus, 1992). 

 

ZipA 

Another of the first three proteins to localize to the Z-ring is ZipA, which 
does so independently of FtsA (Hale and de Boer, 1999). As such, the localization of 
ZipA is only dependent on the localization of FtsZ and not on any of the other 
known divisomal proteins (Hale and de Boer, 1999). It is an integral inner 
membrane protein composed of an N-terminal membrane spanning domain followed 
by a flexible linker that tethers the cytoplasmic domain to the membrane anchor 
(Hale and de Boer, 1997; Ohashi et al., 2002). The cytoplasmic domain contains 
some sequence elements that show similarity to the eukaryotic Microtubule 
Associated Protein Tau (MAP Tau) (RayChaudhuri, 1999), suggesting that ZipA is 
able to interact with FtsZ, which was later confirmed (Moy et al., 2000). The 
protrusion of the major loops of the cytoplasmic domain creates a cavity on top of 

the only -sheet that ZipA contains. The last 17 residues of FtsZ have been found to 

bind to the hydrophobic surface in this cavity (Mosyak et al., 2000; Moy et al., 
2000).  

Although the function of ZipA is unknown, in vitro experiments have shown 
that ZipA is able to stabilize FtsZ protofilaments and organize them into bundles 
(RayChaudhuri, 1999). Furthermore, when both ZipA and FtsA are absent, the Z-
ring cannot form (Pichoff and Lutkenhaus, 2002). Therefore it is generally assumed 
that the function of ZipA is to tether the Z-ring to the membrane and stabilize it.  

 

ZapA 

ZapA, which is encoded by the yfgE gene in E. coli) was discovered in 
Bacillus subtilis (ZapABS) in a search for factors that stabilize the Z-ring (Gueiros-
Filho and Losick, 2002). It is present at approximately 5% of the FtsZ concentration 
in B. subtilis, localizes to the Z-ring independently of FtsA and is therefore assumed 
to localize at the same time as FtsA and ZipA (Goehring et al., 2005). The crystal
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Figure 1-7. Crystal structure of the ZapA dimer from P. aeruginosa (PDB entry 1W2E, Low et 
al., 2004). 

 
structure of ZapA from Pseudomonas aeruginosa (ZapAPA) showed that ZapA is 
present as a dimer and perhaps even as a tetramer (Figure 1-7, Low et al., 2004). 
The dimers associate by forming a coiled-coil motif with their C-termini (Low et al., 
2004) whereas the tetramer is the result of the interaction of the coiled-coils of the 
two dimers (Low et al., 2004). The globular domain has been proposed to contain 
the FtsZ interaction site (Low et al., 2004). In sedimentation experiments it was 
shown that ZapAPA only forms tetramers at high concentrations (10 mg/ml, ~ 850 

M) whereas at lower concentration a mixture of dimer and tetramer was found 

(Low et al., 2004). In the case of ZapA from E. coli (ZapAEC), a dissociation 
constant KD = 320 nM for the ZapA tetramer was found (Small et al., 2007).  

It was found that ZapABS is not essential for cell division, suggesting that it is 
not involved in the recruitment of downstream divisomal proteins (Gueiros-Filho 
and Losick, 2002). However, when FtsZ is present at reduced levels, cells were 
found to be dependent on ZapABS (Gueiros-Filho and Losick, 2002). When cells 
lacking DivIVA were used to create a ZapABS deletion in addition, it was found that 
the few colonies obtained were highly filamentous (Gueiros-Filho and Losick, 
2002). DivIVA is a protein in B. subtilis that is involved in the polar localization of 
the MinCD proteins (see Division site selection and preventing premature division 
for an elaboration on the Min proteins). The Min proteins in turn are involved in 
preventing the formation of premature Z-rings as well as correct positioning of the 
Z-ring. Similar results were obtained when an attempt was made to create an ezrA 
zapA double mutant, EzrA being a negative regulator of FtsZ (Gueiros-Filho and 
Losick, 2002).  

These results were explained as follows: in the absence of DivIVA, MinCD 
is spread throughout the cell and thus is able to inhibit Z-ring formation at the 
midcell. ZapABS is able to compensate for the lack of DivIVA because it stabilizes 
the Z-ring. However, in a double mutant, this stabilizing effect is gone and no rings 
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can be formed at the midcell (Gueiros-Filho and Losick, 2002). In the absence of 
EzrA, Z-rings are more stable and one would expect the additional removal of a 
positive regulator of the Z-ring would restore normal stability of the Z-ring. To 
explain the unexpected result obtained with the ezrA zapA double mutant, it was 
suggested that due to the absence of ZapA, the FtsZ concentration needed for Z-ring 
formation would be higher and due to the absence of EzrA not enough free FtsZ 
would be available (Gueiros-Filho and Losick, 2002). 

Subsequent in vitro studies showed that ZapA and FtsZ are able to directly 
interact with each other and that ZapA stabilizes FtsZ protofilaments and organizes 
them in bundles (Gueiros-Filho and Losick, 2002; Low et al., 2004; Small et al., 
2007). A ~24% and almost 100% reduction in the GTPase activities of FtsZBS and  
FtsZEC, respectively were observed (Gueiros-Filho and Losick, 2002; Small et al., 
2007). In the case of ZapABS and ZapAPA, it was found that ZapA and FtsZ form a 
complex with a stoichiometry of 1:1 (Gueiros-Filho and Losick, 2002; Low et al., 
2004), whereas the same proteins from E. coli are present in the complex at a 
stoichiometry of 2:1 (Small et al., 2007). We attempted to reproduce the published 
GTPase activity results, but were unsuccessful because His6-ZapA was found to be 
unfunctional. We therefore performed our experiments with wild type ZapA.   
 

FtsE, FtsX and FtsK 
FtsE and FtsX 

Whether FtsE and FtsX were part of the divisome has long been debated as 
these two proteins did not show the typical filamentous temperature sensitive 
phenotype that other fts mutant strains displayed and division defects could be cured 
by addition of high salt concentrations (Schmidt et al., 2004). However, FtsE and 
FtsX localize to the Z-ring and are dependent on FtsZ and ZipA for their 
localization, but independent of downstream proteins (Corbin et al., 2007; Schmidt 
et al., 2004). Furthermore, FtsE was found to localize to the Z-ring independently of 
FtsA (Corbin et al., 2007), whereas FtsX was found to be dependent on FtsA 
(Schmidt et al., 2004). FtsE has been shown to interact with FtsZ in vitro, 
independently of FtsA, ZipA or FtsX (Corbin et al., 2007). When grown in medium 
with low salt, the downstream proteins were found to be dependent on FtsEX for 
their localization (Schmidt et al., 2004), thus indicating that FtsEX are indeed part of 
the divisome. The low salt dependency on FtsE is due to the fact that FtsE affects 
translocation of some of the potassium pumps from the cytosol to the inner 
membrane (de Leeuw et al., 1999; Ukai et al., 1998). However, not only high salt 
could complement an ftsEX deletion, high concentrations of glucose and sucrose 
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also remedied cell division defects of the ftsEX double mutant (Reddy, 2007). This 
dependency on high osmolarity can be abolished by overexpression of SufI (Reddy, 
2007). Because an ftsEX sufI mutant was not viable, it has been suggested that these 
two proteins may have overlapping functions in cell division (Reddy, 2007). 

FtsE and FtsX form a complex that resembles an ATP Binding Cassette 
transporter (ABC transporter) (de Leeuw et al., 1999). FtsX is an integral inner 
membrane protein which tethers the hydrophilic, ATP binding FtsE to the membrane 
(de Leeuw et al., 1999). FtsE has been found to dimerize in vitro through the 
formation of interchain disulphide bonds thus resulting in a homodimer that contains 
two ATP binding sites as is common in ABC transporters (Binet et al., 1997; de 
Leeuw et al., 1999). However, whether FtsE is a dimer in vivo, remains to be 
investigated. ABC transporters are commonly anchored in the membrane by two 
times six transmembrane domains, but FtsX only contains four transmembrane 
segments and oligomerization of FtsX has so far not been observed (de Leeuw et al., 
1999).  

 

FtsK 

FtsK is a hexameric protein that is involved in cell division and chromosome 
segregation (Strick and Quessada-Vial, 2006). FtsK moves DNA from the midcell to 
either daughter cell, a process for which it requires ATP, and as such is a DNA 
translocase. The FtsK hexamer has a central cavity through which double stranded 
DNA is translocated in order to bring the dif sites on the chromosome in close 
proximity so that recombinases XerC and XerD can resolve the chromosome dimer 
into two separate molecules (Ptacin et al., 2006; Strick and Quessada-Vial, 2006). 
The two chromosomes are then segregated into opposite daughter cells.  

FtsK consists of a membrane spanning N-terminal domain that is connected 
by a flexible linker to its cytosolic C-terminal domain (Sivanathan et al., 2006). The 
N-terminal domain is predicted to span the membrane four times (Dorazi and 
Dewar, 2000), is required for localization to the Z-ring and is involved in cell 
division (Bigot et al., 2007 and references therein). The C-terminal domain contains 

the translocase domain and is comprised of the  ,  and  subdomains (Sivanathan 

et al., 2006). The  and  subdomains are motor domains and contain the ATP 

binding site. The translocation activity of the motor domains is independent of DNA 

sequence recognition (Sivanathan et al., 2006). The  subdomain recognizes the 

FtsK-orienting polar sequences (KOPS) near the terminus of replication on the 
chromosome and regulates the motor domains (Sivanathan et al., 2006). The current 
idea of how FtsK might work during cell division is that it localizes to the midcell 
when cell division is initiated, assembles into a hexamer around a DNA strand, most 
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likely on top of a KOPS, such that the  domain is positioned ahead of the motor 

domains and senses the KOPS in an upstream to downstream orientation (Bigot et 
al., 2006). Then FtsK translocates the chromosome into one of the daughter cells, 
thus assisting in the final steps of chromosome segregation (Bigot et al., 2007). 
When another KOPS is reached, translocation is reversed (Bigot et al., 2006; 
Sivanathan et al., 2006).   

 

A trimeric complex and FtsW 
FtsQ, FtsL and FtsB (YgbQ) 

FtsQ, FtsL and FtsB are all bitopic proteins with a small cytoplasmic N-
terminal tail followed by a membrane spanning helix connected by a flexible linker 
to the C-terminal periplasmic domain (Buddelmeijer et al., 2002; Guzman et al., 
1992; van den Ent et al., 2008). The periplasmic domain of FtsQ can be further 

divided into an  and  subdomain (van den Ent et al., 2008). The  subdomain has 

been found to resemble a polypeptide transport-associated (POTRA) domain, which 
is usually involved in chaperone-like functions, and has been found to be required 
for recruitment of FtsQ to the Z-ring (van den Ent et al., 2008). The β domain has 
been shown to be required for the recruitment of downstream proteins (van den Ent 
et al., 2008) 

FtsL and FtsB were found to be codependent for their midcell localization 
and form a hetero dimer prior to midcell localization (Buddelmeijer et al., 2002; 
Buddelmeijer and Beckwith, 2004). They interact through their membrane spanning 
domains and a leucine zipper-like motif in their periplasmic domains (Buddelmeijer 
and Beckwith, 2004). In addition, FtsQ interacts with the FtsLB heterodimer and the 
three proteins are likely to localize to the division site as a trimer (Buddelmeijer and 
Beckwith, 2004).  

FtsQ interacts with many of the divisomal proteins (see Composition and 
maturation of the divisome) and because of that it is believed that FtsQ may play a 
pivotal role in cell division. Interestingly, FtsA and FtsK interact with the 
cytoplasmic domain of FtsQ whereas all other proteins that interact with FtsQ do so 
with its periplasmic and/or transmembrane domain (van den Ent et al., 2008 and 
references therein).  

 

FtsW 

FtsW is an integral membrane protein involved in cell division (Lara and 
Ayala, 2002). It has been proposed to consist of ten membrane spanning domains 
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connected by loops located in the cytosol or periplasm (Lara and Ayala, 2002; 
Pastoret et al., 2004) (Figure 1-8). In this conformation, the protein would have an 
N-terminal domain located in the cytoplasm and a large loop between membrane 
spanning domains seven and eight that is located in the periplasm (Lara and Ayala, 
2002). The N-terminal domain, loops 1, 3, 4 and 7 are possibly involved in protein-
protein interactions and thus might be involved with recruiting downstream division 
proteins or required for the recruitment of FtsW to the Z-ring (Pastoret et al., 2004).  
Loop 7 has been shown to be essential for proper functioning of FtsW whereas loop 
9 was found to be required for the recruitment of FtsI (Pastoret et al., 2004). 

The sequence of FtsW shows similarities with that of RodA (Ikeda et al., 
1989). Due to this similarity, it has been suggested that the function of these two 
proteins is similar as well, namely inducing enzymatic activity in another protein 
(Ikeda et al., 1989) and translocation of Lipid II, a precursor in peptidoglycan 
synthesis (Ehlert and Höltje, 1996). It has been proposed that FtsW enhances the 
function of FtsI (Lara and Ayala, 2002 and references therein; Matsuhashi et al., 
1990) whereas other studies on several mutants have implicated FtsW in both early 
and late steps in cell division (Khattar et al., 1994; Khattar et al., 1997).  

 
 
 
 
 
 
Figure 1-8. Schematic representation of FtsW. 
FtsW has been proposed to be comprised of 
ten transmembrane segments (TMS) 
connected by loops. A very large loop is 
present between TMS 7 and 8. Previously, 
TMS 0 was predicted to be a TMS but most 
likely is present in the cytosol. 

 
 

Proteins involved in peptidoglycan synthesis 
FtsI (PBP3) 

Penicillin binding protein 3 or FtsI, is another bitopic divisomal protein. Its 
conformation is similar to that of FtsQ, FtsL and FtsB in that it exists of an N-
terminal membrane spanning domain connected to a large periplasmic domain by a 
linker (Nguyen-Distèche et al., 1998). The first 56 residues of the N-terminus are 
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required for localization to the division site (Piette et al., 2004). In this amino acid 
sequence, residues R23, L39, and Q46 are particularly important for proper 
localization in the septum (Wissel and Weiss, 2004). The periplasmic domain 
contains two subdomains of which the N-terminal one is a non penicillin binding 
module and the C-terminal a penicillin binding module (Nguyen-Distèche et al., 
1998).  

Among the antibiotics capable of binding to the penicillin binding module is 
aztreonam (Georgopapadakou et al., 1982; Pisabarro et al., 1986). FtsI has a high 

affinity for aztreonam and at low concentrations of aztreonam (1 g/ml), this 

antibiotic has been found to bind exclusively to FtsI (Georgopapadakou et al., 
1982). In the presence of aztreonam, cell division stops and as a consequence the 
cells become filamentous (Georgopapadakou et al., 1982; Pisabarro et al., 1986). 

FtsI is involved in septal peptidoglycan synthesis (see above) in which it is 
one of the transpeptidases that cross-links peptides (Lara and Ayala, 2002; 
Matsuhashi et al., 1990). It has been suggested that FtsI is dependent on FtsW for 
proper functioning, just like PBP2 requires RodA for proper functioning 
(Matsuhashi et al., 1990; Piette et al., 2004; Wissel and Weiss, 2004).  

 

FtsN 

The structure of FtsN shows that it is comprised of 5 domains (Yang et al., 
2004 and Figure 6 therein). It consists of a short cytoplasmic domain, a 
transmembrane domain, a periplasmic domain that contains three short helices 
connected by a glutamine rich linker to a small second periplasmic domain with a 
globular topology (Yang et al., 2004). The C-terminal periplasmic domain contains 

a fold with a  topology, which is very common in RNA binding proteins 

(Yang et al., 2004). This domain is capable of binding to murein, but is dispensable 
for cell division, suggesting that it either stabilizes the division site or has a function 
unrelated to cell division (Ursinus et al., 2004). The periplasmic part of FtsN is 
required for proper localization to the division site (Dai et al., 1996; Yang et al., 
2004). The cytosolic and transmembrane domains are only required for proper 
localization and translocation to the cytosolic membrane and periplasm, 
respectively. These domains can be replaced with the corresponding domains of 
other proteins, such as FtsQ or MalE, without loss of function in FtsN (Dai et al., 
1996). Because FtsN has been shown to interact with PBP1B and PBP3, it has been 
suggested that it may regulate the complexes involved in peptidoglycan synthesis 
(Müller et al., 2007). 
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Peptidoglycan hydrolases 
To allow for growth of the cell, the rigid peptidoglycan layer has to be 

enlarged. Because this layer consists of one large molecule, bonds in this 
macromolecule need to be broken to allow for the insertion of new residues. A 
similar process has to be performed when the cell nears the end of cell division 
when the septum connecting the two daughter cells has to be split to allow for 
separation of the two cells. Two proteins that are involved in this process are the 
hydrolases AmiC and EnvC (Bernhardt and de Boer, 2004; Heidrich et al., 2001; 
Priyadarshini et al., 2006).  

 

AmiC 

AmiC is the main factor involved in separation of daughter cells, aided by 
several endopeptidases and other hydrolases, such as AmiA and PBP7 (Heidrich et 
al., 2002; Priyadarshini et al., 2006 and references therein). Due to this large overlap 
in function among the hydrolases, deletion of up to seven hydrolases impairs cell 
separation, but not growth (Heidrich et al., 2002).  

The Tat targeting sequence in pre-AmiC ensures that AmiC is translocated to 
the periplasm by the twin-arginine protein transport pathway (Bernhardt and de 
Boer, 2003). It is present throughout the periplasm in non dividing cells and is 
targeted to the division site by its N-terminal domain. It is believed that the N-
terminal domain recognizes a factor present at the division site, which could be 
murein structure that is unique to the division site or one of the divisomal proteins 
(Bernhardt and de Boer, 2003). AmiC cleaves the bond between N-acetylmuramic 
acid and the peptide side chain and has a preference for tetrapeptides, most abundant 
at the division site (Priyadarshini et al., 2006). 

 

EnvC 

Less is known about EnvC. Deletion of the gene encoding for this protein 
results in impaired cell separation (Bernhardt and de Boer, 2004). The localization 
pattern of EnvC is less dependent on cell division as the protein always localizes 
throughout the periplasm and, in addition, it localizes to the division site in dividing 
cells (Bernhardt and de Boer, 2004). EnvC is predicted to be a periplasmic protein 
with a coiled-coil motif in its N-terminus (Hara et al., 2002) and a C-terminus that 
shows similarity to the M37 family of metallo-endopeptidases (Bernhardt and de 
Boer, 2004). However, no interactions between EnvC and known divisomal proteins 
have so far been found and therefore, EnvC is not considered to be part of the 
divisome.  
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Other proteins 
Even though the divisomal proteins tend to be presented as being the major 

cell division protein complex, many other proteins are involved in cell division by 
virtue of their (in)direct interactions with divisomal proteins. The penicillin binding 
proteins discussed above are a good example. As a matter of fact, PBP3 or FtsI is a 
component of the divisome and PBP1B and PBP2 have been shown to interact 
directly with the divisome. Other examples of proteins or complexes are MipA, 
MurG and the Pal system. MipA has been proposed to be a scaffolding protein that  
forms a trimeric complex with MltA and PBP1B in vitro (Vollmer et al., 1999). The 
glycosyl transferase MurG catalyzes the addition of UDP-GlcNAc to Lipid I, 
resulting in Lipid II (Bouhss et al., 2008). Although no (in)direct interaction 
between MurG and a divisomal protein has been found so far, MurG has been 
shown to localize to the midcell during cell division (Mohammadi et al., 2007). The 
Tol-Pal system  is a complex of five proteins that connect the inner membrane with 
the outer membrane. During division, this complex is recruited to the midcell by 
FtsN and accumulates there (den Blaauwen et al., 2008 and references therein).  

A few other proteins have recently been implied to be involved in cell 
division. SufI is one such protein. Its function is unknown, but it is able to suppress 
ftsEX and ftsI23 division defects (Samaluru et al., 2007 and references therein). 
Deletion of sufI results in increased sensitivity to low salt, oxidative stress and DNA 
damage at high temperatures (Reddy, 2007; Samaluru et al., 2007). 

Another recently discovered protein is ZapB which so far has only been 
found to depend on FtsZ for its localization to the division site and not on FtsA, 
ZipA or FtsI (Ebersbach et al., 2008). Overexpression of this protein causes the 
nucleoids to condense, whereas deletion results in an increase in the average cell 
length as well as a change from ring to helix of the Z-ring (Ebersbach et al., 2008). 
ZapB was found to interact with FtsZ in a bacterial two hybrid assay (Ebersbach et 
al., 2008). ZapB is a homodimer that interacts with itself through a coiled-coil motif   
(Ebersbach et al., 2008). Just like FtsZ, ZapB is able to form polymers in the 
presence of MgCl2, which organize into bundles when CaCl2 is added to the 
polymerization reaction (Ebersbach et al., 2008).  

The last discovered divisomal protein in E. coli is YmgF, which has been 
shown to interact with numerous divisomal proteins through a two hybrid assay 
(Karimova et al., 2009). Among the interacting partners of YmgF are FtsA, FtsB, 
FtsL, FtsQ and FtsW (Karimova et al., 2009). It is predicted to contain two 
transmembrane domains separated by a short periplasmic loop with both termini 
located in the cytoplasm (Karimova et al., 2009). For its localization it has been 
found to be dependent on FtsZ, FtsA, FtsQ and FtsN (Karimova et al., 2009).  
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Division site selection and preventing premature division 
Since FtsZ is present in the cell throughout the cell cycle, how does the cell 

prevent the formation of premature Z-rings? Or, when it is time to start the process 
of division, how does the cell know where to divide? The Min system and nucleoid 
occlusion system regulate the placement of the Z-ring in both time and space. With 
these systems in place, the cell ensures not only that premature Z-rings do not result 
in early division or division at the wrong site, but also that enough FtsZ is available 
for the formation of a spatially and temporally correctly positioned Z-ring 
(Lutkenhaus, 2007). 

 

The Min system 

The Min system consists of MinC, MinD and MinE and together they 
regulate the spatial and temporal placement of the Z-ring. Deletion of the minB 
operon, which contains the genes for MinCDE, results in a mixture of elongated, 
chromosome containing cells and minicells that are devoid of DNA (Lutkenhaus, 
2007). Minicells are the result of division occurring near a cell pole and are small 
round cells.   

The Min system inhibits premature ring formation as follows: MinD localizes 
to the membrane through its membrane targeting domain, where it forms a dimer 
upon binding of ATP (Lutkenhaus, 2007 and references therein). These dimers 
recruit MinC dimers but can also assemble into larger structures (Hu et al., 2002). 
The MinC dimer destabilizes any FtsZ protofilaments it is able to associate with (Hu 
et al., 1999). MinE is present at the edge of the MinD zone, near the midcell, and is 
dependent on MinD to be able to form a ring (Raskin and de Boer, 1997). MinE 
enhances the ATPase activity of MinD tenfold (Hu and Lutkenhaus, 2001), resulting 
into the release of MinD from the membrane and, as a consequence, into the 
disruption of the MinC-MinD interaction. Upon release from the membrane, MinD, 
followed by MinC, moves to the opposite cell pole where the whole process is 
repeated. As a consequence of this process, MinC and MinD oscillate from pole to 
pole whereas MinE oscillates around the midcell, ensuring that Z-ring formation is 
not prevented here. 

Interestingly, in vitro experiments have shown that ZapA is able to counteract 
the action of MinC on FtsZ polymers (Dajkovic et al., 2008; Scheffers, 2008). 
Preliminary results indicate that ZapA and MinC may compete for the same binding 
site on FtsZ (Dajkovic et al., 2008). Alternatively, ZapA may coat the FtsZ 
protofilament, thus preventing the interaction of MinC with FtsZ. 
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Nucleoid occlusion 

Since the Min system allows for Z-ring formation at midcell throughout the 
cell cycle, a system is required that ensures the assembly of the Z-ring at the 
appropriate time. Nucleoid occlusion is such a system. According to this model, the 
nucleoid prevents the formation of the Z-ring by occupying space (Woldringh et al., 
1991). In non-dividing cells this means that the presence of the nucleoid prevents the 
formation of a Z-ring at midcell, thus leaving little space for FtsZ to polymerize. 
When a cell divides, the nucleoid is segregated into opposite halves of the cell, thus 
creating more space between the nucleoid and the inner membrane, which allows for 
the assembly of the Z-ring. As a consequence, when the DNA concentration at the 
midcell has sufficiently decreased, Z-ring formation can occur at this site prior to the 
completion of chromosome segregation (Wu et al., 1995). In some species the Z-
ring can be formed shortly after the initiation of chromosome replication, which 
suggests that the nucleoid occlusion system can be overcome (Quardokus et al., 
2001), presumably when the Z-ring is sufficiently stabilized by proteins such as 
FtsA, ZipA and ZapA. 

In addition to the nucleoid occlusion system, several observations indicate 
the presence of a factor associated with the nucleoid that inhibits Z-ring formation: 
1) In some species the Z-ring can be formed shortly after the initiation of 
chromosome replication (Quardokus et al., 2001). 2) B. subtilis cells in which the 
first round of replication had been inhibited due to thymine starvation, FtsZ would 
not polymerize in the resulting DNA gap (Regamey et al., 2000) and 3) the cells of a 
B. subtilis min null mutant displayed mostly midcell localization of the Z-ring 
(Levin et al., 1998). Such a factor is SlmA which is predicted to be a DNA binding 
protein (Bernhardt and de Boer, 2005). SlmA interacts with both the nucleoid as 
well as FtsZ and is able to inhibit FtsZ polymerization (Bernhardt and de Boer, 
2005). It has been proposed that nucleoid bound SlmA competes with Z-ring 
stabilizing proteins, such as ZipA and ZapA, for binding to FtsZ protofilaments and 
thus prevent them from assembling into the Z-ring until the DNA concentration is 
lowered through chromosome segregation (Bernhardt and de Boer, 2005). However, 
more research is required to fully elucidate the mechanism by which SlmA may 
achieve its purpose.  

 

Steady state of growth 
In order to compare morphological parameters of different experiments, cells 

need to grow in a reproducible way. This is achieved by growing cells to a steady 
state in which all cellular metabolic processes have a constant rate and, as a 
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consequence, all parameters of the cell are constant. Thus, the age distribution in a 
culture is constant, which in turn allows for the calculation of the average cell age at 
which cell cycle related events occur.   

Cells reach steady state when they are grown at a  constant temperature in a 
defined medium such as glucose minimal medium. As depletion of a nutrient affects 
steady state, the cultures are diluted in pre-warmed medium well before the 
concentration of any nutrient have changed perceptively. As long as no changes 
occur in the environment, the cells are able to grow at a constant growth rate 
(exponentially). When the average cell mass is constant as well, the cells are 
considered to have reached steady state of growth.  

Experimentally, determining whether cells have reached steady state of 
growth can be established by measuring the OD450 and the cell number at regular 
intervals. The cell number can be measured using an electrical particle counter and 
the increase in mass is determined by measurements of the OD450. When both the 
increase in mass and the increase in cell number have the same slope, the average 
mass of the cells in the culture remains constant and the culture is considered to 
have reached steady state of growth.  

The size of the cell is related to its age in that an old cell that has nearly 
completed division is twice the size of a newborn cell. Therefore, the size 
distribution can be considered to be the age distribution of a culture and because it is 
constant in a steady state culture, Equation 1-1 can be used to calculate at how many 
minutes before the end of the cell cycle (tx) an events took place (den Blaauwen et 
al., 1999; Fishov et al., 1995; Powell, 1956). In this equation, Td is the mass 
doubling time in minutes and F(x) the fraction of cells displaying a feature of 
interest of which it is known that it occurs at the end of the cell cycle and remains 
until the cell divides (e.g. ZapA localization to the midcell).  
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Outline of this thesis 
The ZapA protein has been studied to some extent in B. subtilis and P. 

aeruginosa and had not yet been studied in E. coli at the onset of the project 
described in this thesis. In contrast to the majority of the divisomal proteins, ZapA is 
a non-essential divisomal protein, which might suggest that its role is redundant or 
of little importance. However, it is a fairly well conserved protein (Low et al., 2004) 
among different bacterial species, which suggests that ZapA does provide a 
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biological advantage to those bacterial species that carry the ZapA gene yfgE. To 
gain more insight into the function of ZapA in E. coli, the following research 
questions were posed and an attempt was made to answer them in the study 
presented in this dissertation: 

1. What is the spatio temporal localisation pattern of ZapA? 
2. What is the effect of ZapA on FtsZ polymerization? 
3. In what way does ZapA affect the assembly and maturation of the 

divisome? 
4. What is the mechanism underlying the dynamic nature of the Z-ring? 
5. What do the answers to the above questions tell us about the role of 

ZapA in cell division and does it give new insights in how the divisome 
might be assembled? 

In  Chapter 2, ZapA was found to localize to the Z-ring shortly after FtsZ 
and was found to be only dependent on FtsZ for its recruitment to the division site. 
Chapter 3 describes that ZapA not only localizes to the septum, but was also 
observed as foci that are predominantly present in non-dividing cells. These foci 
(dis)appeared in the cells as observed by time-lapse studies, suggesting 
(dis)assembly of ZapA into yet unidentified structures. FtsZ was found to form foci 
as well, presumably due to its ability to polymerize. Interestingly, the FtsZ and 
ZapA foci did not co-localize. Next, the interaction of ZapA with itself and FtsZ was 
studied in vitro as described in Chapter 4. It was found that ZapA tends to form 
tetramers and that a complex of ZapA and FtsZ could not be quantified in terms of 
mass or composition. It was, however, possible to study the effect of ZapA on FtsZ 
polymerization and polymer stability through a pelleting assay and dynamic light 
scattering experiments, which showed that ZapA interacts stoichiometrically with 
FtsZ and that it has a stabilizing effect on FtsZ protofilaments that are already 
somewhat laterally associated. Investigation of the GTPase activity of FtsZ in the 
presence of ZapA showed that this stabilizing effect is at most accompanied by a 
minor reduction in GTPase activity. In Chapter 5, the function of ZapA was 
indirectly studied by means of a zapA deletion strain that was found to be partly 
filamentous under conditions of fast growth. No difference in the timing of the early 
localizing proteins was observed, nor was a defect in chromosome segregation 
observed. However, the timing of the late localizing proteins showed an increased 
delay in localization in the deletion strain compared to the wild type strain. 
Subsequent FRAP experiments showed no difference in FtsZ dynamics between the 
deletion and the wild type strain nor was a difference found in the dynamics of 
ZapA compared to that of FtsZ. It was concluded that the partial filamentation was 
due to lack of stabilization of the Z-ring by ZapA under conditions of fast growth. 
To understand the regulation of the assembly of the divisome, the effect of 
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aztreonam on the divisome is described in Chapter 6. It was found that FtsI is 
functionally inhibited in the presence of aztreonam, which results in the 
accumulation of early localizing divisomal proteins at the midcell. Late localizing 
divisomal proteins did not accumulate. Due to the accumulation of the early 
localizing divisomal proteins, new rings could not be formed for at least one mass 
doubling. Although it is not yet clear what prevents the disassembly of the Z-ring, it 
is conceivable that it could be due to stalling of the ongoing peptidoglycan synthesis. 
As a consequence, the divisome becomes fixated at the division site due to a 
conformational change that is not occurring in one of the division proteins. Finally, 
in Chapter 7 the results described in this dissertation are reviewed and a model that 
describes how ZapA might function is presented. 




