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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 



Introduction 

 19 

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 
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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). 

 



Chapter 1 

 38 

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. 



 

 

Chapter 2 
 

Timing of ZapA localization to midcell and 
dependency of its localization on other divisomal 

proteins 
 

Ginette Ploeger, Mirjam Aarsman, Jolanda Verheul and Tanneke den Blaauwen 

 

Abstract 
Immunolabelling and fluorescence microscopy analysis showed that ZapA 

localized at midcell during division in Escherichia coli. ZapA localization was 
studied using the FtsZ depletion strain VIP205 and the FtsQ(ts) strain LMC531. 
ZapA was found to require FtsZ but not FtsQ for its localization. This was further 
confirmed by establishing the timing of ZapA localization, which showed that ZapA 
always localizes right after FtsZ. The data suggest that ZapA belongs to the group of 
early localizing division proteins. 
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Introduction 
Cell division in Escherichia coli is accomplished by a protein complex 

(divisome). The divisome is present at the site of division where two new cell poles 
are synthesized and is comprised of at least 14 proteins. Until recently it was 
believed that the divisomal proteins localize in a specific and interdependent order 
as follows: FtsZ, ZipA/FtsA/ZapA, FtsE/X, FtsK, FtsQ, FtsL/YgbQ (FtsB), FtsW, 
FtsI, FtsN and AmiC (Errington et al., 2003). In this hierarchy, FtsL and FtsB are 
codependent and can only localize in a trimeric complex with FtsQ (Buddelmeijer et 
al., 2002). However, increasing evidence shows that the order of localization may 
not be strictly sequential. It has been shown that FtsA and FtsK can be bypassed for 
the localization of downstream proteins when FtsQ was fused to ZapA (Goehring et 
al., 2005). Not only could the downstream proteins localize, but the ZapA-FtsQ 
fusion was able to back-recruit FtsK. In a similar experimental approach, it was 
shown that ZapA fusions to FtsL, FtsB, FtsW and FtsI were able to recruit 
downstream proteins, except for FtsN, and that back-recruitment also readily 
occurred (Goehring et al., 2006). In other studies, it was shown that FtsA is able to 
recruit FtsI and FtsN independently of the Z-ring (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). 

In a study on the timeframe in which the divisomal proteins localize, it was 
found that the maturation of the divisome occurs in two steps (Aarsman et al., 
2005). The first step comprises the localization of FtsZ through ZipA. After a delay 
of approximately 17 minutes, depending on the growth conditions, the second step 
proteins, consisting of FtsK (Wang et al., 2005) through FtsN, localize. FtsE/X 
could be co-immunoprecipitated with FtsZ in the absence of FtsA or ZipA (Corbin 
et al., 2007), which makes it likely that the proteins belong to the first step proteins. 

Even though a GFP-ZapA fusion has been grouped with ZipA and FtsA in 
the order of localization in Bacillus subtilis (Gueiros-Filho and Losick, 2002), it has 
not yet been established whether this is the case for E. coli ZapA. It has been shown 
that YFP-ZapA is dependent on FtsZ in E. coli (Goehring et al., 2005; Gueiros-Filho 
and Losick, 2002) and not on FtsA (Goehring et al., 2005). However, it is not known 
whether endogenous ZapA behaves similar to the FP-ZapA fusions and whether the 
presence of other cell division proteins is required for the localization of ZapA. In 
this chapter the dependence of ZapA localization on other divisomal proteins as well 
as the timing of its localization are investigated.      
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Materials and Methods 
Materials 

All materials used were of the highest grade available. Ni Sepharose High 
Performance medium was purchased from GE Healthcare (Uppsala, Sweden). 
Pefabloc SC plus and Complete Protease Inhibitor Cocktail were obtained from 
Roche (Indianapolis, IN, USA).  

Plasmid pEP001 (described in Chapter 3) was used as a template to PCR 
amplify the zapA gene with the sense primer ZapANcoIFw and the antisense primer 
ZapASalIRv (Table 2-1). The PCR fragment was digested with NcoI and SalI and 
ligated into vector pET302 cleaved with the same enzymes, resulting into plasmid 
pPG016, which encoded a C-terminal 6-histidine tag fused to the zapA gene. See 
also Table 2-2. 

 
Table 2-1. Primer names and sequences. Restriction site sequences are shown in bold. 

Primer name Direction Sequence 5’  3’ 

ZapANcoIFw sense CATGCCATGG GGTCTGCACA ACCCGTCGAT ATCC 

ZapASalIRv antisense 
ACGCGTCGAC CATCATTCAA AGTTTTGGTT 
AGTTTTTTC 

ZapAP1Fw sense 
ACCATGGGTC TAAAGACGAA GGCAGCGCAG 
TCAATCAGCA GGAAGGTGGC GTGTAGGCTG 
GAGCTGCTTC 

pKD3P2ZapARv antisense 
GTCTTCACGG TTACTCTACC ACAGTAAACC 
GAAAAGTGCA 

ZapASeqFw sense TAGCTATAGT GTCGCCCCTT CGCAG 

ZapASeqRv antisense GGGACTGGCC CGCTTGCGAA CATCT 

 

Bacterial strains and growth conditions 

Escherichia coli cells were grown at 28 °C, 37 °C or 42 °C in rich medium 
(TY), glucose minimal medium (GB1) or alanine/proline medium (AP) as described 
before (Aarsman et al., 2005). For timing experiments with cells grown in TY, the 
cells were grown in a fashion similar to that of GB1 cells, in that the cultures were 
diluted in pre-warmed medium before OD600 = 0.3 and grown for approximately 24 
hours. The strains and plasmids used are described in Table 2-2. 

BW25113 zapA::cam was created using the one-step gene inactivation 
method (Datsenko and Wanner, 2000) using primers ZapAP1Fw and 
pKD3P2ZapARv as described (Johnson et al., 2004). Positive colonies were 
detected by selection on chloramphenicol plates and further tested by PCR, using 
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Table 2-2. Bacterial strains and plasmids. 

Strain or plasmid Genotype and/or features Source 

E. coli strain   
LMC500 (MC4100 lysA) F-, araD139, ∆(argF-lac)U169, 

deoC1, flbB5301, ptsF25, rbsR, 
relA1, rpsL 150, lysA1 

(Taschner et al., 1988) 

LMC3143 LMC500 zapA::camR This work 
VIP205 AraD139, ∆(ara-leu)7679, 

∆(lac)X74, galU, galK, rpsL, 
ftsA::kan-Tv-LacIq-ptac-ftsZ 

(Garrido et al., 1993) 

LMC531 LMC500 ftsQ1(Ts) (Taschner et al., 1988) 
SF100 Protease deficient strain. F-, 

∆(lac)X74, galE, thiA, rspL (str), 
∆phoA(pouII), ∆ompT 

(Baneyx and Georgiou, 
1990) 

Plasmids   
pEP001 pTHV038 digested with 

EcoRI/HindIII ligated with 
EcoRI/HindIII zapA PCR-
fragment. Expresses GFPmut2-
ZapA 

This work 

pET302 Trc promoter, (H)6D3KA 
preceding an NcoI cloning site 
for in frame fusing to the His 
tag, AmpR 

(van der Does et al., 1998) 

pGP016 pET302 digested with NcoI/SalI 
ligated with NcoI/SalI zapA 
PCR-fragment. Expresses 
H6D3KA-ZapA. 

This work 

pTHV038 pTRC99A with a weakened trc 
promoter, gfpmut2, AmpR 

(den Blaauwen et al., 
2003) 

 
 
ZapASeqFw as the downstream primer and ZapASeqRv as the upstream primer.  
Two positive colonies were selected for transduction of the zapA deletion to
LMC500 using a P1 phage. Resulting colonies were tested for chloramphenicol 
resistance as well as for correct insertions of the DNA fragment as described above. 
The PCR fragments of two positive colonies were further analysed by sequencing 
with primers ZapASeqFw and ZapASeqRv. 

For strains transformed with plasmid pGP016 (His6-ZapA), the medium was 
supplemented with 100 μg/ml ampicillin. VIP205 was grown in medium containing 
50 μg/ml kanamycin and LMC3143 was only grown in medium supplemented with 
25 μg/ml chloramphenicol when inoculated from agar plate in liquid culture 
medium. All subsequent growth of this strain was in medium without antibiotic. 
Growth was monitored by the measurement of the optical density of a culture at 
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either 450 nm (minimal medium) or 600 nm (rich medium). A longer wavelength is 
used to measure the OD in fast growing cultures to compensate for the larger 
amount of light scattering caused by the larger size of the cells. In order to validate 
steady state of growth, cell numbers were determined with an electronic particle 
counter (orifice 30 µm). 

 

Purification and concentration of ZapA 

SF100 cells transformed with pGP016 were grown at 37 °C in TY and at an 
OD600 of 0.6 overexpression of the recombinant protein was induced by addition of 
300 μM isopropyl β-D-thiogalactopyranoside (IPTG). The cultures were then grown 
for another two hours after which the cells were harvested by centrifugation. The 
cell pellet was resuspended in two volumes of ice-cold binding buffer (20 mM
phosphate pH 7.4, 150 mM NaCl, 30 mM imidazole) to which DNAse I (20 μg/ml), 
dithiothreitol (1 mM) and protease inhibitors (0.4 mM Pefabloc SC plus and 
Complete Protease Inhibitor Cocktail (Roche, Switzerland)) were added. This 
suspension was passed twice through a French press at 10 000 psi, after which 
unbroken cells were removed by centrifugation (5 min, 12,000 x g, 4 °C, SS34 rotor, 
Sorvall). After ultracentrifugation at 144,000 x g for 45 min at 4 °C (Sorvall 
Discovery 100 centrifuge equipped with a Beckman Coulter 60 Ti rotor), glycerol 
was added to the supernatant to a final concentration of 10%. His6-ZapA was then 
purified in batch by incubating 5 ml Ni2+-NTA beads (Amersham, Germany) with 
the supernatant for 1h at 4 °C under rotation. After washing 4 times with 10 ml of 
binding buffer, His6-ZapA was eluted in 5 times 5 ml elution buffer (20 mM 
phosphate pH 7.4, 150 mM NaCl, 500 mM imidazole, 20% glycerol). The eluted 
fractions were pooled and the protein concentration was determined using a protein 
determination kit (micro BCA kit, Pierce) according to the manufacturer’s protocol. 
Amino acid quantification (Eurosequence, Netherlands) was performed on samples 
of which the protein concentration was also determined using a micro BCA kit to 
allow for calculation of a correction factor. Based on the amino acid quantification 
and the amino acid composition of His6-ZapA, the protein concentration can be 
calculated. The amount of impurity in the sample was determined by subtracting the 
His6-ZapA amino acids from the total amino acid quantification. Subtraction of the 
percentage of impurity from the total amino acids results in the purity of His6-ZapA.  

 

Production and specificity of antibodies against ZapA 

His6-ZapA was purified as described above. Antisera against His6-ZapA were 
generated using 1:1 with montenide-diluted 0.1 mg/ml protein solution, which was 
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injected into rabbits (Agrisera, Sweden). The antiserum obtained was tested for 
aspecific binding on immunoblot containing a total extract of E. coli (5 μl of a 
culture at OD600 = 1.0) after SDS-PAGE. 

 

Immunolocalization experiments 

Immunolocalization of ZapA and FtsZ in various E. coli strains was 
performed as described previously (den Blaauwen et al., 2001). Fixed and 
permeabilized cells were incubated for 1 hour at 37 °C with western blot affinity 
purified polyclonal antibodies (pAb) directed against ZapA, monoclonal antibodies 
or polyclonal antibodies directed against FtsZ, diluted in 0.5% (w/v) blocking 
reagents (Boehringer Mannheim GmbH, Germany) in PBS (blocking buffer). 
Donkey anti-rabbit conjugated to CY3 (Jackson Immunochemistry, USA) diluted in 
blocking buffer was used as a secondary antibody and incubated for 30 minutes at 
37 °C. 

 

Microscopy and image analysis 

For immunolocalization, cells were immobilized on 1% agarose in water 
slabs coated object glasses as described (Koppelman et al., 2004) and photographed 
with a Coolsnap 10 fx (Photometrics) CCD camera mounted on an Olympus BX-60 
fluorescence microscope through a 100x/N.A. 1.35 oil objective. Images were taken 
using the public domain program ‘Object-Image 2.18’ by Norbert Vischer 
(University of Amsterdam, http://simon.bio.uva.nl/object-image.html), which is 
based on NIH image by Wayne Rasband as described in (den Blaauwen et al., 
2003). The average cell age at which divisomal proteins arrive at the division site 
was determined as described before (Aarsman et al., 2005, see also Chapter 1 of this 
thesis). All experiments were performed at least twice. 

 

Results 
Purification and concentration of ZapA 

In order to study the effect of ZapA on FtsZ in vitro as well as to raise 
antibodies against ZapA for ex vivo experiments, His6-ZapA (referred to as ZapA 
further on in this chapter) was isolated by overexpressing the protein from plasmid 
pGP016 in strain SF100. Expression of the protein was induced by addition of 300 
µM IPTG for 2 hours, followed by purification of the protein on Ni2+-NTA beads 
from a cell lysate produced from the culture as described in the Materials and 
Methods section. Using a BCA protein determination, the concentration of ZapA in 
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the eluate was found to be 4.7 mg/ml. To establish whether the protein concentration 
was accurate and to determine the degree of purity of ZapA, amino acid 
quantification was performed. The protein concentration was found to be 5.1 mg/ml  
and ZapA was found to be 95.3% pure. A correction factor of 1.085 was used for all 
later micro BCA protein determinations of ZapA.  

Denatured ZapA samples were subjected to mass spectrometry to check the 
molecular weight of the protein which was found to be 14273.71 ± 2.68 Da which is 
close to the calculated mass of 14264.15 Da (data not shown). However, when 
native protein was analyzed, an unidentified mass of 50.61 ± 4.30 Da was found to 
be attached to ZapA (data not shown). This mass corresponds to that of a phosphate 
group (~47 Da), but whether ZapA is phosphorylated or not would require further 
study. 

 

Antibody production and specificity 

Antibodies against ZapA were produced in rabbits by Agrisera (Sweden). To 
ensure the rabbits used had not already developed antibodies against E. coli proteins, 
their sera were tested on cell lysates from the wild type strain LMC500. Two rabbits 
whose sera showed the least affinity for E. coli cell lysates were chosen for antibody 
production (Figure 2-1). The antibodies produced against ZapA were tested for 
specificity on cell lysates from LMC500 and the ΔzapA deletion strain LMC3143. 
As can be seen in Figure 2-1, the antibodies from both rabbits detect ZapA (lanes 6 
and 12 on the LMC500 blot). However, comparison of the LMC500 and LMC3143 
immunoblots shows that the background produced by the sera is quite high (e.g. 
lanes 12). Therefore, the antibodies were affinity-purified to eliminate the 
background signal as indicated by the absence of additional protein bands in lane 2 
in Figure 2-2. 

To test whether the antibodies were able to recognize ZapA present at the Z-
ring, LMC500 and LMC3143 cells were grown in GB1 at 28 °C to steady state. 
Cells were harvested at an OD450 of 0.2, fixed and labelled with the immuno-purified 
ZapA serum as the primary antibody and with Donkey anti-rabbit conjugated to 
CY3 to visualize the primary antibodies. Figure 2-3 shows that ZapA is visible as 
rings at the midcell in LMC500 cells whereas these rings are absent in the ΔzapA 
deletion strain. 

 

Dependence of ZapA localization on other divisomal proteins 

YFP-ZapA did not localize at the restricted temperature in an ftsZ84(Ts) 
strain (Goehring et al., 2005) and a GFP fusion of the B. subtilis ZapA appeared to
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Figure 2-1. Rabbit pre-immune sera and antisera on immunoblot. Cell lysates of LMC500 and 
the ∆zapA deletion strain LMC3143 were run on SDS-PAGE and transferred to nitrocellulose. 
Samples 1-3 and 7-8 show the signal of the pre-immune sera at decreasing dilutions of 1:1000, 
1:500 and 1:100 respectively. The signals of the antisera are shown in samples 4-6 and 10-12 
at dilutions of 1:10,000, 1:5000 and 1:1000 respectively. 

 
 
 
 

 
 
 
 
 

Figure 2-2. Antibodies against ZapA are specific after affinity 
purification with isolated ZapA. The blot shows the affinity 
purified IgG at a 1:1000 dilution. Lanes: 1 LMC500 wild type cell 
extract and 2 the ZapA deletion strain LMC3143 (both 2.7 OD600 

units) and 3 contains 1.3 g pure ZapA. The small band below 
the intense ZapA band seems to be a breakdown product of 
ZapA as it is absent in the ZapA deletion strain. 
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Figure 2-3. ZapA antibodies visualize ZapA localization specifically. Cells were grown in TY at 
28 °C, harvested, fixed and stained with antibodies against ZapA. A and C show the phase 
contrast images of strains LMC500 and LMC3143 respectively. B and D show the 
corresponding fluorescence images. In LMC500 ZapA localizes as rings (arrowheads), whereas 
in LMC3143 such labelling is not visible. Strains were identically imaged. Scalebar equals 1 μm. 

 
be dependent on FtsZ for its midcell localization (Gueiros-Filho and Losick, 2002). 
However, the localization and dependency on divisomal proteins of endogenous 
ZapA has so far not been studied. For this purpose, an FtsZ depletion strain VIP205, 
that contains an IPTG inducible chromosomal ftsZ gene (Garrido et al., 1993), was 
used.  

VIP205 was grown in rich medium (TY) supplemented with 30 µM IPTG (to 
ensure a near wild type expression level of FtsZ in the cells) to an OD450 of 0.3 at 37 
°C. Subsequently, the culture was diluted 20 times in medium with and without 
IPTG and growth was continued for 2 mass doublings (MDs), after which the cells 
were harvested and fixed for immunolabelling with antibodies against FtsZ (Figure 
2-4). VIP205 cells grown in the presence of IPTG (not shown) had a normal cell 
length of 3.96 ± 0.92 and 0.21 FtsZ rings/µm cell length (n = 408). After growth in 
the absence of IPTG, VIP205 had become filamentous and under these conditions 
the number of Z-rings was reduced to 0.02 rings/µm cell length (n = 498) (Figure 2-
4A and B). When the cells of the same batch were labelled with pAb against ZapA, 
the frequency of ZapA midcell localization followed that of FtsZ. In the IPTG 
induced and uninduced cells 0.17 ZapA rings/µm cell length (n = 406) and 0.06 
ZapA rings/µm cell length (n = 191) were found, respectively (Figure 2-4C and D). 
It can be concluded that ZapA is directly or indirectly dependent on FtsZ for its 
midcell localization. 

FtsQ is one of the first of the second step proteins that localizes at midcell 
(Aarsman et al., 2005). Therefore FtsQ was used to investigate whether ZapA
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Figure 2-4. ZapA localization is dependent on FtsZ localization. VIP205 cells grown in the 
absence of IPTG. Phase contrast images (A and C) and fluorescence images (B and D) are 
shown. Cells were grown without IPTG for two mass doublings, harvested, fixed and stained 
with antibodies against FtsZ (A and B) or ZapA (C and D). In the absence of IPTG, the cells 
filament and the number of FtsZ and ZapA rings per μm decrease strongly. Scale bar equals 1 
μm. 

 
 

Figure 2-5. ZapA can localize in 
the absence of FtsQ 
localization. LMC531 cells were 
grown in GB1 at 28 °C (A, 
average cell length 4.3 ± 1.6 
μm, n = 420) and for two 
generations at 42 °C (B, 
average cell length 13.8 ± 4.4 
μm, n = 100), fixed and stained 
with antibodies against ZapA. At 
42 °C, FtsQ can no longer 
localize at midcell, but ZapA can 
(B). On the left are phase 
contrast images and on the right 
the corresponding fluorescence 
images can be seen. Scale bar 
equals 1 μm. 
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localization is dependent on the proteins that localize during the second step of 
divisome maturation. LMC531 expresses an endogenous FtsQ mutant in which 
glutamic acid (E) 125 is replaced by a lysine (K) (Storts and Markovitz, 1991). The 
FtsQE125K mutant is not able to localize at the site of division at the restrictive 
temperature of 42 °C, causing the cells to filament (Aarsman et al., 2005). LMC531 
cells were grown to steady state in GB1 at 28 °C. At an OD450 of 0.2 the culture was 
diluted 4 times in pre-warmed medium and after further growth at 42 °C for two 
MDs the cells were harvested and fixed for immunolabelling. If ZapA is dependent 
on FtsQ, the number of ZapA bands at potential division sites (e.g. at ¼, ½ or ¾ of 
the cell length) should be significantly lower in cells grown at the non-permissive 
temperature compared to cells grown under permissive conditions. As can be seen in 
Figure 2-5, all cells showed ZapA bands at both 28 °C and 42 °C. At the restrictive 
temperature, 0.17 ZapA bands/µm cell length were observed, which was slightly 
lower than the number of ZapA bands found at the permissive temperature (Figure 
2-5).  

YFP-ZapA was reported to be able to localize to the Z-ring at the restrictive 
temperature in a ftsA12(Ts) strain (Goehring et al., 2005). In this strain, FtsA is not 
able to localize at 42 °C (Addinall and Lutkenhaus, 1996). The ability of 
endogenous ZapA to interact with the Z-ring in the absence of FtsA as well as in the 
absence of FtsQ, strongly suggests that ZapA belongs to the group of first step 
division proteins. 

 

Timing of ZapA localization 

As the localization of ZapA seemed to depend on the presence of FtsZ and 
not on second step cell division proteins such as FtsQ, the question was raised 
whether ZapA would localize simultaneously with FtsZ as reported for FtsA and 
ZipA (den Blaauwen et al., 1999; Rueda et al., 2003). Therefore, the average cell 
age at which FtsZ and ZapA localized at midcell was determined. For this purpose 
the wild type strain LMC500 was grown to steady state. At steady state, the ratio 
between total cell mass and total cell number remains constant over time. As a 
consequence, the cells in the culture will have a constant age distribution and the 
relative frequency of cells in a certain age class will also remain constant, despite the 
fact that the absolute cell number in the population increases (Fishov et al., 1995). 
This enables the calculation of the timing of events during the cell cycle as described 
before (Aarsman et al., 2005, see also chapter 1; den Blaauwen et al., 1999). 

To vary the generation time, LMC500 cells were grown to steady state in 
minimal glucose medium (GB1), alanine/proline (AP) medium or rich medium (TY) 
at 28 °C and/or 37 °C. Cells were harvested, fixed and one part was labelled with 
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antibodies directed against ZapA and another part was labelled with antibodies 
raised against FtsZ. To visualize the primary antibodies, secondary antibodies 
conjugated to fluorophores as described in the Materials and Methods were used. 
The immunolabelling procedure has previously been shown to have no effect on the 
length distribution of the cells in the culture (den Blaauwen et al., 1999). 
Fluorescence images of the cells were analyzed to determine the position of the 
fluorescence signal and the number of cells with ZapA or FtsZ midcell localization. 
Phase contrast images were used to measure the length and diameter of the cells and 
to quantify the number of cells with a constriction. The timing experiments indicated 
a trend in the timing of the localization of ZapA in that under all growth conditions 
ZapA localized a fraction of the cell cycle time after FtsZ localized at midcell (Table 
2-3).  

 
Table 2-3. ZapA arrives right after FtsZ at the site of division. Timing of FtsZ and ZapA arrival at 
midcell and morphological parameters of E. coli LMC500 under different growth conditions. 

Medium  T TD Length (SD) Diameter (SD) C
a
 (%) M

b
 (%) A

c
 n

d
 

AP 28 140 2.8 (0.6) 0.9 (0.04) 14 39.2 ZapA 
42.6 FtsZ 

49 
46 

441 
484 

GB1 28 83 2.7 (0.5) 1.0 (0.04) 19 45.2 ZapA 
56.7 FtsZ 

35 
32 

521 
496 

GB1 37 53 2.7 (0.5) 1.0 (0.05) 27 75.2 ZapA 
79.2 FtsZ 

17 
14 

451 
457 

TY
e
 28 40 3.5 (0.7) 1.2 (0.05) 27 74.3 ZapA 

83.7 FtsZ 
17 
11 

452 
496 

TY
e
 37 22 3.6 (0.8) 1.5 (0.09) 20 58.2 ZapA 

59.8 FtsZ 
34 
32 

423 
420 

T, temperature in °C. 
TD, mass doubling time in minutes. 
Length and diameter are given in μm. 
a
 C is percentage of cells that have a constriction. 

b
 M is percentage of cells with midcell localization of FtsZ or ZapA. 

c
 A is percentage of the mass doubling time before the cells show midcell localization. 

d n is cell number. 
e
 Not steady state. 

 

Discussion 
The results presented in this chapter show that ZapA is dependent on FtsZ for 

its localization, but not on any of the second step proteins. The timing experiments 
suggest that ZapA localizes simultaneously with or slightly after FtsZ. In Chapter 3 
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we show that the number of ZapA molecules equals the number of FtsZ molecules. 
Therefore, the observed difference in the timing of FtsZ and ZapA seems unlikely to 
be the result of a detection limit. A previous study found that ZapA is not dependent 
on FtsA to find its way to the site of division (Goehring et al., 2005). Unfortunately 
it is not yet known whether ZapA requires ZipA for its localization, which may still 
be the case as FtsA and ZipA arrive at the Z-ring simultaneously, but independently 
of each other (Hale and de Boer, 1999). The fact that ZapA localizes normally in 
LMC531 cells and that the ΔzapA strain is viable (see Chapter 5) implies that 
FtsE/X, FtsK and none of the second step proteins depend on ZapA for their 
localization.  

The fact that ZapA localizes shortly after FtsZ suggests that ZapA requires at 
least a partly formed Z-ring in order to be able to localize. In vitro studies on ZapA 
and FtsZ show that the two proteins readily interact under FtsZ polymerizing 
conditions (Gueiros-Filho and Losick, 2002; Small et al., 2007). It has also been 
found that ZapA has a stabilizing effect on FtsZ polymers and that it is able to 
organize the FtsZ protofilaments into bundles. These results suggest that ZapA is 
involved in Z-ring stabilization.  However, as a ZapA null mutant is viable (Chapter 
5), the role of ZapA is not critical or the cell has failsafe mechanisms to compensate.  

Based on the aforementioned in vitro data, one can imagine that ZapA binds 
to short FtsZ protofilaments at midcell, stabilizes these polymers by lowering the 
FtsZ GTPase activity and cross-links them to other FtsZ filaments. This way, a 
sufficiently stable FtsZ structure is formed that is or can develop into the actual Z-
ring (see Chapter 5 for further discussion on the bacterium’s benefit having ZapA). 
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Interaction of ZapA and FtsZ in the cell  

 
 
 

Ginette Ploeger, Jolanda Verheul, Svetlana Alexeeva and Tanneke den Blaauwen 

 

Abstract 
Immunolabelling and GFP fusion protein analysis showed that ZapA and 

FtsZ not only localize at the midcell, but also as foci positioned off midcell. The foci 
are predominantly present in young cells and FtsZ and ZapA appeared not to co-
localize in the cytosol. As ZapA and FtsZ do co-localize at midcell, we assume that 
this is where they interact. Analysis of data provided by time-lapse microscopy 
revealed that the ZapA foci are immobile, but (dis)appear in time suggesting 
(dis)assembly of large protein structures. The average number of endogenous ZapA 
molecules per cell was found to be 6000, which is approximately the same as the 
average number of FtsZ molecules per cell. The number of ZapA molecules present 
in a focus was estimated to be in the order of 10-100. With one or two foci per cell 
this amounts to a large number of GFP-ZapA molecules per focus. We propose that 
the accumulation of ZapA in foci in young cells helps prevent premature Z-ring 
formation. 
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Introduction 
The divisome, a protein complex comprised of at least 14 proteins, ensures 

that cell division can occur in E. coli. The divisome is present at the midcell where 
the cell poles of the future daughter cells are synthesized and it localizes in two, in 
time separated steps. The early localizing proteins are FtsZ, FtsA, ZipA, ZapA and 
FtsE/X (Aarsman et al., 2005; Corbin et al., 2007; Errington et al., 2003). The late 
localizing proteins FtsK, FtsQ, FtsL/YgbQ (FtsB), FtsW, FtsI, FtsN and AmiC 
localize after a delay of approximately 20% of the generation time (Aarsman et al., 
2005; Corbin et al., 2007; den Blaauwen et al., 2008).  

Upon binding GTP, FtsZ polymerizes at midcell into protofilaments which 
form the so-called Z-ring to which all other divisomal proteins localize (den 
Blaauwen et al., 2008; Margolin, 2005). These protofilaments disassemble upon 
hydrolysis of GTP. Presumably the Z-ring consists of several small FtsZ 
protofilaments (Anderson et al., 2004; Li et al., 2007). FtsZ was found to localize in 
dynamic helical structures in the cytosol which move towards midcell position in a 
wave-like motion (Peters et al., 2007; Thanedar and Margolin, 2004).  

Several divisomal proteins are believed to stabilize and anchor the Z-ring to 
the membrane. One such protein is ZapA, which has been shown to stabilize FtsZ 
protofilaments in vitro by bundling them and lowering the FtsZ GTPase activity 
(Gueiros-Filho and Losick, 2002; Low et al., 2004; Small et al., 2007). Our data 
indicate that the stabilization only occurs under protofilament stabilizing conditions 
such as during Z-ring assembly (see Chapters 4 and 5). 

ZapA is a small protein that has been shown to interact with FtsZ in vitro at 
different ratios depending on the species (Gueiros-Filho and Losick, 2002; Low et 
al., 2004; Small et al., 2007). Pseudomonas aeruginosa His-ZapA and FtsZ were 
found to interact in a 1:1 ratio, whereas the E. coli versions of these proteins interact 
in a 1:2 ratio, indicating different functions or mechanisms across different species 
(Low et al., 2004; Small et al., 2007). In Bacillus subtilis ZapA was found to be 
present at 5% of the total FtsZ pool. 

The crystal structure of P. aeruginosa His-ZapA showed two ZapA dimers 
associating via an extensive C-terminal coiled-coil protrusion to form an anti-
parallel tetramer (Low et al., 2004). Based on sedimentation velocity analytic 
ultracentrifugation of His-ZapA over a range of His-ZapA concentrations it was 
found that the E. coli ZapA orthologue YgfE is present as a mixture of dimer and 
tetramer (Small et al., 2007). Much higher concentrations were required to obtain 
similar results for P. aeruginosa His-ZapA (Low et al., 2004). 
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The previous chapter has shown that ZapA localizes to the midcell during 
cell division. In the current chapter it is shown that ZapA also localizes as foci in the 
cytosol, especially in young cells that had not yet initiated the formation of a Z-ring 
at midcell. Similar observations were made for FtsZ. Using (immuno)fluorescence 
microscopy, the localization patterns of both proteins are investigated in more detail, 
revealing that both proteins do indeed have similar localization patterns, but, 
surprisingly, do not co-localize in the cytosol. By means of time-lapse microscopy, 
it is also established that the foci are immobile, but do (dis)appear in time, indicating 
(dis)assembly of larger structures of unknown function.  

 

Materials and Methods 
Materials 

All materials used were of the highest grade available. ZapA was purified as 
described in chapter 2. FtsZ was overproduced in E. coli BL21 (DE3) transformed 
with plasmid pRRE6 and purified as described previously (Scheffers et al., 2000).  

 

Bacterial strains and plasmids 

Escherichia coli cells were grown at 28 °C in rich medium (TY) or glucose 
minimal medium (GB1) as described before (Aarsman et al., 2005). The strains and 
plasmids used are described in Table 3-1. Primer sequences are listed in Table 3-2. 

Growth was monitored by the measurement of the optical density of a culture 
at either 450 nm (minimal medium) or 600 nm (rich medium). In order to validate 
steady state growth, cell numbers were determined with an electronic particle 
counter (orifice 30 µm).  

To create a GFPmut2-ZapA fusion protein, the zapA gene was amplified 
from genomic DNA of LMC500 using the polymerase chain reaction (PCR) and 
oligo ZapAoRIFw as the sense and ZapAHindIIIRv as the antisense primers (see 
Table 3-2). The resulting fragment was digested with EcoRI/HindIII and ligated into 
vector pTHV038, cleaved with the same enzymes, resulting in plasmid pEP001. 
This plasmid has a weakened trc promoter (den Blaauwen et al., 2003). 

All other plasmids were kindly provided by Svetlana Alexeeva and their 
cloning strategies will be published elsewhere. 
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Table 3-1. Bacterial strains and plasmids. 

Strain or plasmid Genotype and/or features Source 

E. coli strain   
LMC500 (MC4100 lysA) F-, araD139, ∆(argF-

lac)U169, deoC1, flbB5301, 
ptsF25, rbsR, relA1, rpsL 
150, lysA1 

(Taschner et al., 1988) 

Plasmids   
pEP001 pTHV038 digested with 

EcoRI/HindIII ligated with 
EcoRI/HindIII zapA PCR-
fragment. Expresses 
GFPmut2-ZapA 

This work 

pMC209 pBadMycHisA plasmid 
expressing FtsZ-C3GFP 

(Koppelman et al., 2004) 

pSAV047 pTHV037 expressing 
mCherry 

Svetlana Alexeeva
*
  

pSAV050 pGEM®-T expressing 
mCherry-mKO 

Svetlana Alexeeva
*
 

pSAV057 pMCL210∆NcoItrcDown with 
a transcription terminator 
from pBADMycHisA, empty 
plasmid 

Svetlana Alexeeva*, 
(Aarsman et al., 2005) 

pSAV058 Expresses mKO Svetlana Alexeeva
*
 

pSAV072 pSAV058 expressing mKO-
FtsZ 

Svetlana Alexeeva
*
 

pSAV073 pSAV047 expressing 
mCherry-FtsZ 

Svetlana Alexeeva
*
 

pSAV076 pSAV058 expressing mKO-
ZapA 

Svetlana Alexeeva
*
 

pSAV077 pSAV047 expressing 
mCherry-ZapA 

Svetlana Alexeeva
*
 

pTVH037 pTRC99A with a weakened 
trc promoter, empty plasmid. 

(den Blaauwen et al., 
2003) 

pTHV038 pTRC99A with a weakened 
trc promoter, gfpmut2, 
AmpR 

(den Blaauwen et al., 
2003) 

* 
Will be published elsewhere. 

 
Table 3-2. Primer sequences. 

Primer name Direction Sequence 5’  3’ 

ZapAoRIFw Sense AGCGCAGTCA ATCAGCAGGA AGGTGGCCAA 
TTTCACACAG GAAACAG 

ZapAHindIIIRv Antisense CCACACGTAA ACCGAAAAGT GGCTAGCCGA 
CCTGCAG 

 



Interaction of ZapA and FtsZ in the cell 

 63 

Immunolocalization experiments 

Immunolocalization of ZapA and FtsZ in various E. coli strains was 
performed as described previously (den Blaauwen et al., 2001). Fixed and 
permeabilized cells were incubated for 1 hour at 37 °C with western blot affinity 
purified polyclonal antibodies directed against ZapA, monoclonal antibodies or 
polyclonal antibodies directed against FtsZ, diluted in blocking buffer. Donkey anti-
rabbit conjugated to Cy3 or goat anti-mouse conjugated to Oregon Green 488 
(Jackson Immunochemistry, USA) diluted in blocking buffer was used as a 
secondary antibody and incubated for 30 minutes at 37 °C.  
 

Microscopy and image analysis - Immunolabelling 

For immunolocalization, the immunolabelled cells were immobilized on 1% 
agarose in water slabs coated object glasses as described (Koppelman et al., 2004) 
and photographed with a Coolsnap fx static (Photometrics) CCD camera mounted 
on an Olympus BX-60 fluorescence microscope through a 100x/N.A. 1.35 oil 
objective. Images were taken using the public domain program ‘Object-Image 2.18’ 
by Norbert Vischer (University of Amsterdam,  http://simon.bio.uva.nl/object-
image.html), which is based on NIH image by Wayne Rasband as described in (den 
Blaauwen et al., 2003).  

 

Microscopy and image analysis – Time-lapse 

Time-lapse experiments were performed using the same microscope setup 
except for a heating element on the 100x/N.A. 1.3 oil objective to grow the cells at 
30 °C. In an environment of 37 °C, an object glass was prepared with a GB1 agar 
slab of approximately 5x5 mm. A small drop of a culture at OD450 between 0.1-0.4 
was applied on the slab. Placing a regular cover slip of 1x1 cm on top of the slab and 
sealing its borders with silicone gel created an airchamber surrounding the slab. 
Time-lapse pictures of living and fixed cells from the same culture were taken at an 
interval of 3 seconds for a maximum of 6 minutes. The images obtained were 
analyzed using the program ImageJ (http://rsb.info.nih.gov/ij/) and the kymograph 
plug-in (http://www.embl.de/eamnet/html/bodykymograph.html). 

 

Quantification of ZapA in the cell 

LMC500 cells were grown to steady state in GB1 at 28 °C. At an OD450 of 
0.2, the cells were harvested and the number of cells per ml was determined using an 
electronic particle counter (orifice 30 μm). To determine the amount of endogenous 
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ZapA or FtsZ per cell, 40 µl of ZapA cell lysate was applied in duplicate on a 15% 
SDS-PAGE and  67 μl of FtsZ cell lysate was applied in triplicate on a 12% SDS-
PAGE. Purified FtsZ or ZapA, of which the exact concentration was determined by 
amino acid quantification (Eurosequence, The Netherlands), was used to make a 
calibration curve and applied in duplicate on the corresponding SDS-PAGE. The gel 
was blotted on nitrocellulose and the blot was incubated with a polyclonal antibody 
against ZapA or monoclonal antibody F168-12 against FtsZ (Voskuil et al., 1994) as 
the primary antibodies and horseradish peroxidase-conjugated goat anti-rabbit and 
anti-mouse (Biorad) as the secondary antibodies, respectively. The blot was then 
developed with a chemiluminescence kit (ECL plus, Amersham, Germany), 
followed by quantitative detection of the chemiluminescence signal with a phosphor 
imager (Storm 840, Amersham, Germany). Because purified proteins of known 
concentrations were compared with cell extract with almost the same concentration 
of the protein of interest, the effect of putative differences in transfer efficiency were 
negligible.  

 

Quantification of FtsZ and ZapA in the ring 

LMC500 cells and LMC500 cells expressing GFP-ZapA or FtsZ-GFP were 
grown to steady state in GB1 at 28 °C, harvested and fixed. LMC500 cells not 
expressing a GFP fused protein were labelled with polyclonal antibodies against 
FtsZ or ZapA as described above. Cells were photographed with fixed contrast and 
illumination settings for each sample, to allow for comparison of cells within 
samples. The program Metamorph (Version 6.1r0, Universal Imaging Corporation, 
USA) was used to estimate the number of molecules present in foci by comparing 
the fluorescence of the foci with the total fluorescence of the cell containing the foci. 
Cells containing a ring at the midcell position were selected and the fluorescence 
intensity plotted against the normalized cell length using the program Object Image. 
The amount of FtsZ and ZapA in the ring was quantified according to the method 
outlined in Appendix I.  

 

FRET experiments 

LMC500 E. coli cells were transformed with two compatible low copy 
number plasmids for all cases to be studied. The first based on a p15A replication 
origin and chloramphenicol resistance (pSAV057 which is identical to 

pMCL210NcoItrcDown (Aarsman et al., 2005) apart from the introduction of the  

transcription terminator from pBAD/myc-HisA). The second based on the pBR322 
origin of replication and ampicillin resistance (pTHV037 (den Blaauwen et al., 
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2003)). Descriptions of the plasmids used are found above in the subsection 
Bacterial strains and plasmids and Table 3-1. When only donor or only acceptor was 
expressed, pSAV057 or pTHV037 (“empty” plasmids) were co-transformed. All 

fusion proteins were expressed from an inefficient isopropyl -D-thiogalactoside 

(IPTG) inducible promoter based on a weakened pTRC99A promoter (Weiss et al., 
1999). LMC500 cells, transformed with two plasmids, were grown exponentially in 
GB1 at 28 °C or in rich LB medium (10 g/l bacto tryptone, 5 g/l yeast extract, 5 g/l 
NaCl) when indicated. Cultures were supplemented with 25 µg/ml chloramphenicol 
and 100 µg/ml ampicillin. The cells were grown for approximately 20 generations 
while their optical density at 450 nm (OD450) was kept below 0.2 by regular dilution 
in pre-warmed medium (pseudo-steady state). Subsequently, IPTG was added to a 

final concentration of 50 M (strains expressing only mKO or mCherry or the 

mKO-mCherry fusion) or 15 M (all other strains) and growth was continued for an 

additional 6 hours. To analyze fixed cells FAGA (2.8% formaldehyde and 0.04% 
glutaraldehyde) was added directly to growing cultures and cells were collected after 
15 min at 8000 × g, for 5 min, washed twice in PBS and finally resuspended in PBS 
to an OD450 of exactly 1.00. The fixed cells were stored at 4 °C. Cells were analyzed 
after 7 days incubation at 4 °C. This period allowed the maturation of the 
fluorophore of mKO without affecting the fluorescence of mCherry. 

Spectra were recorded with a QuantaMaster 2000-4/PTI. To allow for 
comparison of the spectra, all samples were adjusted exactly to OD450 = 1.00. 
Sensitized emission was derived from the total spectrum essentially as described by 
Clegg and co-workers (Clegg, 1992; Clegg et al., 1992; Murchie et al., 1989). The 
apparent FRET efficiency was calculated as described in Appendix II. 

 

Results 
Off midcell foci of ZapA and FtsZ 

Apart from the midcell localization, endogenous ZapA was also found to 
localize in foci at the cell poles and at the cylindrical part of the cell in most cells 
(Figure 3-1). Usually a cell contained at least one focus where a focus is defined as 
having a fluorescence intensity of 60 or higher as measured in the program ImageJ 
with the ObjectJ plugin. ZapA or FtsZ rings (midcell localization) were not 
considered foci in this analysis. FtsZ immunolabelling always shows cytosolic foci 
in addition to the Z-ring (e.g. Figure 2 in Aarsman et al., 2005). To determine 
whether these foci displayed a similar localization pattern in the cells as the ZapA 
foci, the position of ZapA and FtsZ off midcell foci was analyzed. A striking 
similarity between the localization patterns of the two proteins was found 
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Figure 3-1. LMC500 cells grown in TY at 28 °C labelled with antibodies against ZapA. Apart 
from localizing as a ring at the midcell, ZapA also localizes as off midcell foci (arrow heads). 
Fluorescence signals were considered to be foci when their intensities were 60 or higher as 
measured in ImageJ with the ObjectJ plugin. In the image all foci have been marked with 
arrowheads. Midcell localization and fluorescence signal below the threshold has not been 
marked. On the left a phase contrast image is depicted and on the right a fluorescence image. 
Scale bar equals 1 µm. 

 
(Figure 3-3A and B). In order to be able to follow the fate of these foci in living 
cells, an N-terminal GFPmut2 fusion to ZapA was made (pEP001) as well as a C-
terminal C3-GFP fusion to FtsZ (pMC209), further referred to as GFP for both 
fusions. In Chapter 5 it is shown that GFP-ZapA is not able to complement the 
filamentous phenotype of a zapA deletion strain, despite normal midcell localization 
of GFP-ZapA in this strain. Because the timing of midcell localization of GFP-ZapA 
is identical to that of ZapA and because off mid cell were observed both in cells that 
express wild type ZapA as well as in cells that express GFP-ZapA (see below, 
Figure 3-1 and Figure 3-2), we assume that GFP-ZapA can be used to study the 
dynamics of ZapA off midcell foci in living cells. In addition, the presence of 
endogenous ZapA makes it likely that any ZapA oligomers formed would be 
comprised of a mixture of ZapA and GFP-ZapA, thus enabling GFP-ZapA to mimic 
the localization pattern of ZapA. 

These fusion proteins were expressed without induction. To test whether 
GFP-ZapA and FtsZ-GFP show a localization pattern similar to endogenous ZapA 
and FtsZ, LMC500 and LMC500 cells transformed with pEP001 (GFP-ZapA) or 
pMC209 (FtsZ-GFP) were grown to steady state in GB1 at 28 °C, fixed and 
photographed. Analysis of the data showed that the localization pattern of the GFP 
fusion proteins was the same as that of endogenous ZapA and FtsZ in that they 
localized as a ring at midcell at the same cell age as the endogenous proteins (Figure 
3-2 and data not shown). Off midcell foci were also found, but in a smaller number 
of cells (Figure 3-2 and Table 3-3) than with the immunolabelling procedure on 
endogenous protein in wild type cells. For the GFP-fusion proteins as well as for the 
endogenous proteins that were visualized with antibodies it was found that newborn
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Figure 3-2. GFP-ZapA localizes in patterns similar to those of ZapA. The loose arrowheads 
indicate midcell localization. The arrowheads on the ellipse indicate three foci with a 
fluorescence intensity of 60 or higher (as measured in ImageJ with the ObjectJ plugin). LMC500 
cells transformed with plasmid pEP001 were grown in GB1 at 28 °C. The scalebar equals 1 µm. 

 
Table 3-3. Number of FtsZ and ZapA cells with 0 up to 4 foci. All 
samples were comprised of 424 cells. A fluorescent signal was 
considered a focus when its intensity was 60 or higher as 
measured in ImageJ with the ObjectJ plugin. 

# spots/cell Sample 

0 1 2 3 4 

Average SD 

ZapA 182 140 77 19 3 0.86 0.91 
FtsZ 270 101 41 11 1 0.52 0.79 
GFP-ZapA 291 103 27 4 0 0.40 0.65 
FtsZ-GFP 320 72 27 5 0 0.33 0.65 

 
 

cells contained more off midcell foci than cells that had nearly completed division 
(Figure 3-3). A significant number of older cells containing foci was only found 
when endogenous ZapA was visualized (Figure 3-3A). Overall the cells contained 
0.40 ± 0.65 foci per cell when GFP-ZapA was expressed and  0.33 ± 0.65 foci per 
cell when FtsZ-GFP was expressed. In comparison, 0.86 ± 0.91 and 0.52 ± 0.79 foci 
per cell were found for endogenous ZapA and FtsZ respectively (Table 3-3). 

The presence of the foci raises the question whether they represent the natural 
localization pattern of the protein or whether they are artefacts. The foci are not 
synthesis hotspots as GFPmut2 has been found to mature in 5.7 minutes 
(Adiciptaningrum, 2009) during which time the protein could diffuse well away 
from the polyribosomes  as its synthesis would take about 14 s. Even though 
GFPmut2 fused proteins are present as a dimer, the observed foci are far too bright 
to consist of only two molecules (see below for the quantification of the number of 
molecules per focus).  
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Quantification of ZapA in the cell 

The fluorescence intensities of the endogenous FtsZ and ZapA labelling 
appeared to be very similar, which did not concur with the observation of Gueiros-
Filho and Losick that the concentration of Bacillus subtilis ZapA (ZapABS) was
about 5% of that of the FtsZ concentration in this organism (Gueiros-Filho and 
Losick, 2002). Therefore, the number of endogenous molecules in the average E. 
coli cell was determined for ZapA. In addition, we quantified the number of GFP-
ZapA molecules expressed under our growth conditions. To this purpose, LMC500 
cells and LMC500 cells transformed with plasmid pEP001 (GFP-ZapA) were grown 
to steady state in GB1 at 28 °C. At an OD450 of 0.2, cells were harvested and 
samples were taken for the electronic particle counter to measure the number of cells 
present per ml of culture. A cell lysate and a purified ZapA concentration range (1-4 
ng) were applied in duplicate on SDS-PAGE and subsequently transferred to 
nitrocellulose (Figure 3-4). To be able to get a good signal for both the endogenous 
and the GFP-ZapA, the GFP-ZapA lysate was applied on SDS-PAGE in two 
different  amounts. The  protein  bands  were  visualized  using  antibodies  against 
ZapA and their intensities were determined by chemiluminescence density analysis. 
By comparing the total signal of the ZapA bands from the cell lysates to that of the 
standards, the average amount of ZapA was calculated to be 6100 ± 1000 per 
average cell (which equals 5.38 μM or 67.76 μg/ml per cell) as an average of 3 
separate experiments (Figure 3-4). This is clearly different from B. subtilis ZapA for 
which the number of molecules per cell was estimated to be 250 (Gueiros-Filho and 
Losick, 2002). In an experiment in which the same strain was grown under the same 
growth conditions, the number of FtsZ molecules per average E coli cell was 
previously found to be 4800 ± 1300 (Koppelman et al., 2004). This suggests that in 
E. coli at least during growth in minimal medium, ZapA and FtsZ are present in 
approximately 1:1 stoichiometry. 
 
 

 
Figure 3-3. Number of (GFP-)ZapA (A) and FtsZ (B) foci found at a certain cell length in 
LMC500  and LMC500 cells transformed with plasmids pEP001 (GFP-ZapA, C) or pMC209 
(FtsZ-GFP, D) cells. Cells were grown to steady state in GB1 at 28 °C, harvested and fixed. 
Endogenous ZapA and FtsZ were labelled with polyclonal antibodies. The solid lines show the 
number of foci, whereas the dashed lines show the number of cells found at a certain length. In 
all cases the shorter (younger) cells contain the most foci. Cells close to dividing show hardly 
any foci at all except in the case of endogenous ZapA (A). This is most likely due to the use of 
polyclonal antibodies, which increases the fluorescence signal per ZapA molecule (see also in 
the text). Rings were not considered foci in this analysis. All samples contained 424 cells. 
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Figure 3-4. Example of an immunoblot used for ZapA and GFP-ZapA quantification. 
Endogenous ZapA was found to be present at 6100 ± 1000 molecules per average cell and 
GFP-ZapA was present at twice the level of endogenous ZapA. Cell lysates of known cell 
number and known amounts of purified ZapA were run on gel, immunoblotted and stained with 
antibodies against ZapA. Using a phosphorimager, the amount of ZapA and GFP-ZapA in each 
cell lysate sample could be quantified. WT is LMC500 cell lysate. LMC500 transformed with 
pEP001 (GFP-ZapA) cell lysates were applied in two different concentrations to allow for the 
quantification of the endogenous ZapA in these lysates. 
 
 

LMC500 cells transformed with plasmid pEP001 (GFP-ZapA) were found to 
contain 13349 ± 1388 GFP-ZapA molecules compared to 8563 ± 1512 endogenous  
ZapA molecules. GFP-ZapA is therefore present at a 1.6 fold higher level than 
endogenous ZapA in the same sample. Furthermore, the amount of endogenous by 
ZapA is 1.4 times higher in the GFP-ZapA expressing strain than in the wild type 
strain. This could be caused by cleavage of GFP-ZapA into GFP and ZapA or 
overexpression of endogenous ZapA as a consequence of the limited functionality of 
GFP-ZapA (see Chapter 5). 
 

ZapA foci dynamics in living cells 

To follow the fate of GFP-ZapA foci in living cells, LMC500 cells were 
transformed with GFP-ZapA expressing pEP001 and grown in GB1 at 28 °C. Cells 
were applied on a small GB1 agar slab surrounded by an air chamber (see Materials 
and Methods) and the sample was kept at 30 °C by a heated objective. Phase 
contrast and fluorescence images were taken directly after each other, followed by a 
3 second interval before the next set of images was taken. 

Young cells that had not yet developed a midcell ring showed the largest 
number of ZapA foci. Once a ring was formed, the number of foci decreased and 
they were virtually absent at the onset of cell constriction. The lifetime of the ZapA 

foci was found to be between 15 and 72 seconds (Figure 3-5) whereas the foci in 
fixed cells were visible until the cells were bleached (>99 seconds, data not shown). 
Just before separation of the daughter cells, ZapA would dissociate from midcell in a 
clearly visible cloud. Using confocal microscopy, it was found that the foci are 
present in the cytosol as well as near the membrane (data not shown).  
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Figure 3-5. Part of a time-lapse series from 0 to 210 s of a young LMC500 cell producing GFP-
ZapA. The arrows indicate the foci and the disappearance and appearance of the arrows 
indicate approximately the disappearance and appearance of the foci. 

 
To determine whether the (dis)appearance of the foci was a result of moving 

in and out of the focal plane due to instability of the microscope setup, a time-lapse 
series was made of fixed cells. As expected the foci were still visible, but no new 
foci appeared (data not shown). As was anticipated foci disappeared after some time 
due to bleaching. In conclusion, the (dis)appearance of the foci in live cells could 
not be caused by focal or stage drift. 

Subsequently, we determined whether the foci were mobile. The time-lapse 
images of living cells were converted to a stack and a linear region of interest (ROI) 
was selected covering the path along which the foci appeared to move. The pixels in 
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the ROI of each slide were copied into a new image (kymograph) showing the 
position of the fluorescence signal in time (Figure 3-6A and B). Figure 3-6A shows 
a kymograph of a few foci in time, whereas Figure 3-6B shows a control kymograph 
of a midcell ring of a cell from the same time-lapse series. If the source of the 
fluorescence signal is immobile, the kymograph is expected to show a horizontal 
line in time, as is the case of the control (Figure 3-6B). The results obtained for the 
control also indicate the absence of stage drift. The kymograph of the foci (Figure 3-
6A) shows several horizontal lines of various length, representing immobile foci that 
appear and disappear in time. 

A different approach to establishing whether the foci are mobile was by 
determining the position of the foci in each fluorescence image superimposed on the 
phase contrast image. Using the program Object Image, the diffusion coefficient of 
the foci was determined using mean square displacement analysis (Elmore et al., 
2005). The diffusion coefficient of the foci was found to be in the order of 10-5 μm2 
s-1. For comparison, the diffusion coefficient of GFP in the E. coli cytosol is 9 μm2 s-

1 and membrane bound GFP has a diffusion coefficient of 0.13 μm2 s-1 (Mullineaux 
et al., 2006). The ZapA foci moved approximately 10,000 times slower than a 
membrane bound GFP. Even if the foci consisted of more than 1000 ZapA 

molecules a higher diffusion coefficient was expected. We conclude therefore that
  

 
 

Figure 3-6. ZapA foci are immobile and (dis)assemble in time. Cells were grown for 2-3 days in 
GB1 at 28 °C. A droplet of a culture was taken at an OD450 of at least 0.2 and placed on a GB1 
agar slab. Every three seconds a phase contrast and fluorescence image were taken right after 
each other. The figures on the left are the kymographs taken along the white line in the figures 
on the right, which show a fluorescent image of the cell measured. A, Kymograph of a cell 
containing ZapA foci. As can be seen in the image, several foci appear and disappear. The 
diffusion coefficient of the foci is 10-5 μm2 s-1. B, kymograph of a cell with a stable ZapA ring. As 
the ring is immobile, a more or less straight line is visible in the kymograph, indicating the 
absence of stage drift during the recording of the time-lapse series. Timescale is 366 seconds 
(6.1 minutes). 
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the foci are immobile and that their appearance and disappearance represented in 
fact their assembly and disassembly. 
 

Estimation of the amount of ZapA present in foci and in rings 

The fluorescence intensity of the foci suggested an assembly of ZapA 

molecules rather than a single molecule or a ZapA dimer or tetramer. To get a rough 
idea of how many molecules were present in the foci, LMC500 cells transformed 
with plasmid pEP001 (GFP-ZapA) were grown to steady state in GB1 at 28 °C, 
harvested and fixed. Fluorescence images were taken of the cells using an Olympus 
BX fluorescence microscope and the images analysed using the program 
Metamorph. 

In 11 cells, the total fluorescence intensity was measured as well as that of a 
ZapA focus. By assuming that the amount of fluorescence is directly proportional to 
the number of GFP-ZapA molecules and knowing that a cell contained 13349 GFP-
ZapA molecules on average, the number of ZapA molecules in a focus could be 
calculated. As a wide field microscope was used, the whole cell is imaged without 
exact knowledge of the focal plane. If we assume that a fifth of the cell was in focus, 
then a focus contained on average 123 ± 43.2 ZapA molecules (0.9 ± 0.3% of the 
total ZapA pool). The actual number of molecules in a focus is most likely much 
lower as the method used is very inaccurate. We estimate that at least dozens of 
molecules are present in the foci. 

To get an idea how the amount of ZapA or FtsZ in foci relates to the amount 
of protein present in the ring, LMC500 cells expressing GFP-ZapA or FtsZ-GFP 
from plasmids pEP001 and pMC209, respectively, were grown under the same 
conditions. Using the program Object Image, average length normalized 
fluorescence profiles of cells showing GFP-ZapA or FtsZ-GFP localization at the 
midcell were created of 277 and 334 cells, respectively (Figure 3-7). The amount of 
fluorescence was calculated as described in Appendix I and, again assuming that a 
fifth of the cell was in focus, it was found that 5.4 ± 0.1% of the total GFP-ZapA 
pool is incorporated into the ring compared to 4.5 ± 0.04% for FtsZ-GFP. The 
complete ZapA and FtsZ ring would then contain about 27% of the total ZapA pool 
and 22% of the total FtsZ pool. The percentage of FtsZ found in the ring 
corresponds fairly well with the previously published result of 30% (Anderson et al., 
2004). ZapA and FtsZ appear to be present in the ring at approximately equal levels. 
These results imply that approximately 75% of the ZapA is present in the cytosol 
and allows for the formation of about 15 foci in a cell. However, no foci were 
observed in ring containing cells whereas an average of 0.8 foci per cell was found 
for the cell population analyzed. Furthermore, only 11% of the cells were found to
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Figure 3-7. Average length normalized fluorescence profiles of GFP-ZapA and FtsZ-GFP 
expressed in LMC500 cells. The solid line represents the profile for GFP-ZapA and the dashed 
line the profile for FtsZ-GFP. 

 
 

 
Figure 3-8. FtsZ and ZapA co-localize in the ring, but not in the foci. LMC500 cells were grown 
to steady state in GB1 at 28 °C, fixed and labelled with polyclonal antibodies against ZapA (red 
signal) and monoclonal antibodies against FtsZ (green signal). Images were taken of both 
signals and an overlay was made (right column). A and B show different cells of the same 
sample. A large number of cells showed better staining of FtsZ in the rings than of ZapA or vice 
versa (white arrowheads). No co-localization of the foci was observed (blue arrowheads). 
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contain more than 1 GFP-ZapA focus. Apparently, not all cytosolic ZapA assembles 
in these foci. It is possible that ZapA is organized into large structures by another 
protein which could be FtsZ or a yet unidentified protein. 

 

Off midcell foci of ZapA and FtsZ do not co-localize 

Association with FtsZ polymers seemed to be the most straightforward 
explanation for the presence of multiple ZapA molecules in the foci. To establish 
whether FtsZ and ZapA were both present in the observed foci, LMC500 cells were 
grown to steady state in GB1 at 28 °C. The cells were fixed and labelled with 
monoclonal antibodies against FtsZ and polyclonal antibodies against ZapA, 
followed by labelling with secondary antibodies conjugated to Oregon Green or Cy3 
to visualize ZapA and FtsZ respectively. Fluorescence images were taken of both 
signals and an overlay of the fluorescence images showed that the midcell ring 
contained both proteins (Figure 3-8) and that the foci did not co-localize (Figure 3-
8). However, a significant number of cells showed a clear FtsZ ring, but a faint, or 
even no ZapA signal (Figure 3-8). In a very small number of cells the reverse 
situation was observed (Figure 3-8). It is possible that due to the double labelling 
with ZapA and FtsZ antibodies, the ZapA epitope in FtsZ bound ZapA may not be 
easily accessible when FtsZ antibodies have bound in close proximity of the ZapA 
epitope. 

To check whether the double labelling with antibodies gave reliable results, 
LMC500 cells expressing FtsZ-GFP or GFP-ZapA were grown to steady state in 
GB1 at 28 °C. Cells were fixed and labelled with polyclonal antibodies against 
ZapA in the case of FtsZ-GFP and with polyclonal antibodies against FtsZ in the 
case of GFP- ZapA. After labelling with secondary antibodies conjugated to Cy3, 
fluorescence images of both the GFP signal and the Cy3 signal were taken and an 
overlay was made of the two signals, which showed results similar to those of the

double labelling with antibodies (data not shown). Taken together, it can be 
concluded that ZapA and FtsZ co-localize in the Z-ring but not in the off midcell 
foci. 

 

Interaction of ZapA and FtsZ in the cell 

Since no co-localization of ZapA and FtsZ in the off midcell foci was 
observed, the question was raised whether FtsZ and ZapA do interact at all in the 
cell. So far, FtsZ and ZapA have been shown to interact in vitro but no in vivo data 
are yet available. Since in vitro experiments do not always reflect the in vivo 
situation accurately, Fluorescence Resonance Energy Transfer (FRET) was used on 
intact cells to establish whether ZapA and FtsZ are able to directly interact within 
the cell. For this purpose cells transformed with two appropriate plasmids were 
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grown as described in the Materials and Methods section. In total, ten strains were 
grown, among which one positive control, five negative controls and the four 
combinations of FtsZ and ZapA plasmid as the actual samples (i.e. mKO-ZapA + 
mCherry-ZapA, mKOZapA + mCherry-FtsZ, mKO-FtsZ + mCherry ZapA and 
mKO-FtsZ + mCherry-FtsZ). Fluorescence signals were measured and the amount 
of FRET was calculated as described in Appendix II. The calculated FRET values 
and their standard deviations are presented in Table 3-4. In order to get an estimate 
of what values to expect for interacting and non-interacting samples, a positive 
control, comprised of a tandem fusion of mKO and mCherry, was measured as well 
as a sample with the two unfused fluorophores and each unfused fluorophore 
combined with an FtsZ or ZapA fused counterpart. Even though mKO-ZapA and 
mCherry-ZapA did not complement the filamentous phenotype of the ZapA deletion 
strain (data not shown), it is likely that the presence of wild type ZapA in the cells 
allowed for the formation of ZapA tetramers that consist of both ZapA and a 
fluorescing ZapA fusion protein, thus allowing these fusion proteins to mimic the 
localization pattern of ZapA. As a consequence, mKO-ZapA and mCherry-ZapA 
would be able to interact with FtsZ or other proteins. All combinations of FtsZ and 
ZapA were found to interact (Table 3-4) and we can therefore conclude that ZapA 
and FtsZ directly interact in the cell. Whether these interactions only occur in the 
ring or also in the cytoplasm requires further investigation.  

 

Discussion 
In vivo ZapA concentration and possible oligomeric states 

For both E. coli ZapA (ZapAEC) and P. aeruginosa ZapA (ZapAPA) the 
oligomeric state of the purified protein was investigated previously (Low et al., 
2004; Small et al., 2007) in the form of His-tagged ZapA versions. In the case of 
His-ZapAPA it was found that a concentration of 212 μM His-ZapAPA was required 
to obtain a 1:1 ratio of dimer to tetramer. A concentration of 1 μM resulted in a 1:3 
ratio of dimer to tetramer in the case of His-ZapAEC (Small et al., 2007), showing 
that ZapA is more likely to form tetramers. With a cellular ZapA concentration of 
5.38 μM, as was found in this study, ZapA is expected to be predominantly present 
as a tetramer in the cytosol. The number of B. subtilis ZapA (ZapBS) molecules has 
been estimated to be about 250 per cell (Gueiros-Filho and Losick, 2002), which is 
approximately 25-fold lower than that of ZapAEC. This difference might be due to 
the method used to estimate the amount of ZapA in B. subtilis: GFP-ZapA and GFP- 
FtsZ cell lysates were immunoblotted and detected with antibodies against GFP and 
the amount of ZapA was determined by comparison with the amount of FtsZ. It is
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Table 3-4. ZapA and FtsZ interact in the cell. Apparent FRET 
efficiency values of FtsZ and ZapA fusion protein and controls.  

EA
a 

 
 

n 
Average SD 

Positive 
control 

mCherry-mKO 
tandem fusion 

6 31.1 9.1 

mKO + mCherry 6 -0.9 1.7 
mKO-FtsZ + 
mCherry 

2 1.8 3.2 

mKO +    
mCherry-ZapA  

5 1.6 2.7 

mKO +  
mCherry-FtsZ 

3 0.6 4.0 

Negative 
controls 

mKO-ZapA + 
mCherry 

2 5.9 4.7 

mKO-ZapA + 
mCherry-ZapA 

4 7.3 2.7 

mKO-FtsZ + 
mCherry-FtsZ 

3 4.9 0.4 

mKO-FtsZ + 
mCherry-ZapA 

4 6.1 2.1 
Samples 

mKO-ZapA + 
mCherry-FtsZ 

3 12.4 2.2 

a
 Apparent FRET efficiency 

 
 

possible that there was a difference in transfer efficiency to the blot. It is not known 
whether ZapABS is able to form oligomers, but the structure prediction based on the 
sequence of ZapA indicates that ZapABS likely has a coiled-coil structure and thus 
would be able to at least form a dimer (Gueiros-Filho and Losick, 2002). Although 
the observed differences in the number of ZapA molecules per cell and in its 
oligomeric state for the different ZapA specimens indicate that ZapA may have 
different functions or work through different mechanisms in each species, it is more 
likely that the use of His-tagged versions of ZapA in previous studies resulted in 
data that does not reflect the natural behaviour of ZapA as closely as previously 
assumed. 

The quantification of GFP-ZapA showed that this fusion protein was present 
at a 1.6 fold higher level than endogenous ZapA in the same cells, meaning that 
GFP-ZapA is not present at extremely high levels. In addition, the timing of the 
midcell localization of GFP-ZapA was identical to that of wild type ZapA and the 
protein also localizes at midcell in a ZapA deletion strain (Chapter 5). Therefore, the 
observations made in experiments in which this fusion protein was used most likely 
reflect the actual localization of ZapA in the cell. An interesting observation in the 
quantification of GFP-ZapA was that the endogenous ZapA levels were increased 
1.4 fold compared to endogenous ZapA in LMC500 cells not harbouring any 
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plasmids. The most straightforward explanation for this phenomenon is that GFP-
ZapA is cleaved into GFP and ZapA, which can be tested by staining a similar 
immunoblot (Figure 3-4) with primary antibodies directed against GFP. Another 
explanation is that GFP-ZapA is not fully functional, as it cannot compensate for the 
mild filamentous phenotype of a ZapA deletion strain (Chapter 5). The expression of 
endogenous ZapA is increased to compensate for the lack of functionality of GFP-
ZapA and thus the chance that a fully functional ZapA is incorporated into the ring. 
In addition, when both ZapA and GFP-ZapA are present, it is likely that tetramers 
are formed that consist of both ZapA and GFP-ZapA, thus allowing GFP-ZapA to 
mimic the localization pattern of ZapA. 

 

Interaction between ZapA and FtsZ in the cytosol 

As was shown by immunolabelling and the use of GFP fusion proteins, ZapA 
and FtsZ form off midcell foci, particularly in young cells. When the cells initiate 
the assembly of the Z-ring, the number of foci decreased as the proteins are 
incorporated into the ring. In young cells, the foci appear and eventually disappear 
on a timescale of 15 to 72 seconds. However, these foci were found to be immobile 
and the (dis)appearance of the foci might therefore reflect the assembly and 
disassembly of ZapA complexes.  

Approximately 23-27% of ZapA and FtsZ are present in the ring, leaving a 
pool of roughly 75% in the cytosol. Each ZapA focus consists of approximately 5% 
of the total ZapA present in the cell. One would expect each cell to contain 15-20 
foci, depending on cell age, yet very few cells contain more than 1 focus. This might 
imply that the formation of ZapA foci is not a property of the protein itself, but 
rather that ZapA is organized into foci by another protein that is less abundantly 
present. Also, inclusion bodies were not observed in the microscopy data, making it 
unlikely that the foci are artefacts. As the topography of the ZapA and FtsZ foci was 
found to be similar and since the two proteins have been found to interact in in vitro 
studies (Addinall et al., 2005; Gueiros-Filho and Losick, 2002; Low et al., 2004), 
we expected them to co-localize in the foci as well, thus explaining the presence of 
the foci. Surprisingly, this was not the case. Yet, FRET experiments showed that 
FtsZ and ZapA do interact within the cell. Whether these interactions are in the ring 
and/or the cytosol requires further study (see also Chapter 4 and 5). 

As the cellular concentration of FtsZ is above the critical concentration for 
polymerization, it is to be expected that FtsZ will form small protofilaments which 
eventually disassemble due to the nucleoid occlusion system or the MinCDE system 
(Errington et al., 2003; Shih and Rothfield, 2006). The low number of FtsZ foci per 
cell shows how effectively these systems prevent premature Z-ring formation. 
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The purpose and composition of the ZapA foci remains as of yet unclear. As 
the ZapA foci did not localize with those of FtsZ and as no experimental evidence 
exists that ZapA is able to form oligomers, we speculate that a yet unknown protein 
is responsible for the aggregation of ZapA molecules. Recently, a new cell division 
protein, ZapB was discovered, which is slightly smaller than ZapA (ZapA and ZapB 
are 109 and 81 amino acids, respectively. ZapB is able to polymerize through self-
association and localizes in an FtsZ dependent manner (Ebersbach et al., 2008)). 
Interestingly, the crystal structure of this protein is somewhat similar to that of ZapA 
in that it shows a protein that forms a dimer through a coiled coil motif (Ebersbach 
et al., 2008; Low et al., 2004). Furthermore, a null mutant of ZapB displays a 
morphology similar to that of a ZapA deletion strain (see Chapter 5): the cell lengths 
vary from normal to short filaments (Ebersbach et al., 2008). Since ZapB is able to 
self-assemble, perhaps it is the protein that organizes ZapA into larger assemblies. 
Further study is required to establish whether this is the case or, if not, to identify the 
protein that organizes ZapA into large structures. 

 

FtsZ foci in previous publications are immobile 

FtsZ-GFP foci have been observed in other studies (Peters et al., 2007; 
Thanedar and Margolin, 2004) and these foci were described to be part of a helix. 
When viewing the movies of the time-lapse series presented in these reports, the 
impression arises that these foci are moving in the cells and have been described as 
such. However, analysis of the Thanedar movies by the kymograph method shows 
that the foci are in fact completely immobile (Figure 3-9). The time interval of the 
Peters et al., movies is too large to allow for analysis by the kymograph method. We 
think that our foci are the same as the foci discussed in both papers and that they are 
not as dynamic as suggested by their authors. The reason that these authors have 
mistaken dynamic structures with (dis)assembling structures may be that they have 
only looked at the time-lapse data and did not further analyse their data. When 
looking at a movie of time-lapse data, it is not possible to distinguish between 
mobile structures and immobile, (dis)assembling structures. Whether the foci 
observed by these authors are part of the described dynamic helix remains to be 
investigated. 
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Figure 3-9. Kymographs of two cells from supplementary movie 6 show immobile foci 
(Thanedar and Margolin, 2004). A, shows a kymograph of foci in a cell pole. The segmented 
line has been measured in all images and straightened before pasting in a new figure, resulting 
in a kymograph and B, a control kymograph of a stable ring in a cell. This kymograph clearly 
shows stage drift occurred during the recording of the time-lapse images. 

 
 

Acknowledgements 
We thank Norbert Vischer for helping with the microscopy setup for time-

lapse experiments. 
 
 

 



 

 

Chapter 4 

The GTPase activity of Escherichia coli FtsZ 
determines the magnitude of the FtsZ polymer 

cross-linking by ZapA in vitro 

 
 

Tamimount Mohammadi, Ginette Ploeger, Jolanda Verheul, Anouskha 
Comvalius,  Ariadna Martos, Carlos Alfonso,  Jan van Marle, Germán Rivas and 

Tanneke den Blaauwen 

 

Abstract 
FtsZ polymerizes in a ring-like structure at midcell to initiate cell division in 

Escherichia coli. The ring is stabilized by a number of proteins among which the 
widely conserved ZapA protein. Using antibodies against ZapA we found that the 
cellular concentration of ZapA is approximately equal to that of FtsZ. This raised the 
question how the cell could prevent their interaction and thereby the premature 
stabilization of FtsZ protofilaments in non-dividing cells. Therefore, we studied the 
FtsZ ZapA interaction at the more physiological pH of 7.5 instead of pH 6.5 (the 
more optimal pH for FtsZ polymerization), under conditions that stimulate 
protofilament formation (5 mM MgCl2) and under conditions that stimulate and 
stabilize protofilaments (10 mM MgCl2). Using pelleting, light scattering and 
GTPase assays, it was found that bundling and stabilization of FtsZ polymers by  
was inversely correlated to the GTPase activity of FtsZ. As GTP hydrolysis is the 
rate-limiting factor for depolymerization of FtsZ, we propose that ZapA will only 
enhance the co-operativity of polymer association during the transition from helical 
filament to midcell-ring and will not affect the short single protofilaments in the 
cytoplasm. All thus far published in vitro data on the interaction between FtsZ and 
ZapA have been obtained with His-ZapA. We found that in our case the presence of 
a His6-tag fused to ZapA prevented the protein to complement a ΔzapA strain in vivo 
and affected the interaction between FtsZ and ZapA in vitro. 
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Introduction 
FtsZ, ubiquitous in virtually all prokaryotes, is a major actor in the 

cytokinesis process of bacteria. In Escherichia coli this universally conserved 
tubulin homologue is able to polymerize into a ring-like structure (known as the Z-
ring) at the impending site of division. This cytoskeletal element is not only crucial 
for bacterial cell division but is also required for assembly of other constituents of 
the divisome (den Blaauwen et al., 2008). The ring-like structure is highly dynamic 
and tightly regulated (Anderson et al., 2004; Harry et al., 2006). A number of 
proteins are involved in the regulation and stability of the Z-ring at mid-cell. These 
regulators are expected to affect the transition from assembly to disassembly and 
vice versa of the Z-ring. The FtsZ level of 5 µM in the cell (Feucht and Errington, 
2005; Pla et al., 1991; Rueda et al., 2003) is sufficient to promote polymerization as 
the critical concentration for FtsZ polymerization is in the order of 2 µM (Mukherjee 
and Lutkenhaus, 1999). To avoid the production of mini cells due to polar 
constrictions, the Min system inhibits FtsZ polymerization near the cell poles (Harry 
et al., 2006; Raskin and de Boer, 1999) and the nucleoid occlusion protein SlmA, 
which is associated with the bacterial chromosome, inhibits FtsZ polymerization in 
the vicinity of the nucleoid (Bernhardt and de Boer, 2005). As a result FtsZ can only 
polymerize at midcell where a local DNA minimum is realized due to segregation of 
the nucleoids. ZipA, FtsA and the widely conserved Z-ring associated protein ZapA 
are reported to stabilize the Z-ring during its formation.  

FtsZ is able to bind and hydrolyze GTP (Mukherjee et al., 1993) and its 
polymerization has been extensively studied in E. coli. Assembly of FtsZ into 
polymers is dependent on GTP hydrolysis (for a review see Michie and Löwe, 
2006). Association of two FtsZ monomers induces hydrolysis of the interface bound 
GTP (Scheffers et al., 2002), which is followed by a release of the phosphate 
(Romberg and Mitchison, 2004; Scheffers and Driessen, 2002). The remaining GDP 
bound FtsZ favours depolymerization (Romberg and Levin, 2003). Depending on 
experimental conditions, FtsZ can form a variety of polymeric structures. Alterations 
in concentrations of, for example, FtsZ, GTP, KCl, Mg2+ and Ca2+ can affect the 
polymerization process and results in distinct morphologies of the polymers (Löwe 
and Amos, 1999; Mukherjee et al., 1993; Rivas et al., 2000; Tadros et al., 2006; Yu 
and Margolin, 1997). Particularly, Mg2+ is required for the hydrolysis of GTP as it 

binds the - and -phosphate. At Mg2+ levels between 1 and 5 mM the GTPase 

activity of FtsZ was demonstrated to be enhanced resulting in the formation of 
protofilaments (Huecas et al., 2008; Mukherjee and Lutkenhaus, 1999; Peters et al., 
2007; Popp et al., 2009). Above 5 mM (e.g. 10 mM) Mg2+ the GTPase activity is 
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reduced and the filaments are more stable (Mukherjee and Lutkenhaus, 1999, 
Figures 4-9 and 4-11). Other divalent cations such as Ca2+ and DEAE-dextran are 
not required for assembly but induced lateral associations of protofilaments in very 
large bundles. Up to now, most studies reported on the effect of E. coli ZapA 
(12.594 kDa) on FtsZ polymerization were carried out at the non-physiological pH 
of 6.5 (Small et al., 2007) as this is the more optimal pH for FtsZ polymerization 
(Mendieta et al., 2009; Mukherjee and Lutkenhaus, 1999). Under these conditions 
His6-ZapA strongly promotes the bundling of FtsZ and prevents the disassembly of 
these bundles on a time scale that surpasses the duration of a bacterial cell cycle. 
This seems to be in conflict with the very dynamic nature of the Z-ring (Anderson et 
al., 2004).  

FtsZ protofilaments that have started to form in the cytosol before the Z-ring 
is required, are presumably very short-lived due to the inhibitory activities of the 
Min system and the SlmA protein (Bernhardt and de Boer, 2005; González et al., 
2005; Raskin and de Boer, 1999). Using antibodies raised against ZapA, we found 
that ZapA and FtsZ are present in equimolar amounts of approximately 5000 
molecules per cell (see Chapter 3), which is much higher than the 250 ZapA 
molecules found in B. subtilis (Gueiros-Filho and Losick, 2002). Given the equal 
concentration of FtsZ and ZapA in the cell and the reported strong and persistent 
bundling promoting effect of ZapA on FtsZ (Gueiros-Filho and Losick, 2002; Low 
et al., 2004; Small et al., 2007), we wondered how the cell would prevent this 
activity of ZapA on FtsZ in the cytosol when the cell is not yet ready to divide. To 
address this problem the present study was aimed at characterizing in vitro the effect 
of E. coli ZapA on the polymerization of FtsZ under physiological conditions (i.e. at 
pH 7.5 (Padan et al., 1981; Zilberstein et al., 1984)) and in the absence and presence 
of agents that stabilize the FtsZ protofilaments. In all publications on the interaction 
between ZapA and FtsZ of B. subtilis (Gueiros-Filho and Losick, 2002), of 
Pseudomonas aeruginosa (Low et al., 2004) and of E. coli (Small et al., 2007), a 
His-tagged version of ZapA was used. Because our His6-ZapA was not able to 
complement a ZapA deletion strain, we removed the His-tag and studied the 
interaction of FtsZ with the wild type ZapA protein. 

Consistent with findings reported previously by others (Gueiros-Filho and 
Losick, 2002; Low et al., 2004; Small et al., 2007), ZapA was shown to promote 
polymerization and to stabilize FtsZ protofilaments under conditions that already 
stabilized the polymers somewhat (i.e. 10 mM MgCl2). In addition, the stabilization 
was much more pronounced at pH 6.5 than at pH 7.5. The lesser stability of ZapA-
FtsZ filaments at the cytosolic pH of 7.5 probably ensures that the FtsZ filaments 
remain sufficiently dynamic to allow the cells to constrict. In contrast to the reported 
irregular bundles of FtsZ filaments promoted by His-ZapA, the morphology of the 
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filament bundles formed by ZapA showed a remarkable regular parallel organization 
of the filaments with a fixed distance between predominantly double filaments. 
Under conditions that did not already stabilize the filaments, ZapA had no effect on 
FtsZ polymerization. These results suggest that in vivo ZapA will only stabilize the 
FtsZ polymers when they are of sufficient length or partly laterally associated such 
as in the nascent Z-ring. 

 

Materials and methods 
Materials and strains 

Purified proteins were dialysed against the buffers used in the experiments. 
High ionic strength buffer was comprised of 50 mM Tris-HCl pH 7.5, 500 mM KCl, 
5 mM MgCl2. Low ionic strength buffer contained 50 mM Tris-HCl pH 7.5, 50 mM 
KCl, 5 mM MgCl2 and was used to study the effect of ionic strength on the 
association state of ZapA. MES buffer pH 6.5 and HEPES buffer pH 7.5 contained 
50 mM of the buffering agent and 50 mM KCl. In all experiments 5 mM or 10 mM 
MgCl2 was used as indicated. The E. coli LMC500 (Peters et al., 2003; Taschner et 
al., 1988) and SF100 (Baneyx and Georgiou, 1990) wild type strains were grown in 
GB1 minimal medium or TY rich medium as described (Koppelman et al., 2004). 

 

Purification of FtsZ and ZapA 

FtsZ was overproduced in E. coli BL21(DE3) transformed with pRRE6 and 
purified as described (Scheffers et al., 2000). Protein concentration was determined 
by BCA assay, following the manufacturer’s protocol (Pierce, micro BCA kit). The 
measured concentration of FtsZ was multiplied by 1.23 to correct for the weaker 
staining of FtsZ compared to BSA by the kit. His6-ZapA was purified as described in 
Chapter 2.  
 

Removal of the His6-tag by enterokinase digestion of His6-ZapA 

The His6-tag of ZapA was removed from His6-ZapA in HEPES buffer pH 7.5 
and from His6-ZapA in MES buffer pH 6.5 by digestion with 0.2 and 0.6 µg 
Enterokinase (Roche), respectively, per 25 µg ZapA for 21 h at 37 °C. Subsequently, 
the Enterokinase was removed by filtration through a 100-kDA cut off filter 
(Microcon YM-100,000 MWCO, Millipore). The flow through was next 
concentrated by centrifugation through a 10-kDa cut off filter (Amicon ultra-4 
10,000 MWCO, Millipore) that removed the His6-tag. Complete digestion of ZapA 
and removal of unwanted protein parts was confirmed by SDS-PAGE and the 
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concentration of the protein was determined by BCA assay and densitometry of the 
CBB stained gel. 

 

Sedimentation velocity 

 The experiments were carried out at 50000 rpm and 20 °C in an XL-I 
analytical ultracentrifuge (Beckman-Coulter Inc.) equipped with a UV-VIS and IF 
detection system, an AnT60i rotor and 12 mm double-sector centrepieces. 
Sedimentation profiles were registered every 5 min at the appropriate wavelength 
(230 or 275 nm). The sedimentation coefficient distributions were calculated by 
least-squares boundary modelling of the sedimentation velocity data using the c(s) 
method as implemented in the SEDFIT program (Schuck, 2000). These s-values 
were corrected to standard conditions (water, 20 °C, and infinite dilution) to get the 
corresponding standard s-values (S20,w). 

 

Static light scattering 

 Composition-gradient static light-scattering experiments were carried out 
using the calypso system (Wyatt Technology, Santa Barbara, CA) according to the 
procedures developed by Atri and Minton (2005). In brief, a programmable three 
injector-syringe pump was used to introduce a solution of defined protein 
composition (loading His6-ZapA concentration = 0.4 mg/ml) into parallel flow cells 
to allow for simultaneous measurement of Rayleigh light scattering at 690 nm and 
18 angles (using a DAWN-EOS multi-angle laser light scattering detector, Wyatt 
Technology, Santa Barbara, CA) and protein concentration at 280 nm (using a 
Spectra System UV2000 absorbance detector, Thermo Finnegan, West Palm Beach, 
FL). The experiment yields several thousand values of the Rayleigh ratio as a 
function of protein(s) concentration and scattering angle. The entire composition and 
angular dependence data can be analyzed in the context of association models as 
described (Attri and Minton, 2005) to obtain the average molecular weight and state 
of association of ZapA under given experimental conditions. 

 

Pelleting assay 

Samples were prepared in HEPES buffer pH 7.5 or MES buffer pH 6.5 at 30 
°C containing 10 μM FtsZ. Next, ZapA or His6-ZapA was added to each sample at 
various concentrations, resulting in [FtsZ]:[ZapA] ratios of 1:0, 1:0.1, 1:0.2, 1:0.5, 
1:1, 1:2 and 1:4. The polymerization was initiated by the addition of 1 mM GTP. 
The samples were incubated for 2 minutes at 30 °C and then centrifuged for 5 
minutes at 178 000 x g at 20 °C (Airfuge A100, Beckman-Coulter Inc.). The 
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supernatant (150 µl) was removed and sample buffer was added and the samples 
were boiled for 5 min. The pellet was resolved in 100 µl sample buffer and heated 
for 10 min at 65 °C before the sample was transferred to an Eppendorf tube and 
boiled for 5 min. Equal volumes of the supernatant and pellet were applied on a 15% 
SDS-PAGE and the amount of FtsZ and ZapA present in the pellet and supernatant 
was determined by densitometry of the CBB stained bands using the program Image 
J. The data were corrected for the difference in total amount of material applied on 
gel of the supernatant and the pellet. 

 

90° Light scattering for polymerization studies 

A right-angled (90°) light scattering assay, based on the method described 
previously by Mukherjee and Lutkenhaus (1999), was used to study the 
polymerization of purified FtsZ. In general, light scattering was measured in a PTI 
QuantaMaster 2000-4 fluorescence spectrophotometer (Photon Technology 
International, New York) using a quartz cuvette that was maintained at 30 °C by a 
circulating water bath. In all assays both excitation and emission wavelengths were 
set at 350 nm with a slit width of 1 or 2 nm. For the standard polymerization assay, 
ZapA or His6-ZapA and/or FtsZ were incubated in the cuvette at 30 °C in 
polymerization buffer in a total volume of 1.3 ml. After establishing a baseline for 2 

min, polymerization was induced by addition of 0.2 M GTP to the reaction 

mixture. The sample was gently mixed with a pipette tip and light scattering was 
monitored for an additional 18-25 min. Data were collected every second and light 
scattering following GTP addition was plotted as a function of time. The 
concentrations and the constituents of the polymerization reaction are indicated in 
the text and figure legends. 

 

Electron microscopy 

For visualization of the FtsZ polymers by EM, 8.3 μM FtsZ was pre-warmed 
in polymerization buffer (50 mM HEPES-NaOH (pH 7.5), 5 or 10 mM MgCl2 and 
50 mM KCl) at 30 °C. Polymerization was induced by addition of 0.2 mM GTP. 
After 15 s samples of 3 μl were withdrawn from the polymerization reaction and 
applied on a 400-mesh carbon coated grid (EMS, Hatfield, PA, USA) and excess 
liquid was blotted off. The grid was stained for 1 minute with 1 μl 1% uranyl acetate 
in water and blotted off again. Subsequently, the grids were dried for 1 hour at 30 
°C. Grids were examined with a Technai G2 transmission electron microscope (FEI, 
Oregon, USA). 
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GTPase activity assay 

GTPase activity was assayed by a fluorescence-based assay for phosphate 
release (Läppchen et al., 2005). In addition to polymerization buffer (see above) the 
reaction consisted of 1 mM 7-methylguanosine (excitation at 300 nm), 0.3 U/ml 
nucleoside phosphorylase, 8.3 μM FtsZ and ZapA or His6-ZapA at the indicated 
concentrations in a total volume of 1.3 ml. After recording a baseline for 2 min, 
polymerization was induced by addition of 0.2 mM GTP. Release of phosphate from 
GTP hydrolysis was measured by decrease in fluorescence at 390 nm. Standard 
curves with known concentrations of phosphate were used to convert the decrease in 
fluorescence to phosphate production. 

 

Results 
The oligomeric state of FtsZ 

The oligomeric state of FtsZ, ZapA and the combination of both proteins has 
previously been studied by Sedimentation Velocity (SV) centrifugation. In that 
study, FtsZ was prepared in high ionic strength buffer to prevent aspecific 
polymerization (Mukherjee and Lutkenhaus, 1999), it was found that FtsZ sediments 
in the absence of GTP as a mixture of monomer (2.2 S) and dimer (3.3 S, Figure 1A 
in González et al., 2005), where the monomer would also include some dimer and 
vice versa. In the presence of GTP and a GTP regenerating system, FtsZ sediments 
as a single oligomeric species with a sedimentation coefficient of approximately 12 
S (González et al., 2005). 

 

Characterization of His6-ZapA 

The crystal structure of Pseudomonas aeruginosa ZapA showed two ZapA 
dimers associating via an extensive C-terminal coiled-coil protrusion to form an 
anti-parallel tetramer (Low et al., 2004). Based on SV analytical ultracentrifugation 
of His6-ZapA over a range of His6-ZapA concentrations it was found that E. coli 
ZapA is present as a mixture of dimers and tetramers (Small et al., 2007). Much 
higher concentrations were required to obtain similar results with P. aeruginosa 
His6-ZapA (Low et al., 2004). Because ZapA is a rather small protein of molecular 
weight 12,500, the addition of 6 histidine residues and the enterokinase recognition 
site of 4 aspartic acids, a lysine and an alanine could affect the tetramerization and 
function 
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Figure 4-1. Biophysical analysis of His6-ZapA in solution using sedimentation velocity 
ultracentrifugation. A Sedimentation coefficient distributions c(S) of ~ 40 μM His6-ZapA that 
result from the analysis of the corresponding sedimentation velocity profiles measured at 42000 
rpm and 20 ºC with protein equilibrated in 50 mM Tris-HCl buffer pH 7.5 containing either 0.05 
M KCl (solid line: 5 mM MgCl2; dashed-dotted line: EDTA) or 0.5 M KCl (dotted line: 5 mM 
MgCl2; dashed line: EDTA). B Normalized scattering intensity plotted as a function of His6-ZapA 
concentration in Tris buffer pH 7.4 containing 0.5 M KCl and 5 mM MgCl2. Solid line is the best 
fit of a single species model with M = 52,000 ± 3000, that corresponds the mass of His6-ZapA 
tetramer. 
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of ZapA. Therefore, we first established whether the protein still behaved as wild 
type protein in vivo and in vitro. To this end we determined the oligomeric state of 
His6-ZapA by sedimentation velocity and composition-gradient static light scattering 
(CG-SLS). We analyzed the sedimentation velocity profiles in terms of distribution 
of sedimentation coefficients, allowing an  evaluation of protein  homogeneity and  
self-association. Figure 4-1A shows sedimentation velocity data for 40 μM His6-
ZapA samples equilibrated in buffer of pH 7.5 to mimic the cellular pH of E. coli 
(Padan et al., 1981; Zilberstein et al., 1984), containing 50 mM KCl and 5 mM
MgCl2 (solid line). We observed that the major species (>95 %) sediment with a 
standard S-value of 3.4 ± 0.2 S. The sedimentation velocity of the protein did not 
change upon increasing the salt concentration to 0.5 M KCl or by chelating the 
magnesium with EDTA (Figure 4-1; for clarity the data shown has not been 
corrected for buffer composition, which is why the uncorrected S-values at high salt 
are slightly smaller than those obtained at low salt but the standard S-values are the 
same within experimental error). In order to determine the size of the 3.4 S protein 
species we carried out in parallel composition-gradient static light scattering 
experiments. The normalized scattering intensity of His6-ZapA in a buffer of pH 7.5 
with 0.5 M KCl and 5 mM MgCl2 is plotted as a function of protein concentration in 
Figure 4-1B. The data are fit quantitatively by a model according to which His6-
ZapA behaves as a single species with an average molecular weight of 52,000 ± 
3000 (95% confidence limit) corresponding to a protein tetramer (molecular weight 
of the His6-ZapA monomer is 14,273). The best fit of this model to the data set is 
plotted together with the data. It follows that under the experimental conditions used 
His6-ZapA is essentially a tetrameric species that slightly deviates from the 
hydrodynamic behaviour of a globular protein (frictional ratio f/f0 = 1.42). 

 

The His6-ZapA-FtsZ complex does not have a definable size or stoichiometry 

Having established that the optimal experimental conditions for FtsZ 
polymerization do not affect the oligomeric state of His6-ZapA, an attempt was 
made to study the His6-ZapA-FtsZ complex in order to obtain some indications 
about the stoichiometry and shape of the complex the two proteins form by using 
SV. In order to establish whether His6-ZapA is able to interact with FtsZ in the 
absence of GTP, a sample containing 40 µM His6-ZapA and 80 µM FtsZ was 
prepared in high ionic strength buffer and subjected to sedimentation velocity 
analysis. Figure 4-2A shows a graph of the sedimentation coefficients obtained 
under these conditions, overlaid with the graph from a previously published FtsZ SV 
experiment (Figure 1A in González et al., 2005). Comparison of the two graphs
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Figure 4-2. His6-ZapA does not interact with FtsZ in the absence of GTP, but forms aggregates 
with FtsZ under polymerizing conditions. A Sedimentation velocity analysis of FtsZ (80 µM) and 
His6-ZapA (40 µM) in the absence of GTP (solid line). The curve of FtsZ alone is also shown 
(dashed line). B Sedimentation velocity analysis of FtsZ (80 µM) and His6-ZapA (7 µM) under 
polymerizing conditions. Large aggregates are formed of various sizes and/or shapes. The 
insert is a magnification of part of the graph. Due to the complex nature of the data, no proper 
analysis was possible. 

 
shows that His6-ZapA does not interact with FtsZ under these conditions as both 
peaks of FtsZ are present and the His6-ZapA peak is contained in the second FtsZ 
peak, indicating that His6-ZapA and FtsZ are present as tetramer and dimer, 
respectively. A small peak at 5 S was found that likely represents the ZapA octomer.  

When the same sample was prepared again, but this time with GTP, the data 
obtained were too complex to analyse. Therefore the experiment was repeated with a 
lower His6-ZapA concentration (7 µM). The results were still too complex to allow 
for analysis, but a graph of the sedimentation coefficients is shown in Figure 4-2B. 
A large peak is visible at 11 S, which may represent the FtsZ oligomer
 (Figure 1B in González et al., 2005) without any His6-ZapA attached to it. The 
remainder of the graph shows that FtsZ-His6-ZapA aggregates are formed in various 
sizes and/or shapes. At higher His6-ZapA concentrations these aggregates sediment 
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with coefficients as large as 100 S. As the distribution of sedimentation coefficients 
was too broad for further analysis, a molecular weight of any complex formed could 
not be determined. The implications of this result are that, under the conditions used, 
His6-ZapA and FtsZ together may be able to form complexes of various size and/or 
compositions.  
 

His6-ZapA is not functional 

Although the His6-ZapA formed a tetramer as reported for other His-ZapA 
proteins (Gueiros-Filho and Losick, 2002; Low et al., 2004; Small et al., 2007), the 
His6-tag might still interfere with the binding to FtsZ. Therefore we determined 
whether our His6-ZapA was able to complement a ZapA deletion strain. Despite the 
published absence of a phenotype of a ZapA deletion mutant strain (Anderson et al., 
2004; Gueiros-Filho and Losick, 2002; Johnson et al., 2004), during exponential 
growth in rich medium a minor phenotype could be detected in our ZapA deletion 
strain (see also Chapter 5). Consistently, the ΔzapA cultures contained a mixture of 
filaments (11% of the cells) and normal sized cells. The average length of the cells 
in the culture was 4.9 ± 1.9 µm whereas the average cell length of cells in a wild 
type culture is 3.7 ± 0.8 µm. Based on a Kolmorov-Smirnov test, the two 
populations are clearly different (Dn,n’ = 30%, Dcritical = 6.4%, n = 500 by a 95% 
confidence limit). We used this morphological difference to determine whether the 
His6-ZapA could replace the ZapA protein. The ΔzapA strain LMC3143 was 
transformed with the plasmid pGP016 that expresses the His6-ZapA, with the 
plasmid pGP021 that expresses ZapA without the His6-tag or with the parental 
plasmid pTHV037 (Aarsman et al., 2005) of pGP021 that does not express any 
protein and the cells were exponentially grown in rich medium at 28 °C. The 
average length of the cells in these cultures was 4.6 ± 1.7 µm, 3.1 ± 1.0 µm and 4.6 
± 2.8 µm, respectively, indicating that the His6-ZapA is not functional in vivo (see 
also Chapter 5). 
 

Interaction of ZapA and FtsZ under physiological relevant conditions 

In vitro studies on the interaction of ZapA and FtsZ showed that ZapA very 
strongly stabilizes and stimulates the bundling of FtsZ polymers (Small et al., 2007). 
The surprisingly high concentration of ZapA in the E. coli cells, given the reported 
250 molecules of ZapA in B. subtilis cells (Gueiros-Filho and Losick, 2002), made 
us wonder how the cell could prevent ZapA to prematurely stabilize and bundle FtsZ 
polymers in the cytosol before they were needed to form the Z-ring. Recently, it was 
shown that ZapA is able to prevent the FtsZ polymerization inhibitory activity of 
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MinC (Scheffers, 2008) and MinC might prevent the stabilization of FtsZ polymers 
by ZapA. However, ZapA is present throughout the cytosol, whereas the min system 
is thought to be functional in the cell poles. Therefore, additional mechanisms might 
be needed to prevent premature interaction between ZapA and FtsZ. To understand 
how ZapA might interact with FtsZ in non-dividing cells and with the Z-ring in 
dividing cells, it was attempted to assay their interaction under conditions that do not 
stimulate bundling (to mimic cytosolic conditions) and, conditions under which FtsZ 
filaments were already somewhat stabilized (to mimic Z-ring formation). The first 
condition was by measuring polymerization in the presence of 5 mM MgCl2 
(González et al., 2005; Huecas et al., 2008; Mukherjee and Lutkenhaus, 1999; Popp 
et al., 2009) and the second condition was by polymerizing FtsZ in the presence of 
10 mM MgCl2 that reduces the GTPase activity of FtsZ (Mukherjee and Lutkenhaus, 
1999). In addition we performed experiments at the physiological pH of 7.5 (Padan 
et al., 1981). To check for consistency with published data (Small et al., 2007) the 
experiments were also performed at pH 6.5. We removed the His-tag because we 
found that it did not complement the ZapA null strain. Information on the behaviour 
of the His6-ZapA in the below described assays can be found in the supplementary 
data and figures. 

Using the well known pelleting assay (Low et al., 2004; Romberg et al., 
2001; Scheffers et al., 2001; Small et al., 2007), we found that ZapA 
stoichiometrically pelleted FtsZ in the presence of 10 mM MgCl2 at pH 7.5 (Figure 
4-3A) as well as at pH 6.5 (Figure 4-3B). A typical SDS-PAGE gel obtained is 
shown in Figure 4-4. In contrast, in the presence of 5 mM MgCl2 at pH 7.5, ZapA 
did not pellet FtsZ (Figure 4-3A), whereas at pH 6.5 FtsZ was still pelleted by ZapA 
albeit less efficiently (Figure 4-3B). In conclusion, the efficiency of FtsZ pelleting 
decreased in the following order: pH 6.5, 10 mM MgCl2 > pH 7.5, 10 mM MgCl2 > 
pH 6.5, 5 mM MgCl2 > pH 7.5, 5 mM MgCl2. The ability of ZapA to pellet FtsZ 
was most markedly stimulated by 10 mM MgCl2. 

 

Light scattering experiments 

To obtain further insight in the nature of the stabilization of FtsZ by ZapA 
and to be able to follow the polymerization and the depolymerization process, we 
repeated the experiments by measuring light scattering. No increase in light 
scattering signal was seen when either 1 mM GDP replaced GTP or no guanosines 
were employed as reported (Figure 4-5, Small et al., 2007). A light scattering signal 
was also absent when ZapA was assayed in the absence of FtsZ (Figure 4-5). With 5 
mM MgCl2 and in the presence of a substoichiometric to stoichiometric ZapA
concentration, the light scattering signal showed a small increase (Figure 4-6). This
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Figure 4-3. In a pelleting assay, ZapA precipitates FtsZ effectively in the presence of 10 mM 
MgCl2 and, to a much lesser extent, in the presence of 5 mM MgCl2. FtsZ (10 µM) was 
incubated in pre-warmed MES buffer or HEPES buffer of 30 °C with increasing ZapA 
concentrations. Polymerization was initiated by the addition of 1 mM GTP and allowed to 
continue for 2 min before the polymers were pelleted by airfuge. Supernatant and pellet were 
applied on a 15% SDS-PAGE, which was stained with CBB. The stained gel was imaged and 
the amount of material present in the supernatant and the pellet was determined by 
densitometry. The protein concentration was plotted as function of the ZapA concentration 
added to the sample. A Quantification of the pellets of the CBB stained gels of the experiment in 
HEPES buffer pH 7.5 and B the quantification of the pellets of the experiment in MES buffer pH 
6.5. Solid lines are from the FtsZ pellets and dashed lines from the ZapA pellets. Black and grey 
lines are from the experiments in the presence of 5 and 10 mM MgCl2, respectively. 

 
 



Chapter 4 

 94 

 
 

Figure 4-4. CBB stained SDS-PAGE gels corresponding with the pelleting assay shown in 
Figure 4-3. Equal volumes of the pellets and supernatants resulting from the pelleting assay 
were applied on a 15% SDS-PAGE. FtsZ was present at 10 µM in all samples and ZapA was 
present at the concentrations indicated above the gels. The panels show the pelleting assay 
performed in HEPES pH 7.5 and with A 5 mM MgCl2 and B 10 mM MgCl2. The experiment was 
repeated in MES buffer pH 6.5 with C 5 mM MgCl2 and D 10 mM MgCl2. The gels show the FtsZ 
and ZapA bands as indicated. 
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might indicate that ZapA binds to protofilaments and causes an augmentation in the 
amount of scattered light due to the increased thickness of the filaments or due to a 
change in the length of the filaments (see EM data below). In the presence of 10 mM 
MgCl2 the light scattering signal increased much more (Figure 4-6). At pH 6.5 the 
polymers seemed to be completely stable and the signal did not decrease within the 
time span of the experiment (Figure 4-6B). However, at pH 7.5 the light scattering 
signal was less and started to decrease within the time span of the experiment 
(Figure 4-6A). To verify that the FtsZ polymers were able to depolymerize at pH 6.5 
in the presence of 10 mM MgCl2, the experiment was repeated with 0.03 mM GTP 
instead of 0.2 mM GTP as was used in the above experiments. This time we found 
depolymerization of FtsZ within the time span of the experiment (Figure 4-7), which 
meant that with a molar ratio of FtsZ to GTP of 1:3 still a considerable amount of 
polymers was formed in the presence of ZapA. FtsZ polymers are normally very 
transient in the absence of an excess of GTP because of the high rate of GTP 
turnover by FtsZ (Mendieta et al., 2009). These results suggested therefore that 
ZapA considerably stabilized the polymers by decreasing the GTPase activity of 
FtsZ or by simply cross-linking the polymers (see below). 

 
 

 
 

Figure 4-5. Right angle light scattering control experiments showing FtsZ polymerization in the 
presence or absence of 1 mM GTP (black and blue curve respectively), in the presence of 1 
mM GDP (green and red curve respectively) or in the absence of both (yellow curve). FtsZ was 
added to a concentration of 5 µM and, when present, ZapA was added to a concentration of 5 
µM (yellow and green curves). The assay was performed as described above. 
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Figure 4-6. Using 90° light scattering it was found that ZapA stimulates FtsZ polymer bundling 
in the presence of 10 mM MgCl2 but not in the presence of 5 mM MgCl2. A At pH 7.5 the 
bundles are much less stable whereas at B pH 6.5 the bundles are extremely stable. Traces: 
green, 10 mM MgCl2 and 4.1 µM ZapA; red, 5 mM MgCl2 and 4.1 µM ZapA; blue 10 mM MgCl2 
and no ZapA; black, 5 mM MgCl2 and no ZapA. The FtsZ concentration was 8.3 µM in all 
samples. 

 

GTPase activity 

To verify whether the GTPase activity of FtsZ was indeed affected by ZapA, 
we determined its GTPase activity in the presence of ZapA under the same 
conditions as used for the light scattering assays. A fluorescent molecule, 7-
methylguanosine, that is converted to a non-fluorescent molecule by purine 
nucleoside phosphorylase was used to monitor the phosphate release due to the GTP 
hydrolyzing activity of FtsZ. First the GTPase activity of 8.3 µM FtsZ in the 
absence of ZapA was measured under the four conditions used: pH 6.5, pH 7.5, and 
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Figure 4-7. FtsZ polymers (8.3 µM) in the presence of 2 µM ZapA are able to depolymerize 
within 1200 s in the presence of 10 mM MgCl2 at pH 6.5 if the GTP concentration is reduced 
from 0.2 mM to 0.03 mM as found using 90° light scattering. 

 
 

 
Figure 4-8.  GTPase activity of 8.3 µM FtsZ in HEPES buffer pH 7.5 (black) or MES buffer pH 
6.5 (grey) in the presence of 5 or 10 mM MgCl2 as indicated. The data show the average of 5 
experiments. The phosphate release was measured using 0.2 mM 7-methylguanosine as 
fluorescent marker (excitation at 300 nm) and 0.3 U/m. Purine Nucleoside Phosphorylase 
(PNP). After recording a baseline for several minutes, polymerization was induced by addition of 
0.2 mM GTP. Release of phosphate from GTP hydrolysis was measured by the decrease in 
fluorescence at 390 nm. The determination of the initial velocity of the reaction was based on 
the slopes obtained by linear regression of the experimental data of the first 100-150 s. Using 
the same buffer conditions, a range of phosphate concentrations was used to calibrate the 
GTPase activity. 
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5 or 10 mM MgCl2. The lowering of the pH gave a small decrease in GTPase 
activity of FtsZ, whereas the addition of 10 mM instead of 5 mM MgCl2 caused a 
decrease in GTPase activity of 30% (Figure 4-8). Subsequently, the GTPase activity 
of 8.3 µM FtsZ was measured using the same four buffer conditions in the presence 
of ZapA (Figure 4-9) or His6-ZapA (supplementary data Figure S-3) in 
concentrations ranging from 1 to 8.3 µM. The resulting GTPase activities are plotted 
as a percentage of the FtsZ GTPase activity in the absence of ZapA (Figure 4-9). 
Overall it seems that up to 8.3 µM ZapA had little effect on the GTPase activity of 
FtsZ in the presence of 5 mM MgCl2, confirming its lack of effect on the polymers 
in general under these conditions. In the presence of 10 mM MgCl2 the GTPase 
activity was slightly inhibited up to 20% at the highest ZapA concentration used. It 
should be noted that the FtsZ polymers are already stabilized at much lower ZapA 
concentrations in the light scattering experiments (data not shown) and pelleting 
experiments (Figure 4-3), concentrations at which no effect on the GTPase activity 
of FtsZ is observed. Lateral association of FtsZ protofilaments is known to decrease 
the GTPase activity of FtsZ, which consequently stabilizes the bundles. The weak 
effect of ZapA on the GTPase activity of FtsZ in combination with its strong 
stabilizing effect suggest that ZapA does not actively reduce the GTPase activity of 
FtsZ and that the observed mild decrease in GTPase activity might be just the 
consequence of the lateral association of FtsZ protofilaments.  

  

Morphology of FtsZ-His6-ZapA filaments at pH 7.5 and in the presence of 5 mM 
MgCl2 

A possible explanation for the lack of effect of ZapA on the FtsZ polymer 
stability in the presence of 5 mM MgCl2 could be that ZapA simply does not bind or 
has a very low affinity for protofilaments. The presence of 10 mM MgCl2 and its 
accompanying reduced GTPase activity of FtsZ might stimulate bundling of 
protofilaments. This would provide a binding site for which ZapA could have a 
much higher affinity. The morphology of the filaments was studied by Electron 
Microscopy (EM) using the same experimental conditions as described for the light
scattering and GTPase activity measurements to verify this hypothesis. Samples 
were applied on an EM grid 15 s after addition of the GTP that initiated the 
polymerization reaction in HEPES pH 7.5 buffer. In the presence of 5 mM MgCl2 
FtsZ forms predominantly short protofilaments and thin bundles of protofilaments 
(thickness of the filamentous structures was 11.4 ± 3.9, n = 57, Figure 4-10A) in the 
presence of 10 mM MgCl2 the filaments seemed to be longer but not thicker 
(thickness of the filamentous structures was 11.5 ± 3.0, n = 88, Figure 4-10B). The 
inclusion of ZapA in the 5 mM MgCl2 sample caused not much change in the
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Figure 4-9. ZapA seems to not affect the GTPase activity of FtsZ dramatically. FtsZ (8.3 µM) 
was pre-incubated with various ZapA concentrations at 30 °C in A HEPES buffer pH 7.5 or in B 
MES buffer pH 6.5 in the presence of 5 mM MgCl2 (black dots) or 10 mM MgCl2 (grey dots), with 
0.2 mM 7-methylguanosine (excitation at 300 nm) and 0.3 U/ml Purine Nucleoside 
Phosphorylase (PNP). After recording a baseline for several minutes, polymerization was 
induced by addition of 0.2 mM GTP. Release of phosphate from GTP hydrolysis was measured 
by decrease in fluorescence at 390 nm. The initial velocity of the reaction was fitted by linear 
regression as described in the legend of Figure 4-8 and the slope was plotted on the Y-axis as 
the percentage of the activity of FtsZ in the absence of ZapA as obtained in Figure 4-8. 
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Figure 4-10. Electron Microscopy images of uranyl acetate stained FtsZ filaments in the 
absence and presence of ZapA in 50 mM HEPES pH 7.5, 50 mM KCl buffer. The FtsZ 
concentration was 8.3 µM and the reaction was initiated with 0.2 mM GTP. After 15 s a sample 
was removed from the reaction mixture and applied on EM grid. A and B: FtsZ in the presence 
of 5 and 10 mM MgCl2, respectively. C and D: FtsZ filaments in the presence of 4.1 µM ZapA 
and 5 and 10 mM MgCl2, respectively. E an enlargement of a parallel array of FtsZ filaments 
from a sample with 4.1 µM ZapA in the presence of 10 mM MgCl2. The scale bars equal 200 
nm. 
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structure of the filaments (thickness 11.3 ± 4.1, n = 156, Figure 4-10C), whereas 
bundles of protofilaments are observed when ZapA is included in the 10 mM MgCl2 
sample. These bundles often appeared as very regular arrays of parallel filaments 
separated with an inter protofilament distance (distance between two adjacent FtsZ 
filaments) of 22.1 ± 4.1 nm, n = 110 (Figure 4-10D and an enlargement in Figure 4-
10E). If the tetrameric ZapA (Mw 50 kDa) would bind to FtsZ (45 kDa) 
protofilaments one would expect the filaments in the presence of 5 mM MgCl2 to 
become slightly thicker because of the added mass. However, this is not observed. In 
the absence of FtsZ, it was not possible to see recognizable ZapA structures on the 
grids (data not shown). Therefore, the EM images are not conclusive as to whether 
ZapA binds to the filaments in the presence of 5 mM MgCl2. Occasionally, about 4 
adjacent filaments similar to those observed in the presence of 10 mM MgCl2 were 
seen, suggesting that ZapA is in principle able to promote bundling at the lower 
MgCl2 concentration. The His6-ZapA also induced arrays of parallel running 
filaments with an inter filament distance of 24.8 ± 4.7 nm, n = 88 (Figure 4-11B). 
Interestingly, the filaments cross-linked by ZapA were almost always double 
protofilaments (thickness 10.5 ± 3.1 nm, n = 79), whereas His6-ZapA cross-linked 
single protofilaments (thickness 6.5 ± 1.7 nm, n = 85) as if the His6-ZapA tetramer 
lacked two binding sites (Figure 4-11). In conclusion, ZapA seems to not simply 
aggregate FtsZ protofilaments, but arranges double protofilaments into a precise 
conformation. 
 

Discussion 
To obtain a better understanding of the possible role of ZapA during the cell 

cycle of E. coli we investigated the interaction between ZapA and FtsZ at near 
physiological conditions. The concentration of ZapA protein in minimal medium 
grown bacteria was determined to be approximately identical to that of FtsZ (i.e. 5 
µM, Chapter 3). We could not reconcile this high ZapA concentration in the cell 
with the published in vitro data showing the strong and persistent promotion of FtsZ 
bundling by ZapA. FtsZ is always present in the cell at a concentration sufficiently 
high to polymerize, but the small polymers are continuously depolymerised due to 
the inhibitory activities of the Min system and the nucleoid occlusion system. 
Eventually FtsZ polymerizes via a helix-like intermediate (Peters et al., 2007; 
Thanedar and Margolin, 2004) into the ring-like structure at midcell. One would 
expect ZapA to stabilize these small emerging protofilaments and cause FtsZ to 
form large precipitates in the cell. This is not what generally is reported in FtsZ 
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Figure 4-11. Electron Microscopy images of uranyl acetate stained FtsZ filaments cross-linked 
by A ZapA or by B His6-ZapA. The FtsZ concentration was 8.3 µM and the ZapA or His6-ZapA 
concentration was 4.1 µM. The polymerization was performed in 50 mM HEPES pH 7.5, 50 mM 
KCl, 10 mM MgCl2 at 30 °C and initiated by the addition of 0.2 mM GTP. The scale bar equals 
100 nm. 

 
localization studies (den Blaauwen et al., 1999; Erickson, 1997; Peters et al., 2007; 
Thanedar and Margolin, 2004). To find out how ZapA discriminates in the cell 
which protofilaments should be stabilized, we tried to mimic a condition, which 
would result in predominantly protofilaments (5 mM MgCl2 (González et al., 2005; 
Huecas et al., 2008; Mukherjee and Lutkenhaus, 1999; Popp et al., 2009)) and a 
condition that would mimic the ring by modestly inhibiting the GTPase activity of 
FtsZ, causing the protofilaments to be more stable and often associated (10 mM 
MgCl2 (Mukherjee and Lutkenhaus, 1999; White et al., 2000)). We decided to study 
the interaction between ZapA and FtsZ at pH 7.5 because this reflects the pH of the 
cytosol (Padan et al., 1981; Zilberstein et al., 1984) more closely than pH 6.5, which 
is more optimal for FtsZ polymerization (Mendieta et al., 2009; Mukherjee and 
Lutkenhaus, 1999).  

The interaction between FtsZ and ZapA was studied by sedimentation, light 
scattering and GTPase activity assays and significant differences in polymer 
behaviour between pH 7.5 and pH 6.5 as well as with the two concentrations of 
MgCl2 were found. The His6-ZapA appeared not to be functional, as it could not 
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restore the filamentous phenotype of our ZapA deletion strain to normal rod shape, 
whereas the expression of ZapA could (see Chapter 5). Therefore, the His6-tag was 
removed by enterokinase digestion for all experiments apart from studies on the 
oligomeric state of ZapA. In all experiments up to stoichiometric concentrations of 
ZapA had little effect on the polymerization of FtsZ in the presence of 5 mM MgCl2 
either at pH 6.5 or at pH 7.5. In contrast, in the presence of 10 mM MgCl2 ZapA 
stabilized the FtsZ filaments. The stoichiometry of the interaction appears to be 1:1 
as was found for P. aeruginosa His-ZapA (Low et al., 2004) and B. subtilis His-
ZapA (Gueiros-Filho and Losick, 2002). The His-ZapA of Small et al. (2007) 
pelleted FtsZ in a 1:2 stoichiometry and our His6-ZapA did not pellet FtsZ in a fixed 
ratio (see supplementary data Figure S-1), suggesting that, in the case of E. coli 
ZapA, the His6-tag is more of a hindrance than in the other two organisms. 

The presence of 10 mM MgCl2 did reduce the GTPase activity of FtsZ by 
30%, causing an increase in the length of the FtsZ polymers but not in the amount of 
filament bundling as judged from the EM images. The subsequent addition of ZapA 
did not affect the GTPase activity of FtsZ particularly, but caused a considerable 
change in the morphology of the bundles, which appeared to consist of very orderly, 
parallel-aligned filaments separated by a constant space of 22 nm. Remarkably, at 
pH 7.5 this stabilizing effect was transient whereas at pH 6.5 the stabilization lasted 
at least 30 min before the light scattering signal began to decrease again. A 
reduction in the ZapA concentration to 2 µM and the GTP concentration to 30 µM 
(approximately 1 FtsZ molecule to 3 GTP molecules) was required to observe 
depolymerization within the time span of the experiment (Figure 4-7). As the Z-ring 
is reported to be completely renewed every 18 s (Anderson et al., 2004), the extreme 
stabilization of FtsZ polymers at pH 6.5 cannot reflect, in our opinion, the 
endogenous situation. Theoretically, ZapA possesses the same charge at pH 6.5 as at 
7.5, whereas FtsZ has a charge of -18 at pH 6.5 and of -20 at pH 7.5. Overall, this 
seems to be a small difference, but locally two extra charges can affect the 
interaction between two proteins. However, it is the GTPase activity that is 
decreased by the lower pH and by the higher MgCl2 concentration (Figure 4-8). 
Because the GTPase activity is the limiting factor in polymer turnover (Romberg 
and Mitchison, 2004), the polymers are more stable at pH 6.5 and at 10 mM MgCl2. 
For the cross-linking of FtsZ protofilaments, ZapA has to bind multiple FtsZ 
monomers, which makes it plausible that FtsZ polymer stability affects the ZapA 
binding ability. We could not reproduce the 100% inhibition of the GTPase activity 
of FtsZ by His6-ZapA as published by Small et al. (2007). At a 1:1 His6-ZapA FtsZ 
ratio, we found about 40% inhibition (supplementary data Figure S-3). The 
differences between our data and the data of Small et al. are most likely due to a 
difference in His-tagged version of ZapA. 
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Based on the crystal structure of P. aeruginosa ZapA (Low et al., 2004) it 
was anticipated that the amino terminal His-tag was unlikely to interfere with the 
tetrameric state of ZapA as the carboxy termini are the responsible parts for 
tetramerization (Figure 4-12). Using analytical ultracentrifugation and static light 
scattering we found that His6-ZapA is predominantly a tetramer irrespective of high 
salt levels or magnesium concentration. The sedimentation velocity and 
composition-gradient static light scattering studies in combination with the 
macromolecular crowding in the cell and the published Kd of 320 nM as determined 
in MES buffer pH 6.5 and 10 mM MgCl2 by Small et al. (2007), strongly suggests 
that at the cytosolic concentration of 5 µM all ZapA molecules will be part of a 
tetramer. The length of the tetrameric ZapA molecule, as derived from its crystal 
structure (Low et al., 2004), is approximately 10 nm (unhydrated), whereas the 
distance from the middle of a double FtsZ filament to the next parallel double 
filament is 22 ± 4 nm (n = 110, Figure 4-11A). If a ZapA tetramer would not have 
any overlap with the FtsZ filaments, but would bind in between the filaments 
(Figure 4-13), the distance to be covered would be 11.5 nm and more or less 
correspond with the length of the ZapA tetramer, which could differ somewhat 
between E. coli and  P. aeruginosa ZapA. The width of the parallel double FtsZ 
filaments is about 10.5 ± 3 nm (n = 79). Possibly, a ZapA tetramer is also able to 
bind on top of a double FtsZ filament. Although EM tomography images show FtsZ 
filaments as scattered arcs in a Caulobacter cell (Li et al., 2007), a configuration in 
which FtsZ filaments should be kept segregated by ZapA tetramers seems to be in 
conflict with the not very essential nature of ZapA. Therefore, the binding in 
between filaments should more likely have a function in bringing the filaments 
together, which is supported by the following observations: 

 

 
Figure 4-12. Model of the ZapA tetramer based on the crystal structure of P. aeruginosa ZapA 
(PDB entry 1W2E, Low et al., 2004). The termini of the solid dimer are indicated. 
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Figure 4-13. The structures seen in the EM images of FtsZ filaments cross-linked by ZapA (left) 
or His6-ZapA (right). Based on the crystal structure of P. aeruginosa ZapA, ZapA is supposed to 
have two FtsZ binding sites per ZapA tetramer (Low et al., 2004). It is conceivable that ZapA 
sits between the FtsZ polymers when FtsZ assembles into a helical structure at the initiation of 
Z-ring formation. It then assists in bringing the FtsZ polymers together, resulting into the 
formation of the Z-ring. The red spheres with T are GTP bound FtsZ subunits. The orange 
bone-like shapes represent the ZapA or His6-ZapA tetramer. 

 
The GTPase activity of FtsZ is reflected by the pH of the buffer and to a 

much larger extent by the Mg2+ concentration (Figure 4-8 and Mendieta et al., 
2009). A high GTPase activity results in shorter protofilaments than a lower GTPase 
activity because GTP hydrolysis is the rate limiting step in polymer 
depolymerization (Romberg and Mitchison, 2004). Because of the co-operative 
nature of the polymerization and of the lateral association of protofilaments (Lan et 
al., 2008), the protofilaments will more readily bundle at pH 6.5 than at pH 7.5 and 
much more in the case of 10 mM MgCl2 compared to 5 mM MgCl2. Based on the 
results of the in vitro assays presented in Figure 4-3 and Figure 4-6, the magnitude 
of the FtsZ-ZapA interaction follows the same trend while ZapA does not 
significantly affect the GTPase activity of FtsZ itself. This suggests that the presence 
of lateral interactions stimulates the binding of ZapA and most likely is a 
requirement for the interaction of ZapA with FtsZ. In the EM images that were 
collected after 15 s of polymerization (Figure 4-10 and Figure 4-11), but also in 
images obtained after incubation for 30 s or for 5 min (not shown), regular arrays of 
parallel double FtsZ filaments seperated by a fixed width are observed. By binding 
in between protofilaments, ZapA enhances their chance to associate. As the 
association is co-operative, the filaments will become more stable when they are 
annealed over a particular length of the filaments and ZapA will not be needed 
further. 
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The MinC protein of the Min system that prevents polar Z-ring formation and 
the production of mini cells (Raskin and de Boer, 1999) is reported to prevent lateral 
association of FtsZ filaments and possibly to compete with ZapA for the same 
binding site on FtsZ (Dajkovic et al., 2008; Scheffers, 2008). ZapA requires two 
adjacent FtsZ filaments to stimulate their lateral association, whereas MinC needs 
only one filament to prevent association, which would prevent ZapA from 
effectively binding and associating FtsZ polymers near the cell poles. The SlmA 
protein inhibits Z-ring formation in the vicinity of the nucleoid by a presently 
unknown mechanism (Bernhardt and de Boer, 2005). Together, the proteins that 
negatively regulate FtsZ polymerization prevent the ZapA assisted bundling in non-
dividing cells (see also Chapter 7 and Figure 7-1). At a specific cell length, the 
MinC and SlmA activities are too low to prevent FtsZ polymers from becoming of 
sufficient length and, with the help of FtsA and ZipA, a helical arrangement of FtsZ 
polymers is formed underneath the cytoplasmic membrane. Especially under 
conditions of fast growth, when less time is available to depend on lateral 
association of FtsZ polymers by chance only, ZapA will be beneficial to the survival 
of the cells by bringing the FtsZ filaments in the helical structure together and thus 
assist in the timely formation of the Z-ring. As a result, only ΔzapA cells grown in 
rich medium have a phenotype. Once the Z-ring is established, ZapA binds to the 
ring where it has perhaps a minor structural function in the assembly of the 
divisome. 
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Supplementary data 
Initially the experiments described in this chapter were performed with His6-

ZapA in order to be able to compare our results with those previously published as 
these were all obtained with a His-tagged version of ZapA (Gueiros-Filho and 
Losick, 2002; Low et al., 2004; Small et al., 2007). Chapter 5 and, to some extent, 
Chapter 4 describe that His6-ZapA was found to not be functional. In these 
supplementary data, the His6-ZapA results omitted in this chapter are presented to 
further clarify the differences between this fusion protein and wild type ZapA.  
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His6-ZapA was purified as described in Chapter 2. All experiments were 
performed as described in Chapter 4. 

 
 

 
Figure S-1. In a pelleting assay, His6-ZapA precipitates FtsZ effectively in the presence of 10 
mM MgCl2 (grey traces) and to a much lesser extent in the presence of 5 mM MgCl2 (black 
traces) as was also observed for ZapA (Figure 4-3). A in HEPES buffer pH 7.5 no difference 
between the tagged and wild type ZapA is observed in the presence of 5 mM MgCl2. At 10 mM 
MgCl2, the His6-ZapA seems to precipitate FtsZ more effectively than ZapA. B In MES buffer pH 
6.5 His6-ZapA precipitates FtsZ more effectively at both MgCl2 concentrations than ZapA does. 
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Figure S-2. Using 90° light scattering it was found that His6-ZapA stimulates FtsZ polymer 
bundling in the presence of 10 mM MgCl2 but not in the presence of 5 mM MgCl2 as was 
observed for ZapA (Figure 4-6). A In HEPES buffer pH 7.5 the bundles are again less stable 
than in B MES buffer pH 6.5. In comparison with ZapA under the same conditions, the bundles 
are more stable in the presence of His6-ZapA than in the presence of ZapA. Traces: green, 10 
mM MgCl2 and 4.1 µM ZapA; red, 5 mM MgCl2 and 4.1 µM ZapA; blue 10 mM MgCl2 and no 
ZapA; black, 5 mM MgCl2 and no ZapA. The FtsZ concentration was 8.3 µM in all samples.  
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Figure S-3. His6-ZapA reduces the GTPase activity of FtsZ in HEPES buffer pH 7.5 and with 10 
mM MgCl2 by 40%, which is in contrast with ZapA GTPase activity results (Figure 4-9). In all 
other buffer conditions, no major differences were observed between His6-ZapA and ZapA. FtsZ 
(8.3 µM) was pre-incubated with various ZapA concentrations at 30 °C in A HEPES buffer pH 
7.5 or in B MES buffer pH 6.5 in the presence of 5 mM MgCl2 (black dots) or 10 mM MgCl2 
(grey dots).  
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Abstract 
The zapA strain was found to have a minor phenotype under conditions that 

allowed fast growth. Through timing and immunolocalization experiments it was 
found that under these conditions early division proteins localize timely but late 
division proteins displayed a delay in localization that was 1.4 times their normal 
delay. Chromosome segregation was found to be normal and the Z-ring dynamics 
were not affected as was found in FRAP experiments. Overexpression of FtsZ did 
not compensate for the loss of ZapA. We conclude that the primary role of ZapA is 
the stabilization of the Z-ring in its status nascendi. 
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Introduction 
E. coli divides by binary fission and the protein complex involved in this 

process is called the divisome, which consists of at least 14 proteins. These proteins 
localize in an interdependent order, starting with FtsZ, which polymerizes at midcell 
to form a ring that forms the platform to which all other divisomal proteins localize. 
Next, FtsA, ZipA and ZapA localize simultaneously and, presumably, independently 
of each other. This is followed by the localization of FtsE/X, FtsK and FtsQ. The 
latter localizes as a trimeric complex with FtsB and FtsL (Buddelmeijer and 
Beckwith, 2004). Finally, FtsW, FtsI, FtsN and AmiC localize (see for a review: den 
Blaauwen et al., 2008; Errington et al., 2003).  

Timing studies on the localization of the divisomal proteins showed that the 
divisome maturates in two stages separated by a delay (Aarsman et al., 2005). 
During the first stage the early localizing proteins FtsZ through ZipA (Aarsman et 
al., 2005) localize and during the second stage the late localizing proteins FtsK 
(Wang et al., 2005) through FtsN localize (Aarsman et al., 2005). FtsE/X likely 
belongs to the early localizing proteins because these two proteins could be co-
purified with FtsZ in the absence of FtsA and ZipA (Corbin et al., 2007). The 
duration of the delay varies from 14 to 21 minutes depending on the growth 
conditions applied (Aarsman et al., 2005).  

Even though most of the divisomal proteins are vital for cell viability, ZapA 
has been shown to be non essential and deletion of this protein did not result into a 
noticeable phenotype (Anderson et al., 2004; Johnson et al., 2004). ZapA has been 
shown to stabilize FtsZ protofilaments in vitro (Gueiros-Filho and Losick, 2002; 
Low et al., 2004; Small et al., 2007) and is assumed to stabilize the Z-ring in vivo.  
Z-ring or FtsZ polymer stabilization would be due to a reduction of GTPase activity 
of FtsZ in the presence of ZapA (which we could not reproduce, see Chapter 4), as 
well as the organization of several protofilaments into bundles (Gueiros-Filho and 
Losick, 2002; Low et al., 2004; Small et al., 2007).  However, fluorescence recovery 
after photobleaching (FRAP) experiments on FtsZ in a ZapA deletion strain showed 
no significant difference in Z-ring turnover compared to a wild type strain 
(Anderson et al., 2004).  

Other Z-ring stabilizing factors are FtsA and ZipA (Jensen et al., 2005; 
Pichoff and Lutkenhaus, 2002; RayChaudhuri, 1999). FtsA and FtsZ have to be 
present at a particular ratio in order for Z-ring assembly to occur (Dai and 
Lutkenhaus, 1992) and ZipA is able to organize FtsZ protofilaments into bundles 
(RayChaudhuri, 1999). Furthermore, it has been shown that bundling of FtsZ 
polymers by divalent cations, such as Mg2+ or Ca2+, or crowding reagents 
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contributes to stabilization of the FtsZ protofilaments as well (González et al., 2003; 
Mukherjee and Lutkenhaus, 1999). 

To prevent premature cell division, Z-ring assembly is prevented by the Min  
system and nucleoid occlusion protein (Lutkenhaus, 2007; Woldringh et al., 1991). 
The Min system consists of the proteins MinC, MinD and MinE and prevents Z-ring 
formation at the cell poles. MinD is a membrane bound protein that localizes in the 
cell poles. It forms a dimer upon association with the membrane and binding of ATP 
(Lutkenhaus, 2007). MinD then recruits MinC, which also forms a dimer and is the 
actual FtsZ polymer destabilizer (Hu et al., 1999; Hu et al., 2002). MinE, which 
forms a ring near the edge of the MinD zone (Raskin and de Boer, 1997), enhances 
the ATPase activity of MinD, which causes the MinD dimer to dissociate and as a 
consequence MinD is released from the membrane and its interaction with MinC is 
disrupted (Hu and Lutkenhaus, 2001). MinD and MinC then diffuse to the opposite 
cell pole, where the process of MinD dimerization and association to the membrane, 
followed by the recruitment of MinC, begins anew. As a consequence, MinE also 
moves to the opposite cell pole after it has destabilized all MinD at the first cell 
pole.  

The nucleoid occupies a large portion of the cell volume, leaving little space 
between the lateral inner membrane and the nucleoid (Woldringh et al., 1991). 
Recently, SlmA has been identified to be a nucleoid occlusion protein (Bernhardt 
and de Boer, 2005). This protein covers the nucleoid and has been shown to interact 
with FtsZ. Possibly the nucleoid bound SlmA competes with FtsA and ZipA for 
binding FtsZ. This would reduce the amount of membrane localized FtsZ in the 
vicinity of the nucleoid. Segregation of the nucleoids would create an area at midcell 
where SlmA competition would not be sufficient to prevent formation of the Z-ring. 

In this chapter, it is shown that a ZapA null mutant has a mild filamentous 
morphology under conditions that allow fast growth. Under the same conditions, the 
localization of the late division proteins is delayed compared to a wild type strain. 
No difference in Z-ring turnover was found between the wild type and deletion 
strains when FRAP experiments were performed. We propose that ZapA contributes 
significantly to the formation of a stable Z-ring, but that its stabilizing effect on a 
mature ring is negligible.  

 

Materials and Methods 
Bacterial strains and growth conditions 

Escherichia coli cells were grown at 28 °C, 37 °C or 42 °C in rich medium 
(TY) or glucose minimal medium (GB1) as described before (Aarsman et al., 2005). 
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The strains and plasmids used are described in Table 5-1. LMC500 zapA::cam was 
created using the one-step gene inactivation method as described (Datsenko and 
Wanner, 2000; Johnson et al., 2004), followed by a P1 phage transduction from the 
resulting mutated BW25113 strain to LMC500. As the zapA gene is not part of an 
operon, genes downstream of the zapA locus should not be affected by this deletion. 
The resulting strain was named LMC3143 and the zapA deletion was verified by 
PCR testing, as well as immunolocalization. The medium was supplemented with 
100 µg/ml ampicillin when required. LMC3143 was grown in medium 
supplemented with 25 µg/ml chloramphenicol when inoculated from agar plate in 
liquid culture medium. All subsequent growth of this strain was in medium without 
antibiotic. Growth was monitored by the measurement of the optical density of a 
culture at either 450 nm (minimal medium) or 600 nm (rich medium). In order to 
validate steady state of growth (only for GB1 cultures), cell numbers were 
determined with an electronic particle counter (orifice 30 µm). When the ratio 
between optical density and number of cells remained constant, the culture was 
considered to be in steady state of growth (Fishov et al., 1995). Overexpression 
experiments of ZapA (pGP021) or FtsZ (pMC209stop) in LMC3143 were carried 
out at 28 °C in TY supplemented with 100 µM IPTG and 0.002% up to 0.01% 
arabinose, respectively.  

 

Plasmid construction 

The oligos used for the creation of the plasmids described below are listed in 
Table 5-2. To create a GFPmut2-ZapA fusion protein, the zapA gene was amplified 
from genomic DNA of LMC500 using the polymerase chain reaction (PCR) and 
oligo ZapAEcoRIFw as the sense and ZapAHindIIIRv as the antisense primers. The 
resulting fragment was digested with EcoRI/HindIII and cloned into to the 
corresponding sites of vector pTHV038, resulting in plasmid pEP001. This plasmid 
has a weakened trc promoter (den Blaauwen et al., 2003).  

Plasmid pEP001 was used as a template to PCR-amplify the zapA gene with 
the sense primer ZapANcoIFw and the antisense primer ZapASalIRv. The PCR 
fragment was digested with NcoI and SalI and cloned into the corresponding sites of 
vector pET302 (van der Does et al., 1998), resulting into plasmid pPG016, which 
encoded a C-terminal 6 histidine tag fused to the zapA gene.  

pGP021 was created by ligation of the NcoI/SalI zapA gene from pGP016 
into the restricted vector pTHV037. 

Amplification of pEP001 with primers pTrc99AseqFw and 
O/ChEcXbHiXhRv resulted into a PCR fragment coding for the C-terminal part of 
GFPmut2. This fragment was digested with NcoI and XbaI and cloned into the
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Table 5-1. Bacterial strains and plasmids. 

Strain or 
plasmid 

Genotype and/or features Source 

E. coli strain   
LMC500 
(MC4100lysA) 

F-, araD139, ∆(argF-lac)U169, deoC1, 
flbB5301, ptsF25, rbsR, relA1, rpsL 150, lysA1 

(Peters et al., 2003; 
Taschner et al., 1988)  

LMC3143 LMC500 zapA::camR This work 
Plasmids   
 pEP001 pTHV038 ligated with EcoRI/HindIII zapA PCR-

fragment. Expresses GFPmut2-ZapA 
This work 

pGP016 pET302 ligated with NcoI/SalI zapA PCR-
fragment. Expresses H6D3KA-ZapA 

This work 

pGP021 pTHV037 ligated with NcoI/SalI zapA fragment 
from pGP016. Expresses wt-ZapA 

This work 

pGP024 pSACT001 digested with NcoI/XbaI ligated with 
NcoI/XbaI C-terminal GFPmut2 PCR-fragment 

This work 

pGP025 SphI/NcoI restricted fragment from pEP001 
ligated with SphI/NcoI digested pSACT001. 
Expresses GFPmut2-FtsZ. 

This work 

pMC209stop pBadMycHisA plasmid expressing FtsZ (Koppelman et al., 
2004) 

pSACT001 pTHV037 expressing SYFP2-FtsZ Svetlana Alexeeva 
pTHV037 pTRC99A with a weakened trc promoter, 

AmpR 
(den Blaauwen et al., 
2003) 

pTHV038 pTRC99A with a weakened trc promoter, 
gfpmut2, AmpR 

(den Blaauwen et al., 
2003) 

 
 
 

Table 5-2. Oligos used in DNA manipulations. 

Oligo Direction Sequence 

O/ChExXbHiXhRv Antisense 
GGCATGGACG AGCTGTACAA GGAATTCTCT 
AGATAAGCTT CTCGAGA 

pTrc99AFw Sense GCACTCCCGT TCTGGATAAT 

ZapAEcoRIFw Sense 
AGCGCAGTCA ATCAGCAGGA AGGTGGCCAA 
TTTCACACAG GAAACAG 

ZapAHindIIIRv Antisense 
CCACACGTAA ACCGAAAAGT GGCTAGCCGAC 
CTGCAG 

ZapANcoIFw Sense CATGCCATGG GGTCTGCACA ACCCGTCGAT ATCC 

ZapASalIRv Antisense 
ACGCGTCGAC CATCATTCAA AGTTTTGGTT 
AGTTTTTTC 

ZapASeqFw Sense TAGCTATAGT GTCGCCCCTT CGCAG 
ZapASeqRv Antisense GGGACTGGCC CGCTTGCGAA CATCT 
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corresponding sites of vector pSACT001 to obtain plasmid pGP024. The N-terminal 
part of GFPmut2 was restricted from plasmid pEP001 with ApaI/NcoI and cloned 
into the corresponding sites of vector pGP024 to create plasmid pGP025 that 
expressed GFPmut2-FtsZ. 

 

Immunolocalization experiments 

Immunolocalization of ZapA and FtsZ in various E. coli strains was 
performed as described previously (den Blaauwen et al., 2001). Fixed and 
permeabilized cells were incubated for 1 hour at 37 °C with Western-blot affinity-
purified polyclonal antibodies directed against ZapA, monoclonal antibodies or 
polyclonal antibodies directed against FtsZ (Aarsman et al., 2005; Voskuil et al., 
1994), polyclonal antibodies directed against FtsN (Aarsman et al., 2005), diluted in 
blocking buffer. Donkey anti-rabbit conjugated to Cy3 or goat anti-mouse 
conjugated to Oregon Green 488 (Jackson Immunochemistry, USA) diluted in 
blocking buffer was used as a secondary antibody and incubated for 30 minutes at 
37 °C.  The chromosome was visualized by adding 4',6-diamidino-2-phenylindole 

(DAPI) to a final concentration of 15 g/ml. 

 

Microscopy and image analysis 

For immunolocalization, cells were immobilized on 1% agarose in water 
slabs coated object glasses as described (Koppelman et al., 2004) and photographed 
with a Coolsnap fx static (Photometrics) CCD camera mounted on an Olympus BX-
60 fluorescence microscope through a 100x/N.A. 1.35 oil objective. Images were 
taken using the public domain program ‘Object-Image 2.18’ by Norbert Vischer 
(University of Amsterdam,  http://simon.bio.uva.nl/object-image.html), which is 
based on NIH image by Wayne Rasband as described in (den Blaauwen et al., 
2003). The average cell age at which divisomal proteins arrive at the division site 
was determined as published before (Aarsman et al., 2005). All experiments were 
performed at least twice. 

 

Fluorescence recovery after photobleaching 

For fluorescence recovery after photobleaching (FRAP) experiments with 
GFP-ZapA and GFP-FtsZ (pEP001 and pGP025 respectively), transformed cells of 
LMC500 or LMC3143 were grown overnight in TY at 28 °C. Three hours prior to 
the FRAP experiment, the cells were diluted 1:100 in TY and grown at 28 °C to the 
exponential phase. A Zeiss LSM510 confocal laser-scanning microscope (Carl-
Zeiss, Gmbh, Germany) with a Plan Neofluar100x/N.A. 1.3 oil (Carl-Zeiss) 
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objective was used and the zoom was set to 20. Samples were excited with a 488 nm 
and 514 argon laser line controlled by an acousto-optical tuneable filter (AOTF). 
The whole ring or one half of a ring was bleached using the 488 and 514 nm argon 
laser lines set at maximum output (AOTF at 100%) with a duration of 800 ms, after 
which the recovery of fluorescence was measured every 400 ms with a very low 
laser output (AOTF at 5%). The obtained data were corrected for bleaching. The half 

time of recovery, , was calculated for each single measurement after which the 

average of   and its standard deviation were calculated.  

 

Results 
Morphology of a ZapA null mutant 

It was shown that ZapA is not vital for cell viability in B. subtilis or in E. coli 
as the zapA gene could be deleted (Gueiros-Filho and Losick, 2002; Johnson et al., 
2004). In B. subtilis, the zapA null mutant did not have a divergent phenotype when 
grown in rich or minimal medium nor when the temperature was varied (Gueiros-
Filho and Losick, 2002). The ZapA deletion strain was created by the one-step gene 
inactivation method (Datsenko and Wanner, 2000). The ZapA deletion on the 
resulting BW25113 strain was then transferred by P1 phage transduction to 
LMC500, resulting into strain LMC3143. Both the BW25113 strain carrying the 
ZapA deletion and LMC3143 were tested for the proper deletion of ZapA and the 
insertion of the chloramphenicol cassette by colony PCR testing. For this purpose, a 
sense primer was chosen to match a locus close to and upstream of the position of 
the zapA gene on the genome (ZapASeqFw, see Table 5-2). Similarly, an antisense 
primer was chosen close to and downstream of the zapA gene (ZapASeqRv, see 
Table 5-2). Several colonies were tested for the deletion of zapA and insertion of the 
chloramphenicol cassette by determining the size of the PCR product on an agarose 
gel. This was possible because the difference in size between positive and negative 
transformants was 703 bp. The PCR products of two positively tested colonies were 
sent for DNA sequencing (using ZapASeqFw and ZapASeqRv as sequencing 
primers) to further confirm the correct insertion of the chloramphenicol cassette and 
the sequences of both colonies were as expected (data not shown). These results 
show that the zapA gene had indeed been deleted and that the chloramphenicol 
cassette is present at the correct site. 

Unexpectedly, we found an abnormal morphology when the zapA null mutant 
was grown in TY at 28 °C. The ΔzapA cultures contained a mixture of filaments 
(11% of the cells) and normal sized cells (Figure 5-1) and had a significantly 
reduced number of Z-rings (0.13 rings/µm cell length compared to 0.21 rings/µm 
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cell length for LMC500, Table 5-3). Those Z-rings present in filaments were often 
positioned at the very end of the cells (data not shown). As some of the ΔzapA 
filaments also had a constriction at their very end (Figure 5-1), the large number of 
normally sized cells is probably a result of the division of the filaments into a 

 
 

 
Figure 5-1. Morphology of the wild-type strain LMC500 and the ZapA null mutant (LMC3143). A 
wild-type cells and B cells from the deletion strain. The ZapA null mutant grows as a mixture of 
normal sized and filamentous cells. Scale bar equals 1 μm. 

 
Table 5-3. Timing of FtsZ and FtsN arrival and morphological parameters of E. coli LMC500 and 
LMC3143 (∆zapA) at 28 °C in TY or GB1. 

Strain Medium  TD Length 
(SD) 

Diameter 
(SD) 

C
a
 

(%) 

M
b
 (%) A

c
 n

d
 ring/µm 

LMC500 GB1 84 2.3 
(0.4) 

1.0 
(0.06) 

20 64.7 FtsZ 
40.2 FtsN 

28 
51 

570 
470 

0.29 
0.16 

LMC3143 GB1 84 2.7 
(0.6) 

1.0 
(0.05) 

23 64.1 FtsZ 
37.5 FtsN 

29 
54 

529 
512 

0.23 
0.15 

LMC500e TY 53 3.9 
(0.8) 

1.2 
(0.06) 

47 81.7  FtsZ 
42.5 FtsN 

14 
49 

448 
485 

0.21 
0.11 

LMC3143e TY 53 5.7 
(3.0) 

1.3 
(0.08) 

47 76.7 FtsZ 
26.5 FtsN 

18 
66 

424 
461 

0.13 
0.05 

TD, mass doubling time in minutes. 
Length and diameter are given in μm. 
a
 C is percentage of cells that have a constriction. 

b
 M is percentage of cells with FtsZ or FtsN rings. 

c
 A is the percentage of the cell cycle after which the protein localizes 

d
 n is cell number. 
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Figure 5-2. The ∆zapA cells become more filamentous at higher temperatures. zapA cells 
were grown exponentially in TY at 28 °C (solid line) and 37 °C (dashed line) for 6 hours, 
harvested, fixed and imaged. For comparison a curve of LMC500 (wild type, dotted line) cells 
grown in TY at 28 °C is shown as well. Cell lengths were measured using Object Image. 
 
normal sized and a filamentous cell as well as the majority of cells being able to 
divide normally. Cells grown in TY at 37 °C showed the same morphology of a 
mixture of normal sized cells and filaments as cells grown in TY at 28 °C, but with 
an increased average length compared to that of wild type cells grown under the 
same conditions (Figure 5-2). In contrast, when grown in GB1 either at 28 °C or at 
37 °C, the deletion strain showed no change in morphology compared to the wild-
type strain (see Table 5-3 and data not shown). Apparently, the morphological defect 
of the ΔzapA strain is growth medium dependent. 
 

Localization of late localizing proteins appears to be delayed in fast growing 
ΔzapA cells 

As ZapA is thought to stabilize the Z-ring, its absence could make it more 
arduous to assemble the Z-ring, which might in turn affect the timing of the early 
localizing divisomal proteins as well as increase the delay (~20% of the cell cycle) 
after which the late localizing divisomal proteins, such as FtsN, localize. Therefore, 
the timing of FtsZ and FtsN localization was determined in the ΔzapA strain 
LMC3143 and in the wild type strain LMC500, both grown in GB1 and TY at 28 
°C. As expected, because the ZapA deletion strain does not display a phenotype 
when grown in GB1, no difference in the localization timing was found in the ZapA 
deletion strain compared to the wild-type strain grown in this medium (Table 5-3). 
However, under filament-inducing conditions, i.e. growth in TY, the time between 
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FtsZ localization and FtsN localization was about 1.4 fold longer in the ZapA 
deletion strain than in the wild type strain (Table 5-3). The number of Z-rings per 

m cell length was reduced by approximately 50% in the deletion strain under 

filament inducing conditions (Table 5-3). Furthermore, rings were mostly present 
near the ends of the cells, so that a successful division would result into a filament 
and a cell of near normal cell length (data not shown). Interestingly, Z-rings were 
not present at all potential division sites. In FtsA(ts) strains, it was found that FtsZ is 
able to localize normally and at all potential division sites (Addinall et al., 1996; 
Pichoff and Lutkenhaus, 2002). It could be that due to the absence of the stabilizing 

effect of ZapA, Z-ring formation in the ZapA strain is occasionally unsuccessful 

(see also below and discussion).  
Because the TY cultures were not grown to steady state, it is not certain 

whether the difference between the TY cultures is significant. However, it is 
conceivable that when Z-ring formation is affected, the early division proteins may 
take longer to stabilize the Z-ring and as a consequence, the late division proteins 
would localize later.  
 

Chromosome segregation 

Due to the nucleoid occlusion system, Z-rings cannot be formed at the 
division site unless the nucleoids have sufficiently segregated to create a local 
minimum of SlmA protein (Bernhardt and de Boer, 2005; Woldringh et al., 1991). 
Therefore we wondered whether the mild filamentous phenotype of the ZapA null 
mutant was a consequence of defective chromosome segregation. To test this 
hypothesis, the ΔzapA strain and LMC500 were grown in TY and in GB1 at 28 °C 
and stained with DAPI. Phase contrast and fluorescence images were taken and the 
images were analyzed using the program Object Image. The number of nucleoids 
per cell was counted as well as the number of segregated and non segregated 
chromosomes. A nucleoid was considered not segregated if no clear DAPI free 
space between two (or more) nucleoids was observed. As can be seen in Table 5-4, 
no differences in chromosome segregation were observed when the strains were 
grown in GB1. No significant differences were observed when the cells were grown 
in TY either, nor was there a significant difference in chromosome segregation when 
only the filaments were selected for analysis. Obviously, the filaments contained 
more nucleoids per cell. Based on these results and the fact that not all potential 
division sites are occupied by a Z-ring, we conclude that Z-ring formation is affected 
by Z-ring destabilizing factors in the absence of ZapA, causing the cell to skip a 
division and thus resulting into filamentation (see also Discussion). 
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Table 5-4. Chromosome segregation in LMC500 and the zapA strain. Cells were grown at 28 
°C in either GB1 or TY. The nucleoids were visualized with DAPI and the amount of 
unsegregated nucleoids was counted. In GB1 no difference between the two strains was found. 

In TY, the ZapA filaments contained more nucleoids per cell. 

Strain Medium n
a 

Nucleoids Nucleoid/cell Nucleoids/µm 

LMC500 GB1 462 861 1.86 ± 0.36 0.74 

ZapA (LMC3143) GB1 470 826 1.76 ± 0.53 0.65 

LMC500 TY 469 1232 2.63 ± 0.93 0.68 

ZapA (LMC3143) TY 474 1355 2.86 ± 1.35 0.61 

ZapA Filaments 

(LMC3143) TY 39 215 5.51  ± 2.00 0.61 

a
 n is number of cells analyzed. 

 

Complementation of the ΔZapA phenotype by wild-type ZapA but not by ZapA 
fusion proteins 

Because of the clear phenotype of the ΔzapA strain when grown in TY at 28 
°C , it was possible to test whether the GFP-ZapA fusion protein was able to 
compensate for the loss of ZapA in these cells. As positive and negative controls, a 
wt-ZapA containing plasmid and an empty plasmid were used, respectively. ΔzapA 
cells were transformed with pGP021, pEP001 or pTHV037 (wild-type-ZapA, GFP-
ZapA and empty plasmid, respectively) and grown in TY at 28 °C. Cells were fixed 
and photographed to allow for a length distribution analysis. As can be seen in Table 
5-5 and Figure 5-3, cells expressing GFP-ZapA from pEP001 have an average 
length of 4.9 μm, compared to 4.6 μm for the negative control. In the case of wt-
ZapA expressing cells, the average length was 3.1 μm, which is actually shorter than 
that of the wild-type strain grown under the same conditions (3.7 μm, Table 5-5). It 
can be concluded that despite its ability to localize at midcell and at the same time as 
endogenous ZapA protein (see Chapters 2 and 3), the GFP-ZapA cannot be fully 
functional as it cannot prevent filamentation of the ΔzapA strain, whereas expression 
of the wild type ZapA can. 

 

Overexpression of FtsZ does not compensate for the loss of ZapA 

We argued that overexpression of FtsZ might compensate for the loss of 
ZapA. For this purpose, ΔzapA cells were transformed with pMC209stop, which 
expresses FtsZ under control of an arabinose inducible promoter (Koppelman et al., 
2004). The resulting strain was grown at 28 °C in TY supplemented with 0.002% up 
to 0.01% arabinose for 6 hours. Cells were fixed and phase contrast images were 
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taken to allow for analysis of the length distribution. Although the cells started to 
produce minicells (Ward and Lutkenhaus, 1985) at the highest arabinose 
concentration, overproduction of FtsZ was not able to restore the cells to a normal 
length distribution (data not shown). As division occurs as in wild type cells in the 
majority of the cell population, these cells are able to form minicells due to the 
elevated FtsZ levels. In the filamentous portion of the cell population, the elevated 
FtsZ levels are apparently not sufficient to overcome the inhibition of Z-ring 
formation at midcell by SlmA in the absence of ZapA, causing the cell to skip a 
division and thus become filamentous. Hence it is possible to have both minicells 
and filaments in one culture. 

 
Table 5-5. Wt-ZapA is able to complement the ZapA deletion phenotype. Morphological 
parameters of the zapA null mutant transformed with various plasmids and grown in TY at 28 
°C. pTHV037 is an empty plasmid whereas pGP016, pGP021 and pEP001 express His6-ZapA, 
wt-ZapA and GFP-ZapA, respectively. 

Plasmid Expresses Length (SD) Diameter (SD) % filamentous cells N
a 

pEP001 GFP-ZapA 4.9 (1.9) 1.0 (0.08) 11.3 451 

pGP016 His6-ZapA 4.6 (1.7) 1.1 (0.07) 7.0 502 

pGP021 wt-ZapA 3.1 (0.7) 1.0 (0.04) 0.2 477 

pTHV037 - 4.6 (2.8) 1.0 (0.08) 9.6 448 

LMC500 - 3.7 (0.8) 1.2 (0.05) 0.2 455 

Length and diameter are given in μm. 
a
 number of cells analyzed. 

 

 
Figure 5-3. Wt-ZapA is able to complement the null mutant, but GFP-ZapA is not. Length 
distributions of the ∆zapA strain transformed with an empty plasmid (pTHV037, dashed line), a 
wt-ZapA expressing plasmid (pGP021, solid line) and a GFP-ZapA expressing plasmid 
(pEP001, dotted line). Cells expressing no ZapA or GFP-ZapA have an average length of about 
5 μm due to the presence of 11% filamentous cells, which is longer than an average LMC500 
cell (3.7 μm). Cells expressing wt-ZapA have an average length of 3.1 μm. 
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Stability of the Z-ring in the ΔzapA strain 

As ZapA is believed to stabilize the Z-ring, we wondered whether 
overproduction of ZapA would result into a phenotype similar to that of FtsZ 
overproduction, namely the formation of minicells (Ward and Lutkenhaus, 1985). 
Overexpression of wt-ZapA (pGP021) in ΔzapA cells, grown at 28 °C in TY 
supplemented with 100 µM IPTG resulted in slightly shorter cells, but no minicell 
formation was observed (data not shown). It should be kept in mind that no addition 
of IPTG is required to compensate for the filamentous phenotype of the ΔzapA 
strain. Apparently, ZapA is not able to induce extra cell divisions. 

Subsequently, it was investigated whether the dynamics of the ring in the 
ΔzapA strain was different from that in the wild-type strain using Fluorescence 
Recovery After Photobleaching (FRAP) of half of the FtsZ-ring. LMC500 cells 
transformed with either pGP025 (GFP-FtsZ) or pEP001 (GFP-ZapA) and ∆zapA 
cells transformed with pGP025 were diluted 1:100 in TY from an overnight culture. 
After 3 hours of growth at 28ºC, a droplet of culture was placed on an agar slab and 
FRAP experiments were performed at room temperature as described in the 
Experimental procedures. The half time of recovery in LMC500 for GFP-FtsZ was 
5.1 ± 2.5 s (n = 13, Figure 5-4), which is shorter than the 9 s found by Anderson et 
al., (Anderson et al., 2004) and for GFP-ZapA approximately 5.3 ± 3.9 s (n = 7). 
The average fluorescence intensity of the GFP-FtsZ signal in the ring of the wild-
type cells and the ∆zapA cells was very similar (130 a.u. and 150 a.u., respectively). 
The average half time of recovery of GFP-FtsZ in the ∆zapA strain was found to be 

6.1 ± 2.8 s (n = 7). Even though this is slightly higher than the  found for GFP-FtsZ 

in the wild type strain, a Student’s t-test showed that this difference is not significant 
(data not shown), which was also found for B. subtilis ZapA (Anderson et al., 2004). 
Apparently, the absence of ZapA does not affect the dynamics of the Z-ring once it 
is established at midcell. 

 

Discussion 
Although ZapA stimulates lateral association of FtsZ protofilaments under 

conditions that stabilize FtsZ polymers in vitro (see Chapter 4), no indications exist 
that it does the same in vivo. Our FRAP experiments performed with ZapA did not 
show a significant difference between the dynamics of the FtsZ ring in the wild-type 
strain and the ∆zapA strain. The same results were published previously for ZapA 
from B. subtilis (Anderson et al., 2004). Since no indication exists that ZapA 
stabilizes the FtsZ-ring once it is a mature-ring in vivo, its dominant role might be 
stabilization of the Z-ring during its status nascendi. 
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Figure 5-4. Typical fluorescence recovery after bleaching trace of GFP-FtsZ in strain LMC500 
grown in TY at 28ºC. One half of the ring was bleached. The traces represent the uncorrected 
FRAP (red line), the bleaching that occurred during the experiment (blue line), the corrected 
FRAP (black line) and the fit of the corrected FRAP (green line). The half-time of recovery for 
GFP-FtsZ and for GFP- ZapA was 5.1 ± 2.5 s and 5.3 ± 3.9 s, respectively. 

 
DivIVA is a protein in B. subtilis that localizes to the cell poles where it 

anchors MinD, which recruits MinC, an FtsZ inhibitor, to the membrane. Together, 
these three proteins prevent Z-ring formation in the cell poles, but not at the midcell 
(see for a review Howard, 2004 and references therein). A DivIVA ZapA deletion in 
B. subtilis is not viable and a ZapA deletion in combination with DivIVA depletion 
in B. subtilis causes exacerbation of the filamentous phenotype of the DivIVA 
deletion strain (Gueiros-Filho and Losick, 2002). This suggests that B. subtilis ZapA 
is able to partially counteract the inhibitory activity of the FtsZ polymerization 
inhibitor MinC that is freely diffusing in the cytoplasm in the absence of its 
recruitment to the cell poles by DivIVA. Recently, in the presence of 10 mM MgCl2, 
B. subtilis His-ZapA was shown to counteract FtsZ polymerization inhibition by 
MinC in vitro (Scheffers, 2008). In E. coli, MinC oscillates between the two cell 
poles, where it will have, on average, its highest concentration. Assuming ZapA has 
a similar effect in E. coli as in B. subtilis, one would expect that overexpression of 
ZapA would induce off midcell ring formation (minicells) as is the case for FtsZ 
overproduction (Ward and Lutkenhaus, 1985). However, no minicells were observed 
when ZapA was overproduced. Based on the results obtained with B. subtilis His-
ZapA, it is conceivable that MinC and ZapA compete for the same binding site on 
FtsZ with the difference that MinC may have a higher affinity for FtsZ 
protofilaments whereas ZapA appears to have a higher affinity for double FtsZ 
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polymers that are already somewhat stabilized (Chapter 4). Although ZapA is 
overproduced, FtsZ polymers that form in the cell poles are still destabilized by the 
Min system before ZapA has a chance of binding to two protofilaments that are in 
close proximity. As a consequence, off midcell Z-ring formation and thus the 
formation of minicell does not occur.  

In the ZapA cells, the number of FtsZ and FtsN rings was reduced, the 

localization of late division proteins was delayed and it was observed that Z-rings 
were not present at all potential division sites as is the case in FtsA(ts)  and other 
temperature sensitive strains (Addinall et al., 1996; Pichoff and Lutkenhaus, 2002). 
These observations indicate that ZapA has a significant role in Z-ring formation. 
The following model could explain the morphology of the ZapA deletion strain: 
under normal conditions, when the cells have obtained a length where the MinC 
activity and the nucleoid occlusion mechanism are sufficiently minimal to allow 
FtsZ protofilaments to assemble at the midcell and become tethered to the 
cytoplasmic membrane by FtsA and ZipA. This will stabilize the filaments to such 
an extent that ZapA is able to interact with and cross-link two adjacent FtsZ 
filaments, which will stimulate further association of the filaments. As a 
consequence, the FtsZ polymers are stabilized and the Z-ring can be formed. Under 
conditions of fast growth the time available for FtsZ to assemble into a Z-ring is 
much shorter than during slow growth as illustrated by the observation that 82% and 
65% of the cells have a Z-ring at 53 and 84 min mass doubling time (Table 5-3), 
respectively and the observation that the assembly of the divisome takes longer in 
fast growing cells (34 min vs 20 min at growth rates of 53 and 84 min, respectively, 
Aarsman et al., 2005). As a consequence enhancement of the probability of Z-ring 
formation by ZapA is not very beneficial to the cells at slow growth conditions. 
However during fast growth the presence of ZapA tips the balance in favour of Z-
ring assembly. Therefore in the absence of ZapA under conditions of fast growth, 
when the cell attempts to form a Z-ring it occasionally fails to form because the Z-
ring is not well stabilized in time. In this case, the destabilizing effect of the 
nucleoid occlusion system and the Min system cannot be overcome. As a 
consequence, the cell becomes a smooth filament that lacks preseptal peptidoglycan 
synthesis, a morphology indicative of a block early in the division process. In 
conclusion, the morphology of the ZapA deletion strain suggests that ZapA has been 
evolved to support efficient fast growth, which is undoubtedly an advantage for the 
survival of bacteria that compete for food in the gut such as E. coli.  
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Abstract 
FtsI is essential for peptidoglycan synthesis of the new cell poles during the 

process of division in E. coli. Inhibition of its transpeptidase activity with cephalexin 
causes the inhibition of the formation of new FtsZ rings at future division sites 
(Pogliano et al., 1997). We show that aztreonam causes the same effect and show 
that the inability to form new rings is due to the accumulation of FtsZ at midcell, 
thereby reducing its free cytosolic concentration. In addition we show that the 
mature divisome cannot reorganize when the transpeptidase activity of FtsI is 
inhibited, but it can reorganize when FtsI is not able to localize at midcell. This 
suggests that the peptidoglycan synthesis is a requirement for divisome 
reorganization during the constriction process. 
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Introduction 
Cell division in the rod shaped bacterium Escherichia coli occurs in two 

distinct stages. Division is initiated by the polymerization of FtsZ in a ring-like 
structure at midcell. The ring recruits a number of early localizing cell division 
proteins (i.e. FtsA, ZipA, ZapA (Aarsman et al., 2005) and presumably FtsE/X 
(Corbin et al., 2007)) and preseptal peptidoglycan synthesis commences (Aaron et 
al., 2007; den Blaauwen et al., 1999; Varma et al., 2007). This cell wall material is 
completely new in contrast to the cell wall synthesis during cell elongation where 
peptidoglycan building-units are inserted in the existing peptidoglycan layer (de 
Pedro et al., 1997). After about another 20% of the cell cycle the late localizing 
proteins (i.e. FtsK, FtsQ, FtsL/B, FtsW, FtsI (PBP3), PBP1B, FtsN and AmiC 
(Bertsche et al., 2006; den Blaauwen et al., 2008)) assemble onto the Z-ring 
(Aarsman et al., 2005). The constriction of the envelope becomes visible by phase 
contrast microscopy after full assembly of the divisome. Some of these proteins 
have been implied to be involved in cell pole synthesis and this has been shown in 
the case of FtsI (Botta and Park, 1981; Wientjes and Nanninga, 1989; 1991).  

FtsI is a transpeptidase that catalyzes the formation of peptide cross-links 
between peptidoglycan sugar strands at the division site (Begg et al., 1990; Botta 
and Park, 1981). It does not seem to initiate the preseptal peptidoglycan synthesis 
(Aarsman et al., 2005), but functions rather in the synthesis of peptidoglycan at the 
leading edge of the constricting envelope (Wientjes and Nanninga, 1989). The 
membrane-anchoring domain of FtsI is required for functionality/localization during 
cell division and contains both a cytoplasmic as well as a membrane-spanning 
domain (Nguyen-Distèche et al., 1998). The periplasmic non-penicillin-binding 
domain might function as a pedestal or intramolecular chaperone (García del Portillo 
and de Pedro, 1990) whereas the penicillin-binding domain contains the 
transpeptidase activity and binds antibiotics such as penicillin and aztreonam 
(Georgopapadakou et al., 1982; Nicholas et al., 1985). The non-penicillin binding 
domain has also been suggested to be involved in interactions with other cell 
division proteins (García del Portillo and de Pedro, 1990).   

FtsI can be inhibited by several -lactam antibiotics such as penicillin, 

cephalexin and aztreonam (Georgopapadakou et al., 1982; Pogliano et al., 1997). A 
study on cephalexin inhibition of FtsI has shown that this results in the formation of 
a persistent Z-ring, which cannot restrict (Pogliano et al., 1997). Furthermore, new 
Z-ring formation is inhibited in cephalexin-induced filaments (Pogliano et al., 
1997).  
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Aztreonam, a monocyclic -lactam antibiotic, can be used as an FtsI-specific 

antibiotic because it binds most strongly to FtsI of all Penicillin Binding Proteins 
(PBPs) in competitive binding assays (Sykes and Bonner, 1985) and is very slowly 
deacylated with a rate constant of 5 x 10-5 s-1 (Adam et al., 1991). In addition 
aztreonam binds with similar affinity to the non-essential AmpC protein (Henderson 
et al., 1997) and forms a stable complex with a deacylation rate of less than 10-4 s-1 
(Henderson et al., 1997). In this study, aztreonam is used to specifically inhibit FtsI. 
Aztreonam caused filamentation of the cells and persistence of the FtsZ ring as was 
observed for cephalexin inhibition (Pogliano et al., 1997). Furthermore, aztreonam 
caused an accumulation at the division site of the early division proteins but not of 
the late division proteins. These results indicate that the inhibition of new Z-ring 
formation at future division sites in aztreonam-induced filaments is most likely due 
to the accumulation of early division proteins at midcell and the concomitant 
reduction of their free concentration in the rest of the cell. Most importantly, FtsI 
seems to dictate the dynamics of the divisome as the inhibition of its transpeptidase 
activity appears to prevent reorganization of this large protein complex. In contrast, 
the absence of FtsI has little effect on the ability of the divisome to dissolve and 
does not prevent the early division proteins from initiation of the assembly of new 
divisomes at potential division sites. 

 

Materials and methods 
Bacterial strains and growth conditions 

E. coli K-12 MC4100 [F- araD139 Δ(argF-lac)U169 deoC1 flbB5301 lysA 
ptsF25 rbsR relA1 rpsL150] and its isogenic derivative MC4100 pbpB2158(Ts), a 
temperature-sensitive mutant carrying a Y380D mutation (Wissel et al., 2005)  
(referred to further on as LMC500 and LMC510, respectively), were grown to 
steady state in glucose minimal medium (GB1) as previously described (den 
Blaauwen et al., 1999). Cell division was inhibited by adding 1 µg/ml aztreonam 
(from a 1000 x concentrated stock freshly dissolved in saturated sodium carbonate) 
to a steady state culture and growth was continued for two mass doublings. 
Absorbance was measured at 450 nm with a Gilford spectrophotometer, and cell 
numbers were counted with an electronic particle counter (orifice diameter, 30 µm). 
GFP-FtsQ and GFP-FtsW were expressed from plasmids pTHV039 (Aarsman et al., 
2005) and pDLM2414 (Pastoret et al., 2004), respectively. LMC500 cells 
transformed with these plasmids were grown as described above, with the addition 
of 100 µg/ml ampicillin to induce selective growth. 
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In situ immunofluorescence labelling 

Cell division proteins were visualized with antibodies as described before 
(den Blaauwen et al., 1999). In brief, the method used was as follows: cells were 
fixed with a mixture of 3% formaldehyde and 0.04% glutaraldehyde, followed by 
permeabilization using 0.1% Triton X-100 and 100 µg/ml lysozyme. Non-specific 
binding sites were blocked with blocking reagent (Boehringer, Mannheim, 
Germany). Polyclonal primary antibodies against FtsZ (Aarsman et al., 2005), ZapA 
(chapter 2), FtsI or FtsN (Aarsman et al., 2005) were diluted in blocking reagent. 
Donkey anti rabbit antibodies conjugated to CY3 diluted in blocking reagent were 
used as secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA).  

 

Microscopy and image analysis 

Cells were immobilized on agarose slides as described by Koppelman et al., 
(2002) and photographed with a Coolsnap 10 fx cooled charge-coupled device 
camera (Photometrics) mounted on an Olympus BX-60 fluorescence microscope 
through a 100x/N.A. 1.35 oil objective. Images were taken and analyzed using the 
public domain program ‘Object-Image’ by Norbert Vischer (version 2.18, 
Department of Molecular Cytology, University of Amsterdam 
[http://simon.bio.uva.nl/object-image.html]), which is based on NIH image by 
Wayne Rasband. Phase-contrast images were always taken first, followed by the 
appropriate fluorescence image(s), which were always taken with fixed exposure 
times and contrast settings for each series of samples. Corresponding photographs 
were stacked and the length and diameter of each cell was measured in the phase-
contrast image. The presence of rings was determined and the fluorescence intensity 
as function of normalized cell length to create fluorescence profiles was quantified 
using the fluorescence images and the program ‘Object Image’.  

 

Protein quantification 

Cells were grown to steady state in GB1 as described above. At the time of 
harvest, samples were taken to measure cell numbers with an electronic particle 
counter (orifice diameter 30 µm). For the quantification of total protein per cell, 
known amounts of cells were boiled for 5 minutes to release the protein and the 
resulting lysate was subjected to a BCA protein quantification kit following the 
manufacturer’s protocol (BCA protein assay, Pierce, Rockford, Il, USA). The 
amount of FtsZ per cell was established by applying cell lysates with known cell 
numbers and a purified FtsZ protein concentration range of 1 to 50 ng in triplicate 
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on an SDS-PAGE. After immunoblotting, the protein bands were visualized using 
antibodies against FtsZ and their intensities were determined by chemiluminescence 
density analysis.  

 

Results 
FtsI localizes exclusively at midcell upon inhibition by aztreonam 

Aztreonam has been shown to bind to and inhibit specifically the 
transpeptidase activity of FtsI (Georgopapadakou et al., 1982). To further 
investigate what caused the persistence of the FtsZ ring upon functional inhibition of 
FtsI as described by Pogliano et al. (1997), we first investigated whether aztreonam-
bound FtsI would still localize to the Z-ring. To this end, LMC500 cells were grown 
to steady state in minimal medium at 28 °C. Aztreonam was added to a 
concentration of 1 µg/ml and growth was continued for two mass doublings (MDs). 
Samples were taken prior to addition of aztreonam (0 MD) and after 1 MD and 2 
MD of further growth in the presence of aztreonam. Cells were fixed and labelled 
with polyclonal antibodies against FtsI (Aarsman et al., 2005), followed by staining 
with CY3-conjugated secondary antibodies. FtsI localizes at midcell in untreated 
cells (Figure 6-1 and Table 6-1). In cells grown in the presence of aztreonam, FtsI 
remained localized at midcell, even after growth for 2 MDs. At this point, FtsI 
occasionally localized to future division sites (Figure 6-1 panel 2) and the signal 
appears more diffuse. Aztreonam shows no loss of activity during the incubation 
period (Belliveau et al., 1994), therefore the minor relocalization of FtsI seems to be 
an intrinsic property of the inhibited protein and not to be due to hydrolysis of 
aztreonam.  

 

FtsI and FtsZ are unable to dissolve old rings in the presence of aztreonam 

It was assumed that FtsZ would localize as a ring at all potential division sites 
in the filaments that resulted from aztreonam treatment because FtsZ is not 
dependent on FtsI for its localization. Cells from the aztreonam growth experiment 
described above were labelled with FtsZ and FtsZ ring positions were analyzed and 
their number counted (Table 6-1). FtsZ localized at the midcell in the 0, 1 and 2 
MDs aztreonam grown samples, but again, no new rings appeared to be formed at 
future division sites after growth in the presence of aztreonam for 1 MD. After 2 
MDs of aztreonam growth, some cells displayed new rings at future division sites 
(Figure 6-2). Furthermore, the midcell FtsZ ring appeared to become brighter during 
aztreonam treatment.  
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Table 6-1. The percentage and position of FtsZ and FtsI-rings determined in wild type cells 
grown in GB1 at 28 °C for 0, 1 and 2 MDs in the presence of aztreonam. 

  Relative position 
 (± 0.06125) in % 

Protein MD Az
a ¼ ½ ¾ 

FtsZ 0  53  

FtsI 0  35
b  

FtsZ 1 0.3 94 0.3 

FtsI 1 0.7 78 0.8 

FtsZ 2 24.7 88 26.5 

FtsI 2 4.2 84 4.4 

a
 MD Az is number of mass doublings grown in the presence of aztreonam. At least 500 cells 

were analyzed per sample. 
b
 The percentage of FtsI signals at midcell is lower than the percentage of FtsZ rings in these 

cells because FtsI is a late localizing division protein (Aarsman et al., 2005). 

 
 

 
Figure 6-1. FtsI localizes exclusively at midcell upon inhibition by aztreonam. LMC500 cells 
were grown to steady state in GB1 at 28 °C and grown with aztreonam for 2 MDs. Cells were 
harvested after 0, 1 and 2 MDs of growth in the presence of aztreonam and immunolabelled 
with antibodies directed against FtsI. 0 Untreated cells with wild type size and FtsI midcell 
localization. 1 Filamenting cells grown for 1 MD in the presence of aztreonam still have FtsI 
signal at midcell. 2 After 2 MD of aztreonam growth, the cells have approximately four times the 
length of untreated cells. FtsI remains localized at midcell and occasionally new rings can be 
observed at future division sites at ¼ and ¾ of the cell length. The scale bar equals 1 µm. 
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Figure 6-2. FtsZ appears to be unable to form new rings upon inhibition of FtsI by aztreonam. 
LMC500 cells were grown to steady state in GB1 at 28 °C and grown with aztreonam for 2 MDs. 
Cells harvested after 0, 1 and 2 MD of growth in the presence of aztreonam were 
immunolabelled with antibodies directed against FtsZ and phase contrast (not shown) and 
fluorescence images were taken. 0 Untreated cells with wild type size and FtsZ localization at 
midcell. 1 Filamenting cells grown for 1 MD in the presence of aztreonam still contain an FtsZ 
ring at midcell but cannot initiate new localizations. 2 Cells grown for 2 MDs in aztreonam 
containing medium are approximately four times the length of untreated cells. FtsZ remains 
present at the midcell and occasionally new rings can be seen at future division sites at ¼ and 
¾ of the cell length. The scale bar equals 1 µm. 

 
From Table 6-1 it is clear that incubation with aztreonam somehow inhibits 

the localization of FtsZ and FtsI at future division sites. Only after growth for two 
MDs in the presence of aztreonam were new rings observed. These results confirm 
the observations of cephalexin inhibition of FtsI (Pogliano et al., 1997).  

 

Inhibition of new FtsZ ring formation is due to functional inhibition of FtsI 

To confirm that the lack of Z-ring localization at ¼ and ¾ cell length is a 
consequence of functional inhibition of FtsI, the localization of FtsZ was studied in 
an FtsI(ts) strain (LMC510). In this strain FtsI is unable to localize (Bertsche et al., 
2006). Cells were grown to steady state and subsequently shifted to the restrictive 
temperature of 42 °C and harvested at 0, 1 and 2 MDs of further growth at this 
temperature. Analysis of the FtsZ immunolabelling of these cells showed that in 
LMC510 FtsZ is able to form rings at future division sites despite the absence of 
FtsI at these sites (Table 6-2). The number of Z-rings formed at future division sites 
at ¼ and ¾ of the cell length in aztreonam filaments was much lower than in FtsI(ts) 
filaments. This suggests that the inhibition of the function of FtsI by aztreonam 
prevents the formation of new Z-rings rather than the absence of FtsI such as in the 
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FtsI(Ts) strain. It can be concluded from these results that the lack of Z-ring 
formation in wild type cells treated with aztreonam is a consequence of the 
functional inhibition of FtsI. 

 
Table 6-2. FtsZ is able to form new rings in FtsI(Ts) cells grown at the restrictive temperature. 
The percentage and position of FtsZ rings in LMC510 cells grown for 0, 1 and 2 MDs in GB1 at 
42 °C are shown.  

  Relative position in % 

Strain MD 42 °C
a ¼ ½ ¾ 

LMC510 0  71.0
b  

LMC510 1 21.0 45.0 20.3 
LMC510 2 45.5 29.5 47.0 

a 
MD 42 °C is number of mass doublings grown at the restrictive temperature. At least 500 cells 

were analyzed per sample. 
b
 The percentage of LMC510 cells with a central Z-ring is higher than in LMC500 wild type cells 

because the division in the former takes more time due to already somewhat unstable FtsI(Ts) 
protein at the permissive temperature. 

 

FtsQ and FtsW show localization patterns similar to FtsZ and FtsI after 
aztreonam treatment  

To test whether other divisomal proteins were affected in localization after 
aztreonam treatment, LMC500 cells producing GFP-FtsQ (pTHV039) or GFP-FtsW 
(pDLM2114) were grown in GB1 medium at 28 °C and grown for two MDs in the 
presence of aztreonam as described previously. Phase contrast and fluorescence 
images were taken and the number and positions of rings analyzed. For GFP-FtsQ as 
well as for GFP-FtsW a localization pattern similar to that found for FtsZ and FtsI 
was observed (Table 6-3). A ring was stably formed at the midcell position, but new 
rings did not form until after two mass doublings with aztreonam treatment. At this 
point GFP-FtsQ started to dissolve from midcell and began to localize at new 
division sites. These results were to be expected as all other divisomal proteins 
depend on the presence of a Z-ring for their localization. Therefore, it seems likely 
that all divisomal proteins follow the same pattern of localization under these growth 
conditions. 

 

Inhibition of FtsI results in accumulation of FtsZ at mid cell and a decrease of 
free FtsZ in the cytosol 

Several divisomal proteins were found to be inhibited in localization in 
aztreonam induced filaments. In the case of FtsZ, it seemed that the midcell ring 
increased in intensity on aztreonam treatment (Figure 6-2). This observation
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Table 6-3. GFP-FtsQ and GFP-FtsW display localization patterns similar to that of FtsZ and 
FtsI in aztreonam induced filaments. The percentage and position of GFP-FtsQ and GFP-FtsW 
rings in aztreonam treated wild type cells are shown. 

  Relative position (± 0.06125) in % 

Protein MD Az
a 1/8 ¼ ½ ¾ 7/8 

GFP-FtsQ 0   35   
GFP-FtsW 0   43   
GFP-FtsQ 1  0.0 99 0.0  
GFP-FtsW 1   80   
GFP-FtsQ 2 9.0 45.0 57 43.0 11.0 
GFP-FtsW 2 1 2 97 2 1 
a
 MD Az is number of mass doublings treated with aztreonam. At least 500 cells were analyzed 

per sample. 

 
raised the question whether new ring formation was inhibited due to low 
concentrations of free protein in the cytosol. In order to establish whether this is the 
case, fluorescence intensity profiles were measured from the images obtained in the 
above experiments using the program Object Image. Since the images had been 
taken using fixed contrast and illumination settings and such that all images were 
obtained in the linear detection range of the CCD camera, samples with different 
aztreonam treatment times could be compared. Similar experiments were performed 
with wild type cells grown in the presence of aztreonam and labelled with ZapA or 
FtsN antibodies. The fluorescence of the cells was measured as function of the cell 

length using a scanning rectangle of 1.5 µm long and  0.13 m wide, perpendicular 

to the length axis of the cell. The average fluorescence of approximately 500 cells 
was then plotted as function of the normalized cell length. To determine whether 
fluorescence was accumulating at midcell during aztreonam treatment, the 
fluorescence intensity was normalized at the midcell peak. In Figure 6-3, the black 
lines represent fluorescence profiles of cells not treated with aztreonam and the blue 
and green lines those of cells treated with aztreonam for 1 and 2 MDs, respectively. 
The peak in the fluorescence profiles represents the presence of the protein at the 
midcell. From Figure 6-3 it is clear that a shift occurs from FtsZ and ZapA 
molecules present in the cytosol to the midcell position after 1 MD treatment with 
aztreonam. After two MD aztreonam treatment this change in distribution of ZapA 
and FtsZ is only slightly increased. In contrast, the fluorescence intensity profiles of 
FtsI and FtsN do not change during the aztreonam treatment, which indicates that 
these proteins, although they are not able to dissolve from the divisome, do not 
accumulate at midcell. After treatment with aztreonam for 2 MDs (green line) new 
rings, visible as small ‘shoulders’ in the profiles, begin to form at ¼ and ¾ cell 
length, which is consistent with the data presented in Table 6-1 and Table 6-3. These 
results indicate that FtsZ and ZapA accumulate at the midcell position upon 
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aztreonam treatment. It seems likely that, due to the protein being titrated from the 
cytosol, formation of new rings is inhibited as a consequence of low amounts of free 
protein present in the cytosol.  
   

 

 
Figure 6-3. Fluorescence profiles of LMC500 wild type cells grown for 0, 1 and 2 MD in the 
presence of Aztreonam and labelled with antibodies against FtsZ, ZapA, FtsI, and FtsN. FtsZ 
and ZapA, but not FtsI and FtsN accumulate at the midcell in aztreonam-induced filaments. 
Cells were grown to steady state in GB1 at 28 °C and grown in the presence of aztreonam for 2 
MDs. After 0 (black line), 1 (blue line) and 2 (green line) MD, cells were harvested and 
immunolabelled. Using the program Object Image, fluorescence profiles were created and 
plotted against the normalized cell length. After 2 MDs, ‘shoulders’ appear in the profiles at 0.25 
and 0.75 normalized cell length, indicating the formation of new rings. At least 500 cells of each 
sample were analyzed. 

 

The total amount of FtsZ per µm cell length does not increase upon inhibition of 
FtsI by aztreonam 

To verify that the total amount of free cytosolic FtsZ was indeed less due to 
the increased midcell localization of FtsZ (Figure 6-3), the total amount of FtsZ 
molecules per average aztreonam filament was determined. Cells were grown as 
described above and treated with aztreonam for 0, 1 or 2 MDs. Samples were taken 
and the number of cells per ml was established with an electronic particle counter. 
Using the BCA method, the amount of total protein per cell was determined. The 
amount of FtsZ per cell was determined by applying cell lysates as well as a 
concentration range of purified FtsZ to an SDS-PAGE, which was subsequently 
immunoblotted. The protein bands were visualized using antibodies against FtsZ and 
their intensities were determined by chemiluminescence density analysis (data not 
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shown). The number of FtsZ molecules per average cell was calculated by 
comparing the total signal of the FtsZ bands from the cell lysates to that of the 
purified FtsZ of known concentration and by calculating the average volume of the 
cells from the length and diameter measurements, assuming the cell to be a cylinder 
with two hemispheres as cell poles. The number of FtsZ molecules per average cell 

was found to be 5160  1350, 9100  2200, and 23100  6400 for cells grown in 

aztreonam containing medium for 0, 1 and 2 MDs, respectively (based on 3 different 
experiments). It is clear that the total number of FtsZ molecules per cell 
approximately increased two-fold with each MD, which is to be expected as the cell 
mass doubles with each uncompleted division, thus the FtsZ concentrations are more 
or less constant. These results suggest that the absence of new rings at ¼ and ¾ 
positions in the aztreonam filaments could not occur due to insufficient FtsZ in the 
cell. However, because the fluorescence intensity profiles clearly show that FtsZ 
accumulates at midcell during aztreonam treatment, it seems likely that insufficient 
free FtsZ is present in the cytosol to polymerize into new rings at the future division 
sites. Because all other divisomal proteins depend on FtsZ for their localization, 
none of them are able to form new rings until the first new FtsZ rings appear. This 
was further confirmed by overproduction experiments with early localizing division 
proteins. When FtsZ alone was overproduced, the formation of new rings in 
aztreonam treated cells was not improved. However, when FtsQ, FtsA and FtsZ 
were overproduced simultaneously and at the correct ratios, new rings were 
observed in aztreonam filaments (data not shown). 

 

Discussion 
During normal cell division, the divisome assembles at the midcell and the 

late localizing proteins regulate the synthesis of the new cell poles. As the cell 
constricts, the highly dynamic divisome reorganizes itself to adjust to the changing 
circumference of the closing constriction.  

The late localizing protein FtsI is one of the proteins involved in the cross-
linking of peptidoglycan strands during the synthesis of new cell poles. In  an 
FtsI(ts) strain, FtsI carries a mutation which prevents it from folding properly 
(Wissel et al., 2005). At the non-permissive temperature of 42 °C, the majority of 
the misfolded FtsI is digested, leaving little to no FtsI to localize at the division site 
(T. den Blaauwen, personal communication). As a consequence, division is blocked, 
the divisome disassembles and the cell grows as a filament with FtsZ rings at ¼ and 
¾ positions during the second mass doubling at the restrictive temperature without 
being able to divide.  
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Interestingly, functional inhibition of FtsI by aztreonam results in a different 
phenomenon. In aztreonam treated cells, the divisome is able to assemble but, 
because the transpeptidase activity of FtsI is inhibited, the division process is 
blocked and the divisome does not reorganize. Instead, the early localizing division 
proteins FtsZ and ZapA continue to accumulate at the midcell. As a consequence, 
new rings are not formed during 2 MDs of aztreonam treatment. The late localizing 
proteins FtsI, FtsW and FtsN localize to the midcell position and are not able to 
dissociate but they do not further accumulate as FtsZ and ZapA do. 

Previously it was found that cephalexin inhibition of FtsI resulted in 
persistent midcell rings and inhibition of new ring formation at potential division 
sites (Pogliano et al., 1997). Several models were presented to explain these results 
and, based on the results obtained in our study, it is now clear that new ring 
formation is inhibited due to low concentrations of free FtsZ and FtsA in the cytosol 
as a consequence of their ongoing accumulation at midcell. After two mass 
doublings in the presence of aztreonam, the FtsZ concentration, and therefore the 
free FtsZ concentration, has sufficiently increased, allowing for the formation of 
new rings at potential division sites.  

But why do FtsZ and the early localizing proteins accumulate at midcell 
whereas the late localizing proteins do not? FtsZ might accumulate at the midcell as 
a consequence of molecular crowding. As the Min system continues to inhibit Z-ring 
formation at the cell poles and the nucleoid occlusion system initially allows Z-ring 
formation only at midcell, FtsZ polymers are formed at the division site and are 
stabilized due to lateral association with FtsZ protofilaments that are already present 
at midcell. The early localizing proteins mimic the localization pattern of FtsZ and 
thus accumulate at the midcell as well. All this results in low concentrations of free 
early localizing proteins and thus no new rings are formed until these concentrations 
have increased after approximately 2 MDs. Another explanation is the following: 
after 1 MD of aztreonam treatment, the cell contains two nucleoids that are in the 
process of segregating. At ¼ and ¾ cell length, the nucleoid occlusion system still 
has some effect on FtsZ protofilaments that assemble there, whereas at the midcell, 
this effect is completely gone and thus newly synthesized FtsZ, followed by early 
localizing proteins, localizes at the more favourable site, the midcell. After 2 MDs 
the cell contains four fully segregated nucleoids with clear gaps between them at ¼ , 
½ and ¾ cell length. At these positions the effect of the nucleoid occlusion system is 
now negligible and despite the relative low concentration of FtsZ, it is able to 
assemble at the ¼ and ¾ gaps. 

The reason why the late localizing proteins do not accumulate at midcell and 
why they do not disassemble upon inhibition of FtsI by aztreonam can only be 
speculated upon. What could be the case is that some of the late localizing proteins 
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provide FtsI with substrate. Upon inhibition of FtsI, these proteins can no longer 
pass on their substrates and the polar peptidoglycan synthesis stalls, with the 
substrates still bound to the proteins. As a consequence, the Z-ring does not 
reorganize itself (Anderson et al., 2004; Stricker et al., 2002) because there is no 
peptidoglycan that pushes or pulls inwards and thus all the divisomal proteins 
remain at the midcell.  

These observations give a first hint of how the dynamics of the division 
machinery could be organized. FRAP studies of early and late localizing proteins of 
the divisome in the absence and presence of aztreonam might provide conclusive 
information about the mode of action of FtsI in divisome dynamics. 
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Introduction 
Despite the progress made in research on cell division in E. coli, many 

questions still remain unanswered. After decades of research on the divisome it is 
still not certain whether all proteins involved in this complex have been identified or 
what function most of these proteins have. ZapA is a peculiar member of the 
divisome in the sense that, unlike most division proteins, it is not essential for cell 
viability. In the chapters of this dissertation an attempt was made to elucidate the 
role of ZapA in cell division, as well as to further characterize this small protein. In 
addition, the effect of aztreonam on cell division was studied. The main questions 
addressed in this thesis are: 

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? 

 

The position of ZapA in the recruitment pathway  and its 
effect on FtsZ protofilament stability 

In B. subtilis, ZapA has been shown to localize as a ring at the midcell during 
division such that it was grouped with ZipA and FtsA (Goehring et al., 2005; 
Gueiros-Filho and Losick, 2002) and, in E. coli it was found that a YFP-ZapA 
fusion protein is dependent on FtsZ (Goehring et al., 2005; Gueiros-Filho and 
Losick, 2002) for its localization, but not on FtsA (Goehring et al., 2005). It was not 
known whether ZapA is dependent on other division proteins for its localization or 
how its localization is related to FtsZ in time. In the study presented in this thesis, 
we found that ZapA is dependent on FtsZ for its localization and that it localizes 
right after FtsZ (Chapter 2). A previous study has shown that YFP-ZapA is not 
dependent on FtsA for its localization (Goehring et al., 2005). Whether ZapA is 
dependent on ZipA for its localization remains to be investigated. Because a ZapA 
null mutant is viable (Chapter 5, Johnson et al., 2004), none of the essential 
divisomal proteins are dependent on ZapA for their localization. Based on this 
information, we place ZapA at the same position as FtsA and ZipA in the 
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recruitment pathway (Figure 1-5, Chapter 1). This means that ZapA belongs to the 
group of early localizing division proteins which is comprised of proteins that have 
been implicated to be involved in Z-ring stabilization .  

That ZapA has a stabilizing effect on FtsZ has been shown in this thesis 
(Chapter 4 and 5) as well as in various previous studies (Gueiros-Filho and Losick, 
2002; Low et al., 2004; Small et al., 2007). An in vitro study has shown that when 
FtsZ is allowed to polymerize in the presence of dextran or similar large molecules, 
the protofilaments organize into bundles. This condition, referred to as molecular 
crowding, is likely present in the cell because of the high concentrations of DNA 
and other polymers in the cytoplasm. Therefore, it is likely that the crowded 
environment in the cell causes FtsZ protofilaments to organize into bundles in the 
ZapA deletion strain (González et al., 2003). ZapA has been shown to exacerbate 
FtsZ bundling under conditions that already stabilize FtsZ polymers (Chapter 4). 
The anchoring of FtsZ polymers to the cytoplasmic membrane by ZipA and FtsA 
might provide sufficient polymer stability to allow ZapA to further assist in the 
lateral association of FtsZ filaments in a more organized fashion than would occur 
by crowding forces only. Interestingly, ZapA appears to be able to bind to single 
FtsZ protofilaments, but its stabilizing effect is absent (Chapter 4). This suggests 
that the mechanism by which ZapA functions does not interfere (much) with the 
nucleoid occlusion system or the Min system, which destabilize premature FtsZ 
polymers (see below). A model of the interaction of ZapA with FtsZ is presented in 
Figure 7-1. This figure shows how ZapA may interact with FtsZ protofilaments in 
the cytosol, prior to division, as well as with the Z-ring. In the case of single FtsZ 
polymers, ZapA does not appear to have a stabilizing effect on FtsZ as no increase 
in light scattering signal or sedimentation of FtsZ in the presence of ZapA in the 
pelleting assay was observed (Chapter 4). Under conditions that already stabilize the 
FtsZ protofilaments by reducing the GTPase activity of FtsZ, such as the presence of 
10 mM MgCl2, ZapA caused bundling of FtsZ with only a small additional decrease 
in GTPase activity (Chapter 4). This contradicts the 100% reduction found under 
similar experimental conditions as published previously (Small et al., 2007). 
Presently, it is not clear what caused this difference in results, but it may be due to 
the difference in His-ZapA used. 

The ZapA induced FtsZ bundles appeared to consist of parallel lying double 
FtsZ filaments separated by a defined space that corresponds with the length of the 
ZapA tetramer (Figure 4-11A, Chapter 4). In addition, the double FtsZ filaments 
have a thickness that also corresponds with the length of the ZapA tetramer, 
suggesting that the ZapA tetramer may also be positioned on top of a double 
polymer.  
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Figure 7-1. Proposed model for the interaction between ZapA and FtsZ. Panel A, in the cytosol 
ZapA does not affect the stability of FtsZ protofilaments and panel B, multiple FtsZ 
protofilaments are stabilized by ZapA during Z-ring formation. ZapA may sit on top of these 
protofilaments to cross-link them or in between (see Figure 4-13). Based on the crystal structure 
of P. aeruginosa ZapA, ZapA is supposed to have two FtsZ binding sites per ZapA tetramer 
(Low et al., 2004). 

 

Preventing premature Z-ring formation 
The cell cycle could be split up into three parts: the non-dividing period, the 

Z-ring assembly period and the division period. During the non-dividing period, the 
cell has to prevent premature Z-ring formation which is achieved through 
mechanisms such as the MinCDE system and the nucleoid occlusion system (see 
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Chapter 1). The presence of FtsZ foci in, primarily, young cells (Chapter 3) shows 
that FtsZ is able to polymerize prior to cell division and that the Z-ring preventing 
systems effectively destabilize these protofilaments before they can develop into a 
Z-ring. But how does ZapA fit into the picture? It is present at a concentration 
similar to that of FtsZ and since it is able to counteract the effect of MinC (Dajkovic 
et al., 2008; Scheffers, 2008), what prevents ZapA from stabilizing the FtsZ 
polymers such that a Z-ring can be formed? Although ZapA is able to bind to FtsZ 
protofilaments, it has a stronger stabilizing effect on FtsZ polymers that are already 
stabilized, such as in the Z-ring. This means that FtsZ polymers present in the 
cytosol will not be as effectively stabilized by ZapA, thus preventing premature Z-
ring formation (Figure 7-1). 
 

Assembly and maturation of the divisome 
Stabilization and assembly of the Z-ring and early localizing division proteins 

The assembly of the divisome is initiated by the formation of the Z-ring 
through polymerization of FtsZ. FtsZ protofilaments assemble into a helical 
structure at the midcell and this helical structure is assumed to reorganize itself into 
the Z-ring. Several factors ensure that this process is accomplished correctly. Firstly, 
the crowded environment in the cell ensures that FtsZ protofilaments that are in 
close proximity, organize into bundles (González et al., 2003). It has been shown 
that bundling of FtsZ lowers the GTPase activity of FtsZ and thus ensures a higher 
stability of the FtsZ polymers. Secondly, a proper ratio of FtsZ and FtsA is required 
(Dai and Lutkenhaus, 1992). If either protein is expressed at a too high or too low 
level, cell division is inhibited. Thirdly, even though its function is unknown, ZipA 
is assumed to stabilize and tether the Z-ring to the membrane, based on in vitro 
experiments in which it was shown that ZipA is able to stabilize and bundle FtsZ 
protofilaments (RayChaudhuri, 1999). Lastly, ZapA, which may initially sit between 
the FtsZ filaments in the helical structure, brings the FtsZ polymers together. Once 
the Z-ring has assembled, ZapA seems to be no longer required.  

One can imagine that FtsZ polymers forming at the midcell are at first 
stabilized by the crowded environment in the cell and the lowered destabilizing 
effect of the nucleoid occlusion protein SlmA. To further stabilize these FtsZ 
protofilaments, the early localizing division proteins FtsA, ZipA, ZapA and 
presumably FtsEX localize (Chapter 1), which allows the FtsZ polymers to develop 
into a ring. Under conditions of slow growth, cells lacking ZapA display a wild type 
morphology and no difference in Z-ring dynamics have been detected. However, 
under conditions that allow fast growth, the role of ZapA becomes far more 
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important in that some cells of the ZapA deletion strain become filamentous. The 
evidence that the delay between the early and late localizing division proteins had 
increased in the ZapA null mutant, suggests that ZapA plays an important role 
during the formation of the Z-ring. Once the ring is established, the function of 
ZapA seems not to be required anymore, as illustrated by the observation that the Z-
ring did not seem to be more or less dynamic compared to a wild type strain 
(Chapter 5). 

  

Maturation of the divisome 

After the assembly of the early localizing division proteins a delay occurs 
prior to the localization of the late localizing division proteins. The purpose of this 
delay is unclear, but it could be that some preseptal peptidoglycan has to be 
synthesized to allow for the localization of the late division proteins. It has been 
shown that in Caulobacter crescentus and E. coli, peptidoglycan insertion into the 
lateral wall is uniform in young cells. Once the Z-ring has been assembled, but prior 
to constriction, the peptidoglycan insertion into the lateral wall occurs at the midcell 
and is FtsZ dependent and requires PBP2 (Aaron et al., 2007; Varma et al., 2007; 
Varma and Young, 2009). 

The Z-ring is thought to be comprised of multiple FtsZ polymers that overlap 
such that the ring can be formed and this ring has been calculated to be about three 

protofilaments wide. In a mutant strain such as ZapA, the filamentous cells 

observed under fast growth conditions have very few Z-rings, presumably because 
ZapA is required to stabilize the Z-ring in its status nascendi. Furthermore, the 
localization of late division proteins has been delayed in this strain. As the overall 

morphology of ZapA cells under fast growth conditions is normal, it seems likely 

that the delay between the early and late division proteins is used to stabilize and 
‘patch’ the Z-ring, but it is unlikely that this is the primary function of the delay 
because, as was stated above, the presence of some preseptal peptidoglycan seems to 
be required for the localization of the late division proteins. 

 

Dynamics of the divisome 
In order to assemble, the divisome needs to be stable enough, but in order to 

adapt to the changing environment of the constricting cell, it needs to be dynamic. 
The early localizing proteins, FtsA, ZipA and ZapA, provide the stability required 
for assembly of the Z-ring. But how stable is the Z-ring once assembled? It has been 
shown that ZapA is unable to reduce the GTPase activity of FtsZ under 
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physiological conditions (Chapter 4). However, ZapA only seems to affect the 
stability of the Z-ring during its assembly (Chapter 5). It is not clear whether FtsA or 
ZipA act in a similar fashion, but apart from the division proteins, the Z-ring is also 
stabilizing itself through lateral association between the FtsZ protofilaments it is 
formed of and cellular crowding forces these protofilaments into close proximity. So 
how is the dynamic nature of the Z-ring achieved? Most likely, the destabilization 
that induces the reorganization of the Z-ring is due to a conformational change 
caused either by one or more proteins within the divisome or due to the newly 
synthesized material that will form the cell pole. In the latter case, one could 
imagine that the newly synthesized cell wall material takes up space previously 
occupied by the Z-ring, thus causing the Z-ring to reorganize itself. It is also 
possible that the newly synthesized cell wall material pushes inward, in which case 
the Z-ring would not pull the constriction inward and thus would not generate force. 

Even though no direct evidence exists that a mechanical force is required for 
constriction, it is likely that FtsZ polymers are capable of force generation based on 
several observations. One observation is that FtsZ structurally resembles tubulin, 
which has been shown to generate a force of several pN (Dogterom and Yurke, 
1997; Janson and Dogterom, 2004). Another, more striking observation was that, 
when FtsZ was mixed with lipids and GTP, Z-rings formed inside tubular vesicles 
and these Z-rings were able to constrict the vesicles (Osawa et al., 2008).   

But how would FtsZ be able to generate a force? GTP-bound protofilaments 
have been shown to be straight whereas GDP bound polymers are curved. It is 
therefore possible that FtsZ protofilaments generate a force upon the hydrolysis of 
GTP. An in silico experiment has shown that the Z-ring should be able to generate 
enough force for constriction through this mechanism (Allard and Cytrynbaum, 
2009). A different in silico experiment showed that the Z-ring should also be able to 
generate force by forming lateral associations between two aligned protofilaments 
(Lan et al., 2009). Lateral associations can be formed either by addition of a subunit 
or by moving one polymer by one subunit. Only in the latter case does force 
generation occur. Based on this model, the density of the Z-ring increases as the cell 
constricts, which was confirmed using fluorescence microscopy (Lan et al., 2009). 

If the destabilization of the Z-ring is caused by a conformational change, 
which division protein would then be a good candidate for this process? Since the 
trigger has to occur once more when the new cell pole has been synthesized, 
proteins belonging to the late localizing group are the most likely candidates as most 
of them are involved in polar peptidoglycan synthesis. In aztreonam treated cells 
FtsI is functionally inhibited and as a consequence the early localizing division 
proteins accumulate at the midcell and no new rings are formed for two generations. 
This suggests that FtsI might be a good candidate for inducing remodelling of the Z-
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ring. Another good candidate is FtsQ as it has been implicated to interact with many 
of the division proteins. FtsN, the only (known) late localizing protein present at 
high levels in the cell might be a good candidate too.  

Another interesting question is raised by the observation that late localizing 
proteins do localize at the midcell in aztreonam treated cells, but, in contrast to early 
localizing proteins, do not accumulate. This raises the question whether the entire 
divisome remodels to adapt to the constricting environment or whether only the 
early localizing division proteins do so. It seems likely that the latter is the case 
because i) the early localizing proteins are involved in Z-ring stabilization and may 
therefore be required during remodelling of the Z-ring ii) the early localizing 
proteins appear to be more abundant than the late localizing proteins, with the 
exception of FtsN, suggesting that there might not be enough protein present in the 
cell to allow for a dynamic nature of the late localizing proteins.  

 

ZapA during a cell cycle 
Based on the data presented in this dissertation, ZapA might act as follows 

during an average cell cycle of an E. coli cell: In a newborn cell, ZapA is present in 
the cytosol as a tetramer that is sometimes organized into higher order structures by 
a yet unidentified factor. In the cytosol, ZapA is able to bind to the short FtsZ 
protofilaments that are formed. However, ZapA does not stabilize these polymers 
and due to the nucleoid occlusion and Min systems, these polymers are quickly 
destabilized to prevent premature Z-ring formation. When division is initiated, FtsZ 
polymerizes at the midcell, forms a helical structure and shortly after, FtsA, ZipA 
and ZapA (as well as FtsEX) arrive at the division site where they stabilize the FtsZ 
protofilaments. ZapA does so by cross-linking FtsZ polymers that are somewhat 
stabilized and forced in close proximity by molecular crowding forces. ZapA may 
then pull the FtsZ polymers in the helical structure together so that the Z-ring is 
formed where ZapA presumably sits on top of a double FtsZ protofilament. After a 
delay of approximately 20% of the cell cycle, the late localizing division proteins 
FtsK through AmiC arrive at the midcell and the synthesis of new cell poles is 
completed. During division, the divisome is highly dynamic and continuously 
reorganizes itself to adjust to the changing environment. Upon completion of the cell 
poles, the daughter cells separate into two newborn cells, the remainder of the highly 
dynamic divisome disassembles and the cycle starts anew.   
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Conclusion and outlook 
We have shown that ZapA is able to interact with FtsZ and that it stabilizes 

FtsZ protofilaments under conditions that already stabilize the polymers. Electron 
Microscope experiments have shown that ZapA is able to organize FtsZ into ribbon-
like structures with gaps between the FtsZ protofilaments that correspond to the size 
of the ZapA tetramer and that ZapA may be positioned on top of a double FtsZ 
protofilament. Furthermore, it was shown that, in vitro, ZapA affected FtsZ 
protofilaments differently than FtsZ polymers that are stabilized and that ZapA 
enhances this stabilization by cross-linking the polymers. Although ZapA is able to 
bind to unstabilized protofilaments, it does not have any effect on the stability of 
such polymers. Based on this observation and the fact that the null mutant had a 
mild phenotype when grown under conditions allowing fast growth, it can be 
deemed plausible that, in vivo, ZapA stabilizes the Z-ring during its status nascendi. 
Once formed, ZapA does not appear to affect the Z-ring as was shown by the 
absence of any effect on the dynamics of the Z-ring upon deletion of ZapA.  

Even though the experiments described in this dissertation give a good 
indication about the function of ZapA, many questions still remain. One question 
would be what causes ZapA to organize into superstructures in young cells? As 
ZapA does not form higher order structures in vitro, it seems plausible that it is 
organized by a yet unidentified factor in vivo. This factor may be identified by 
purifying ZapA under conditions that preserve protein-protein interactions and 
proceeding by identifying any compounds that co-purify with ZapA by mass 
spectrometry.  

It would be interesting to identify the regions on ZapA and FtsZ that are 
involved in the ZapA-FtsZ interaction. FtsA and ZipA have both been found to 
interact with the C-terminus of FtsZ and it would be interesting to find out whether 
ZapA does too. To this purpose, the regions on ZapA and FtsZ that are involved in 
the ZapA-FtsZ interaction could be identified by adding a short cross-linker to a 
mixture of the two proteins in vitro and using peptide mass fingerprinting to identify 
the amino acids that were cross-linked. This method could also be applied to parts of 
or the entire divisome (in vivo) to create a three dimensional model of the complex, 
a more challenging endeavour due to the large number of proteins involved. 
Alternatively, co-purification with one of the divisomal proteins would result in 
more solid evidence for protein-protein interactions that have (not) been identified 
through yeast two hybrid experiments, which are prone to result in false positives 
and negatives. Knowing the three dimensional structure and composition of the 
divisome might contribute to a better understanding of the functions of the 
individual proteins and, more importantly, to the development of new antibiotics. 
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Another interesting question is whether the effect of ZapA on FtsZ 
protofilaments or bundles is different under conditions of molecular crowding. It has 
previously been shown in vitro that FtsZ polymers spontaneously organize 
themselves in bundles in the presence of crowding agents (González et al., 2003). It 
is likely that molecular crowding also occurs in vivo because the cell contains a high 
concentration of macromolecules. It would be interesting to see how molecular 
crowding affects FtsZ bundling in the presence of ZapA as FtsZ bundling does not 
occur in the cytosol, but only at the division site.  

Though not possible with the currently available technology, it would be 
interesting to find out whether ZapA stabilizes FtsZ only during the formation of the 
Z-ring or whether ZapA stabilizes the Z-ring until division has been completed. 
Such dynamics could be measured with FRAP, but performing FRAP on an 
immature Z-ring might prove difficult, if not impossible, due to the low amount of 
FtsZ present at midcell at the onset of Z-ring formation.  

Finally, gaining some insight into what the ZapA-FtsZ complex looks like 
might provide some clues about the structure of the Z-ring. Using atomic force 
microscopy, it is possible to visualize FtsZ protofilaments. However, pilot 
experiments where ZapA was added to FtsZ under polymerizing conditions have so 
far proven fruitless (A. Martos, personal communication). 
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Appendix I 
 

Quantification of FtsZ and ZapA in the ring 

 
 

Ginette Ploeger and Tanneke den Blaauwen 

 
Fluorescence profiles were printed, excised (see Figure I-1 for a schematic 

representation of a profile and along which lines it was excised) and weighed to 
obtain the value for the total fluorescence (x, dotted line). Each profile was then cut 
at 0.4 and 0.6 normalized cell length and the resulting piece with 0.2 normalized cell 
length was weighed to obtain the amount of fluorescence, including background 
fluorescence, in the ring (y, dashed line). To obtain the background fluorescence 
intensity the profile was cut along the solid line in Figure I-1 and the piece below the 
solid line was weighed (z). The percentage of the total fluorescence in the ring (R) 
was then calculated using Equation I-1.  

 

  
x

zy
R

1002.0 
       (Eq. I-1) 

Where x is the total fluorescence, y the fluorescence in the ring, including background 
fluorescence and z the background fluorescence in the cytosol. 

 

 
Figure I-1. Schematic representation of a fluorescence profile. The total fluorescence is 
represented by the dotted line. The profile was cut along the dashed lines or the solid line to 
obtain the amount of ZapA or FtsZ in the division plane and the amount of cytosolic 
background, respectively. The amount of material present was measured by weighing. 
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Appendix II 
 

Quantification of FRET using 
spectrofluorometry 

 
 
Theodorus Gadella Jr., Svetlana Alexeeva, Ginette Ploeger and Tanneke den 

Blaauwen 

 

Sensitized emission was derived from the total spectrum essentially as 
described by Clegg and co-workers (Clegg, 1992; Clegg et al., 1992; Clegg, 2009; 
Murchie et al., 1989). Here the outline of the method is presented. The donor 
excitation wavelength s

ex and acceptor excitation wavelength a
ex were for 

mKO/mCherry 538 nm and 590 nm, respectively.  
(Uncorrected) emission spectra excited at s

ex were recorded for cells bearing 
two “empty” plasmids ( )(sB ) (i.e., background), cells expressing only donor 
( )(sDb ), cells expressing only acceptor ( )(sAb ), and cells expressing both 
donor and acceptor (i.e. samples, )(sSb ) (Figure II-1, solid lines). Emission 
spectra excited at a

ex were recorded for background ( )(aB ), cells expressing only 
acceptor ( )(aDb ), and cells expressing both donor and acceptor ( )(aSb ) (Figure 
II-1, dashed lines).  

Figure II-1 and following figures in fact contain three samples: a negative 
control comprised of mKO and mCherry expressed from separate plasmids (no 
FRET), a positive control comprised of an mKO-mCherry fusion protein (FRET) 
and an actual sample comprised of mKO-FtsZ and mCherry-FtsZ (FRET unknown). 

From the recorded spectra, the background ( )(sB  or )(aB ) was 
subtracted, resulting in the following spectra (Figure II-2): 

)()()(  sss BDbD   
)()()(  sss BAbA   
)()()(  sss BSbS   
)()()(  aaa BAbA   

)()(Sb)( a  aa BS    
Because not all the energy of the donor is transferred to the acceptor, the 

)(sS  spectrum contains 3 components: remaining donor fluorescence )(s
SDI  , 

sensitized acceptor emission )(s
SI  and directly excited acceptor fluorescence 



Appendix II 

 154 

)(s
AI , i.e. )()()()(  s

A
s

SD
s
S

s IIIS   . The donor component of the 
)(sS  spectrum was determined by defining a wavelength region in the spectrum 

obtained by excitation at s
ex where only the donor fluorescence was observed and 

no acceptor fluorescence. In the current example, this wavelength region would be at 
 = 563-566 nm (see Acceptor graph in Figure II-2). The fluorescence intensities of 
the spectra were averaged in this wavelength region for )(sS  and )(sD  yielding 

s
SDI   and s

DI , respectively. The ratio s
D

s
SD II  was defined as   (Jalink and van 

Rheenen, 2009) and reflects how much donor the sample contains compared to the 
donor only sample. In the current example the wavelength region was chosen to be 
563-566 nm which resulted in s

DI =425063 and s
SDI  =55418 which means that 

s
D

s
SD II  = 0.130 (Table II-1). After knowing  , the total acceptor fluorescence 

spectrum (both sensitized emission and direct excitation) in the FRET spectrum 
)(sS can be calculated by subtracting )( sD  (see Figure II-3 and Figure II-4).  

 
 
 

 
 
Figure II-1. Fluorescence spectra recorded for a FRET experiment. Spectra were recorded with 
538 (solid lines) and 590 nm (dashed lines) excitation.  
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Figure II-2. Background corrected emission spectra. The background spectra shown in Figure 
II-1 were subtracted from the other spectra shown in the same figure. The resulting spectra are 
shown in this figure. The solid lines represent  538 nm excitation and the dashed lines 590 nm. 

 
 
 
Table II-1. Fluorescence at wavelengths 
chosen to calculate s

DI and s
SDI  . 

 (nm) )(sD  )(sS  

563 436517 56777 

564 430109 56008 

565 421553 55038 

566 412074 53847 

Average 425063 55418 
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Figure II-3. Spectra used to correct for donor ( )( sD  solid line) and acceptor 
( )( sA dashed line) contributions. The solid lines are the product of   and the background 
corrected spectra recorded at 538 nm (Figure II-2 solid lines) whereas the dashed lines are the 
product of   and the background corrected spectra recorded at 590 nm (Figure II-2 dashed 
lines). 

 

 
Figure II-4. Fluorescence spectra corrected for the donor contribution )()(  ss DS  . The 
solid line represents the sample, the dashed line the tandem fusion of the donor and acceptor 
fluorophores and the dotted line the donor and acceptor fluorophores as single molecules.  

 

As can be seen in Figure II-5, the absorption spectra of mKO and mCherry 
partially overlap. This means that when mKO is excited, part of the mCherry present 
will be cross-excited, even in the absence of FRET. Therefore, the FRET signal has 
to be corrected for direct excitation of the acceptor (mCherry). To determine the 
amount of direct acceptor excitation in )(sS , we compared the relative amount of 
acceptor fluorescence in the background-corrected acceptor )(aA  and FRET pair 

)(aS  spectra excited at the acceptor wavelength a
ex . The fluorescence intensities 

observed in the wavelength region of )(aA  and )(aS  where we detected a clear 
acceptor signal (see Donor graph in Figure II-2) was averaged yielding a

SI  and a
AI , 
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respectively. The relative acceptor concentration   in the FRET sample was defined 
as a

A
a
S II . Because we measured )(sA , we know exactly how much acceptor 

fluorescence in the )(sS  spectrum originated from direct excitation at s
ex . In the 

current example, the wavelength region chosen was 615-622 nm, and thus in a
AI  = 

395339  and a
SI  = 42878  which then results in  = 0.108 (Table II-2). 

Knowing  and  , the FRET spectrum )(sS can be corrected for donor 
bleed through and direct excited acceptor fluorescence by subtracting both 
components yielding the net sensitized emission spectrum )(s

SI   (Figure II-6) 
according to: 
 

)()()()()()()(  ssss
A

s
SD

ss
S ADSIISI     (Eq. II-1) 

 

 
Figure II-5. Absorption (dashed lines) and emission (solid lines) spectra of mKO (emission, 
black line), mKO (absorption, black line) and mCherry (grey lines) (Karasawa et al., 2004; 
Shaner et al., 2004).   

 

Finally the apparent FRET efficiency ( AE ) is defined as the fraction of 
acceptor signal that is derived from energy transfer from the donor and can be 
calculate using Equation II-1 (Clegg, 2009; Jalink and van Rheenen, 2009, eq 
7A25), resulting in Equation II-2. 

 






















s
A

s
S

s
D

s
A

A

AD
s
D

s
A

A
I

I

I

I
E







1       (Eq. II-2) 

where IAD  is the total acceptor fluorescence in the presence of the donor and IA  is the total 
acceptor fluorescence in the absence of the donor and A

s
 and D

s
 are the molar extinction 

coefficients of the acceptor and donor at ex
s

, respectively. 
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Table II-2. Fluorescence at 
wavelengths chosen to calculate a

SI  
and a

AI . 

 (nm) )(aA  )(aS  

615 417361 45163 

616 412151 44601 

617 406527 44002 

618 400195 43293 

619 393174 42629 

620 385636 41886 

621 377922 41163 

622 369742 40291 

Average 395339 42878 

 
 
 

 
 

 
Figure II-6. FRET or net sensitized emission spectra ( )(s

SI ) of a sample (solid line), a 
tandem fusion of the donor and acceptor fluorophores (dashed line, positive control) and the 
donor and acceptor fluorophores as single molecules (dotted line, negative control). The 
negative control is considered to have no FRET whereas the positive control has very strong 
FRET due to the fact that the donor and acceptor fluorophores are present in the same 
molecule. As the sample trace is clearly above that of the negative control, it is considered to 
FRET. These spectra are obtained by subtracting the )( sA  spectra (Figure II-3) from the 
corresponding donor corrected spectra (Figure II-4). 
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Equation II-2 can then be written as Equation II-3. From this equation, EA can 
be calculated at each wavelength (Figure II-7). Clearly AE  is a constant (not 
dependent on ). In the case of the examples used here, AE  would on average be 
11%, 2% and 35% for the sample, negative control and positive control, 
respectively. As the negative control reflects no FRET, any AE  well above the AE  
of the negative control will reflect FRET. Therefore, the donor and acceptor in the 
sample and positive control are considered to interact. 
 

)(

)()()(







s

sss

s
D

s
A

A
A

ADS
E


      (Eq. II-3) 

 
 

 
Figure II-7.  Energy transfer efficiency at various wavelengths of a sample (solid line), a tandem 
fusion of the donor and acceptor fluorophores (dashed line, positive control) and the donor and 
acceptor fluorophores as single molecules (dotted line, negative control). The averages of these 
lines are used as the value for EA .   



Appendix II 

 160 

 
 



 

 161 

Bibliography
Aaron, M., Charbon, G., Lam, H., Schwarz, H., Vollmer, W., and Jacobs-Wagner, 

C. (2007) The tubulin homologue FtsZ contributes to cell elongation by 
guiding cell wall precursor synthesis in Caulobacter crescentus. Mol 
Microbiol 64: 938-952. 

Aarsman, M.E., Piette, A., Fraipont, C., Vinkenvleugel, T.M., Nguyen-Distèche, M., 
and den Blaauwen, T. (2005) Maturation of the Escherichia coli divisome 
occurs in two steps. Mol Microbiol 55: 1631-1645. 

Adam, M., Damblon, C., Jamin, M., Zorzi, W., Dusart, V., Galleni, M., el 
Kharroubi, A., Piras, G., Spratt, B.G., Keck, W., Coyette, J., Ghuysen, 
J.M., Nguyen-Distèche, M., and Frère, J.M. (1991) Acyltransferase 
activities of the high-molecular-mass essential penicillin-binding proteins. 
Biochem J 279 ( Pt 2): 601-604. 

Addinall, S.G., Bi, E., and Lutkenhaus, J. (1996) FtsZ ring formation in fts mutants. 
J Bacteriol 178: 3877-3884. 

Addinall, S.G., and Lutkenhaus, J. (1996) FtsA is localized to the septum in an FtsZ-
dependent manner. J Bacteriol 178: 7167-7172. 

Addinall, S.G., Johnson, K.A., Dafforn, T., Smith, C., Rodger, A., Gomez, R.P., 
Sloan, K., Blewett, A., Scott, D.J., and Roper, D.I. (2005) Expression, 
purification and crystallization of the cell-division protein YgfE from 
Escherichia coli. Acta Crystallograph Sect F Struct Biol Cryst Commun 61: 
305-307. 

Adiciptaningrum, A.M. (2009) Phase variation of type 1 fimbriae: a single cell 
investigation. In FOM Institute for Atomic and Molecular Physics. Vol. 
Thesis Amsterdam: University of Amsterdam. 

Allard, J.F., and Cytrynbaum, E.N. (2009) Force generation by a dynamic Z-ring in 
Escherichia coli cell division. Proc Natl Acad Sci U S A 106: 145-150. 

Anderson, D.E., Gueiros-Filho, F.J., and Erickson, H.P. (2004) Assembly dynamics 
of FtsZ rings in Bacillus subtilis and Escherichia coli and effects of FtsZ-
regulating proteins. J Bacteriol 186: 5775-5781. 

Attri, A.K., and Minton, A.P. (2005) New methods for measuring macromolecular 
interactions in solution via static light scattering: basic methodology and 
application to nonassociating and self-associating proteins. Anal Biochem 
337: 103-110. 

Baneyx, F., and Georgiou, G. (1990) In vivo degradation of secreted fusion proteins 
by the Escherichia coli outer membrane protease OmpT. J Bacteriol 172: 
491-494. 

Barondess, J.J., Carson, M., Guzman Verduzco, L.M., and Beckwith, J. (1991) 
Alkaline phosphatase fusions in the study of cell division genes. Res 
Microbiol 142: 295-299. 

Barreteau, H., Kovač, A., Boniface, A., Sova, M., Gobec, S., and Blanot, D. (2008) 
Cytoplasmic steps of peptidoglycan biosynthesis. FEMS Microbiol Rev 32: 
168-207. 



Bibliography 

 162 

Begg, K.J., Takasuga, A., Edwards, D.H., Dewar, S.J., Spratt, B.G., Adachi, H., 
Ohta, T., Matsuzawa, H., and Donachie, W.D. (1990) The balance between 
different peptidoglycan precursors determines whether Escherichia coli 
cells will elongate or divide. J Bacteriol 172: 6697-6703. 

Belliveau, P.P., Nightingale, C.H., and Quintiliani, R. (1994) Stability of aztreonam 
and ampicillin sodium-sulbactam sodium in 0.9% sodium chloride 
injection. Am J Hosp Pharm 51: 901-904. 

Bendezú, F.O., Hale, C.A., Bernhardt, T.G., and de Boer, P.A. (2009) RodZ (YfgA) 
is required for proper assembly of the MreB actin cytoskeleton and cell 
shape in E. coli. Embo J 28: 193-204. 

Bernard, C.S., Sadasivam, M., Shiomi, D., and Margolin, W. (2007) An altered FtsA 
can compensate for the loss of essential cell division protein FtsN in 
Escherichia coli. Mol Microbiol 64: 1289-1305. 

Bernhardt, T.G., and de Boer, P.A. (2003) The Escherichia coli amidase AmiC is a 
periplasmic septal ring component exported via the twin-arginine transport 
pathway. Mol Microbiol 48: 1171-1182. 

Bernhardt, T.G., and de Boer, P.A. (2004) Screening for synthetic lethal mutants in 
Escherichia coli and identification of EnvC (YibP) as a periplasmic septal 
ring factor with murein hydrolase activity. Mol Microbiol 52: 1255-1269. 

Bernhardt, T.G., and de Boer, P.A. (2005) SlmA, a nucleoid-associated, FtsZ 
binding protein required for blocking septal ring assembly over 
Chromosomes in E. coli. Mol Cell 18: 555-564. 

Bertsche, U., Kast, T., Wolf, B., Fraipont, C., Aarsman, M.E., Kannenberg, K., von 
Rechenberg, M., Nguyen-Distèche, M., den Blaauwen, T., Höltje, J.V., and 
Vollmer, W. (2006) Interaction between two murein (peptidoglycan) 
synthases, PBP3 and PBP1B, in Escherichia coli. Mol Microbiol 61: 675-
690. 

Bigot, S., Saleh, O.A., Cornet, F., Allemand, J.F., and Barre, F.X. (2006) Oriented 
loading of FtsK on KOPS. Nat Struct Mol Biol 13: 1026-1028. 

Bigot, S., Sivanathan, V., Possoz, C., Barre, F.X., and Cornet, F. (2007) FtsK, a 
literate chromosome segregation machine. Mol Microbiol 64: 1434-1441. 

Binet, R., Létoffé, S., Ghigo, J.M., Delepelaire, P., and Wandersman, C. (1997) 
Protein secretion by Gram-negative bacterial ABC exporters--a review. 
Gene 192: 7-11. 

Botta, G.A., and Park, J.T. (1981) Evidence for involvement of penicillin-binding 
protein 3 in murein synthesis during septation but not during cell 
elongation. J Bacteriol 145: 333-340. 

Bouhss, A., Trunkfield, A.E., Bugg, T.D., and Mengin-Lecreulx, D. (2008) The 
biosynthesis of peptidoglycan lipid-linked intermediates. FEMS Microbiol 
Rev 32: 208-233. 

Buddelmeijer, N., Judson, N., Boyd, D., Mekalanos, J.J., and Beckwith, J. (2002) 
YgbQ, a cell division protein in Escherichia coli and Vibrio cholerae, 
localizes in codependent fashion with FtsL to the division site. Proc Natl 
Acad Sci U S A 99: 6316-6321. 



Bibliography 

 163 

Buddelmeijer, N., and Beckwith, J. (2004) A complex of the Escherichia coli cell 
division proteins FtsL, FtsB and FtsQ forms independently of its 
localization to the septal region. Mol Microbiol 52: 1315-1327. 

Butland, G., Peregrín-Alvarez, J.M., Li, J., Yang, W., Yang, X., Canadien, V., 
Starostine, A., Richards, D., Beattie, B., Krogan, N., Davey, M., Parkinson, 
J., Greenblatt, J., and Emili, A. (2005) Interaction network containing 
conserved and essential protein complexes in Escherichia coli. Nature 433: 
531-537. 

Clegg, R.M. (1992) Fluorescence resonance energy transfer and nucleic acids. 
Methods Enzymol 211: 353-388. 

Clegg, R.M., Murchie, A.I., Zechel, A., Carlberg, C., Diekmann, S., and Lilley, 
D.M. (1992) Fluorescence resonance energy transfer analysis of the 
structure of the four-way DNA junction. Biochemistry 31: 4846-4856. 

Clegg, R.M. (2009) Förster resonance energy transfer - FRET what is it, why do it, 
and how it's done. In FRET and FLIM Techniques. Vol. 33. Jr., T.W.J.G. 
(ed). Amsterdam: Elsevier, pp. 1-57. 

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

Corbin, B.D., Geissler, B., Sadasivam, M., and Margolin, W. (2004) Z-ring-
independent interaction between a subdomain of FtsA and late septation 
proteins as revealed by a polar recruitment assay. J Bacteriol 186: 7736-
7744. 

Corbin, B.D., Wang, Y., Beuria, T.K., and Margolin, W. (2007) Interaction between 
cell division proteins FtsE and FtsZ. J Bacteriol 189: 3026-3035. 

Cunha, S., Woldringh, C.L., and Odijk, T. (2005) Restricted diffusion of DNA 
segments within the isolated Escherichia coli nucleoid. J Struct Biol 150: 
226-232. 

Dai, K., and Lutkenhaus, J. (1992) The proper ratio of FtsZ to FtsA is required for 
cell division to occur in Escherichia coli. J Bacteriol 174: 6145-6151. 

Dai, K., Xu, Y., and Lutkenhaus, J. (1993) Cloning and characterization of ftsN, an 
essential cell division gene in Escherichia coli isolated as a multicopy 
suppressor of ftsA12(Ts). J Bacteriol 175: 3790-3797. 

Dai, K., Xu, Y., and Lutkenhaus, J. (1996) Topological characterization of the 
essential Escherichia coli cell division protein FtsN. J Bacteriol 178: 1328-
1334. 

Dajkovic, A., Lan, G., Sun, S.X., Wirtz, D., and Lutkenhaus, J. (2008) MinC 
spatially controls bacterial cytokinesis by antagonizing the scaffolding 
function of FtsZ. Curr Biol 18: 235-244. 

Daniel, R.A., and Errington, J. (2003) Control of cell morphogenesis in bacteria: two 
distinct ways to make a rod-shaped cell. Cell 113: 767-776. 

Datsenko, K.A., and Wanner, B.L. (2000) One-step inactivation of chromosomal 
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U 
S A 97: 6640-6645. 

de Leeuw, E., Graham, B., Phillips, G.J., ten Hagen-Jongman, C.M., Oudega, B., 
and Luirink, J. (1999) Molecular characterization of Escherichia coli FtsE 
and FtsX. Mol Microbiol 31: 983-993. 



Bibliography 

 164 

de Pedro, M.A., Quintela, J.C., Holtje, J.V., and Schwarz, H. (1997) Murein 
segregation in Escherichia coli. J Bacteriol 179: 2823-2834. 

Defeu Soufo, H.J., and Graumann, P.L. (2005) Bacillus subtilis actin-like protein 
MreB influences the positioning of the replication machinery and requires 
membrane proteins MreC/D and other actin-like proteins for proper 
localization. BMC Cell Biol 6: 10. 

den Blaauwen, T., Buddelmeijer, N., Aarsman, M.E.G., Hameete, C.M., and 
Nanninga, N. (1999) Timing of FtsZ assembly in Escherichia coli. Journal 
of Bacteriology 181: 5167-5175. 

den Blaauwen, T., Lindqvist, A., Löwe, J., and Nanninga, N. (2001) Distribution of 
the Escherichia coli structural maintenance of chromosomes (SMC)-like 
protein MukB in the cell. Molecular Microbiology 42: 1179-1188. 

den Blaauwen, T., Aarsman, M.E., Vischer, N.O., and Nanninga, N. (2003) 
Penicillin-binding protein PBP2 of Escherichia coli localizes preferentially 
in the lateral wall and at mid-cell in comparison with the old cell pole. Mol 
Microbiol 47: 539-547. 

den Blaauwen, T., de Pedro, M.A., Nguyen-Distèche, M., and Ayala, J.A. (2008) 
Morphogenesis of rod-shaped sacculi. FEMS Microbiol Rev 32: 321-344. 

Di Lallo, G., Fagioli, M., Barionovi, D., Ghelardini, P., and Paolozzi, L. (2003) Use 
of a two-hybrid assay to study the assembly of a complex multicomponent 
protein machinery: bacterial septosome differentiation. Microbiology 149: 
3353-3359. 

Dogterom, M., and Yurke, B. (1997) Measurement of the force-velocity relation for 
growing microtubules. Science 278: 856-860. 

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

Dorazi, R., and Dewar, S.J. (2000) Membrane topology of the N-terminus of the 
Escherichia coli FtsK division protein. FEBS Lett 478: 13-18. 

Draper, G.C., McLennan, N., Begg, K., Masters, M., and Donachie, W.D. (1998) 
Only the N-terminal domain of FtsK functions in cell division. J Bacteriol 
180: 4621-4627. 

Drew, D.A., Koch, G.A., Vellante, H., Talati, R., and Sanchez, O. (2009) Analyses 
of Mechanisms for Force Generation During Cell Septation in Escherichia 
coli. Bull Math Biol. 

Ebersbach, G., Galli, E., Møller-Jensen, J., Löwe, J., and Gerdes, K. (2008) Novel 
coiled-coil cell division factor ZapB stimulates Z ring assembly and cell 
division. Mol Microbiol 68: 720-735. 

Ehlert, K., and Höltje, J.V. (1996) Role of precursor translocation in coordination of 
murein and phospholipid synthesis in Escherichia coli. J Bacteriol 178: 
6766-6771. 

Elmore, S., Müller, M., Vischer, N., Odijk, T., and Woldringh, C.L. (2005) Single-
particle tracking of oriC-GFP fluorescent spots during chromosome 
segregation in Escherichia coli. J Struct Biol 151: 275-287. 

Erickson, H.P. (1997) FtsZ, a tubulin homologue in prokaryote cell division. Trends 
Cell Biol 7: 362-367. 



Bibliography 

 165 

Erickson, H.P. (2001) The FtsZ protofilament and attachment of ZipA--structural 
constraints on the FtsZ power stroke. Curr Opin Cell Biol 13: 55-60. 

Errington, J., Daniel, R.A., and Scheffers, D.J. (2003) Cytokinesis in bacteria. 
Microbiol Mol Biol Rev 67: 52-65. 

Espéli, O., and Boccard, F. (2006) Organization of the Escherichia coli chromosome 
into macrodomains and its possible functional implications. J Struct Biol 
156: 304-310. 

Feucht, A., and Errington, J. (2005) ftsZ mutations affecting cell division frequency, 
placement and morphology in Bacillus subtilis. Microbiology 151: 2053-
2064. 

Figge, R.M., Divakaruni, A.V., and Gober, J.W. (2004) MreB, the cell shape-
determining bacterial actin homologue, co-ordinates cell wall 
morphogenesis in Caulobacter crescentus. Mol Microbiol 51: 1321-1332. 

Fishov, I., Zaritsky, A., and Grover, N.B. (1995) On microbial states of growth. 
Molecular Microbiology 15: 789-794. 

García del Portillo, F., and de Pedro, M.A. (1990) Differential effect of mutational 
impairment of penicillin-binding proteins 1A and 1B on Escherichia coli 
strains harboring thermosensitive mutations in the cell division genes ftsA, 
ftsQ, ftsZ, and pbpB. J Bacteriol 172: 5863-5870. 

Garrido, T., Sánchez, M., Palacios, P., Aldea, M., and Vicente, M. (1993) 
Transcription of ftsZ oscillates during the cell cycle of Escherichia coli. 
Embo J 12: 3957-3965. 

Geissler, B., and Margolin, W. (2005) Evidence for functional overlap among 
multiple bacterial cell division proteins: compensating for the loss of FtsK. 
Mol Microbiol 58: 596-612. 

Georgopapadakou, N.H., Smith, S.A., and Sykes, R.B. (1982) Mode of action of 
azthreonam. Antimicrob Agents Chemother 21: 950-956. 

Gitai, Z., Dye, N., and Shapiro, L. (2004) An actin-like gene can determine cell 
polarity in bacteria. Proc Natl Acad Sci U S A 101: 8643-8648. 

Gitai, Z., Dye, N.A., Reisenauer, A., Wachi, M., and Shapiro, L. (2005) MreB actin-
mediated segregation of a specific region of a bacterial chromosome. Cell 
120: 329-341. 

Goehring, N.W., Gueiros-Filho, F., and Beckwith, J. (2005) Premature targeting of a 
cell division protein to midcell allows dissection of divisome assembly in 
Escherichia coli. Genes Dev 19: 127-137. 

Goehring, N.W., Gonzalez, M.D., and Beckwith, J. (2006) Premature targeting of 
cell division proteins to midcell reveals hierarchies of protein interactions 
involved in divisome assembly. Mol Microbiol 61: 33-45. 

González, J.M., Jiménez, M., Vélez, M., Mingorance, J., Andreu, J.M., Vicente, M., 
and Rivas, G. (2003) Essential cell division protein FtsZ assembles into one 
monomer-thick ribbons under conditions resembling the crowded 
intracellular environment. J Biol Chem 278: 37664-37671. 

González, J.M., Vélez, M., Jiménez, M., Alfonso, C., Schuck, P., Mingorance, J., 
Vicente, M., Minton, A.P., and Rivas, G. (2005) Cooperative behavior of 
Escherichia coli cell-division protein FtsZ assembly involves the 



Bibliography 

 166 

preferential cyclization of long single-stranded fibrils. Proc Natl Acad Sci 
U S A 102: 1895-1900. 

Graumann, P.L. (2007) Cytoskeletal elements in bacteria. Annu Rev Microbiol 61: 
589-618. 

Grishchuk, E.L., Molodtsov, M.I., Ataullakhanov, F.I., and McIntosh, J.R. (2005) 
Force production by disassembling microtubules. Nature 438: 384-388. 

Gueiros-Filho, F.J., and Losick, R. (2002) A widely conserved bacterial cell division 
protein that promotes assembly of the tubulin-like protein FtsZ. Genes Dev 
16: 2544-2556. 

Guzman, L.M., Barondess, J.J., and Beckwith, J. (1992) FtsL, an essential 
cytoplasmic membrane protein involved in cell division in Escherichia coli. 
J Bacteriol 174: 7716-7728. 

Hale, C.A., and de Boer, P.A. (1997) Direct binding of FtsZ to ZipA, an essential 
component of the septal ring structure that mediates cell division in E. coli. 
Cell 88: 175-185. 

Hale, C.A., and de Boer, P.A. (1999) Recruitment of ZipA to the septal ring of 
Escherichia coli is dependent on FtsZ and independent of FtsA. J Bacteriol 
181: 167-176. 

Hara, H., Narita, S., Karibian, D., Park, J.T., Yamamoto, Y., and Nishimura, Y. 
(2002) Identification and characterization of the Escherichia coli envC gene 
encoding a periplasmic coiled-coil protein with putative peptidase activity. 
FEMS Microbiol Lett 212: 229-236. 

Harry, E., Monahan, L., and Thompson, L. (2006) Bacterial cell division: the 
mechanism and its precison. Int Rev Cytol 253: 27-94. 

Heidrich, C., Templin, M.F., Ursinus, A., Merdanovic, M., Berger, J., Schwarz, H., 
de Pedro, M.A., and Höltje, J.V. (2001) Involvement of N-acetylmuramyl-
L-alanine amidases in cell separation and antibiotic-induced autolysis of 
Escherichia coli. Mol Microbiol 41: 167-178. 

Heidrich, C., Ursinus, A., Berger, J., Schwarz, H., and Höltje, J.V. (2002) Effects of 
multiple deletions of murein hydrolases on viability, septum cleavage, and 
sensitivity to large toxic molecules in Escherichia coli. J Bacteriol 184: 
6093-6099. 

Henderson, T.A., Young, K.D., Denome, S.A., and Elf, P.K. (1997) AmpC and 
AmpH, proteins related to the class C beta-lactamases, bind penicillin and 
contribute to the normal morphology of Escherichia coli. J Bacteriol 179: 
6112-6121. 

Howard, M. (2004) A mechanism for polar protein localization in bacteria. J Mol 
Biol 335: 655-663. 

Hu, Z., Mukherjee, A., Pichoff, S., and Lutkenhaus, J. (1999) The MinC component 
of the division site selection system in Escherichia coli interacts with FtsZ 
to prevent polymerization. Proc Natl Acad Sci U S A 96: 14819-14824. 

Hu, Z., and Lutkenhaus, J. (2001) Topological regulation of cell division in E. coli. 
spatiotemporal oscillation of MinD requires stimulation of its ATPase by 
MinE and phospholipid. Mol Cell 7: 1337-1343. 



Bibliography 

 167 

Hu, Z., Gogol, E.P., and Lutkenhaus, J. (2002) Dynamic assembly of MinD on 
phospholipid vesicles regulated by ATP and MinE. Proc Natl Acad Sci U S 
A 99: 6761-6766. 

Huecas, S., Llorca, O., Boskovic, J., Martín-Benito, J., Valpuesta, J.M., and Andreu, 
J.M. (2008) Energetics and geometry of FtsZ polymers: nucleated self-
assembly of single protofilaments. Biophys J 94: 1796-1806. 

Ikeda, M., Sato, T., Wachi, M., Jung, H.K., Ishino, F., Kobayashi, Y., and 
Matsuhashi, M. (1989) Structural similarity among Escherichia coli FtsW 
and RodA proteins and Bacillus subtilis SpoVE protein, which function in 
cell division, cell elongation, and spore formation, respectively. J Bacteriol 
171: 6375-6378. 

Jalink, K., and van Rheenen, J. (2009) FilterFRET: Quantitative imaging of 
sensitized emission. In FRET and FLIM Techniques. Vol. 33. Jr., T.W.J.G. 
(ed). Amsterdam: Elsevier, pp. 289-349. 

Janson, M.E., and Dogterom, M. (2004) Scaling of microtubule force-velocity 
curves obtained at different tubulin concentrations. Phys Rev Lett 92: 
248101. 

Jensen, S.O., Thompson, L.S., and Harry, E.J. (2005) Cell division in Bacillus 
subtilis: FtsZ and FtsA association is Z-ring independent, and FtsA is 
required for efficient midcell Z-Ring assembly. J Bacteriol 187: 6536-
6544. 

Johnson, J.E., Lackner, L.L., Hale, C.A., and de Boer, P.A. (2004) ZipA is required 
for targeting of DMinC/DicB, but not DMinC/MinD, complexes to septal 
ring assemblies in Escherichia coli. J Bacteriol 186: 2418-2429. 

Jones, L.J., Carballido-López, R., and Errington, J. (2001) Control of cell shape in 
bacteria: helical, actin-like filaments in Bacillus subtilis. Cell 104: 913-922. 

Kadner, R.J. (1996) Cytoplasmic Membrane. In Escherichia coli and Salmonella 
typhimurium cellular and molecular biology. Vol. 1. F. C. Neidhardt, 
R.C.I., J. L. Ingraham, E. C. C. Lin, K. Brooks Low, B. Magasanik, W. S. 
Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger (ed). Washington 
D. C.: American Society for Microbiology, pp. 58-87. 

Karasawa, S., Araki, T., Nagai, T., Mizuno, H., and Miyawaki, A. (2004) Cyan-
emitting and orange-emitting fluorescent proteins as a donor/acceptor pair 
for fluorescence resonance energy transfer. Biochem J 381: 307-312. 

Karczmarek, A., Martínez-Arteaga, R., Alexeeva, S., Hansen, F.G., Vicente, M., 
Nanninga, N., and den Blaauwen, T. (2007) DNA and origin region 
segregation are not affected by the transition from rod to sphere after 
inhibition of Escherichia coli MreB by A22. Mol Microbiol 65: 51-63. 

Karimova, G., Dautin, N., and Ladant, D. (2005) Interaction network among 
Escherichia coli membrane proteins involved in cell division as revealed by 
bacterial two-hybrid analysis. J Bacteriol 187: 2233-2243. 

Karimova, G., Robichon, C., and Ladant, D. (2009) Characterization of YmgF, a 72-
residue inner membrane protein that associates with the Escherichia coli 
cell division machinery. J Bacteriol 191: 333-346. 



Bibliography 

 168 

Khattar, M.M., Begg, K.J., and Donachie, W.D. (1994) Identification of FtsW and 
characterization of a new ftsW division mutant of Escherichia coli. J 
Bacteriol 176: 7140-7147. 

Khattar, M.M., Addinall, S.G., Stedul, K.H., Boyle, D.S., Lutkenhaus, J., and 
Donachie, W.D. (1997) Two polypeptide products of the Escherichia coli 
cell division gene ftsW and a possible role for FtsW in FtsZ function. J 
Bacteriol 179: 784-793. 

Koppelman, C.M. (2002) Interaction of the cell division protein FtsZ with the 
Escherichia coli inner membrane. In Molecular Cytology. Vol. Ph. D. 
Amsterdam: University of Amsterdam. 

Koppelman, C.M., Aarsman, M.E., Postmus, J., Pas, E., Muijsers, A.O., Scheffers, 
D.J., Nanninga, N., and den Blaauwen, T. (2004) R174 of Escherichia coli 
FtsZ is involved in membrane interaction and protofilament bundling, and 
is essential for cell division. Mol Microbiol 51: 645-657. 

Kruse, T., Møller-Jensen, J., Løbner-Olesen, A., and Gerdes, K. (2003) 
Dysfunctional MreB inhibits chromosome segregation in Escherichia coli. 
Embo J 22: 5283-5292. 

Lan, G., Dajkovic, A., Wirtz, D., and Sun, S.X. (2008) Polymerization and bundling 
kinetics of FtsZ filaments. Biophys J 95: 4045-4056. 

Lan, G., Daniels, B.R., Dobrowsky, T.M., Wirtz, D., and Sun, S.X. (2009) 
Condensation of FtsZ filaments can drive bacterial cell division. Proc Natl 
Acad Sci U S A 106: 121-126. 

Läppchen, T., Hartog, A.F., Pinas, V.A., Koomen, G.J., and den Blaauwen, T. 
(2005) GTP analogue inhibits polymerization and GTPase activity of the 
bacterial protein FtsZ without affecting its eukaryotic homologue tubulin. 
Biochemistry 44: 7879-7884. 

Läppchen, T., Pinas, V.A., Hartog, A.F., Koomen, G.J., Schaffner-Barbero, C., 
Andreu, J.M., Trambaiolo, D., Löwe, J., Juhem, A., Popov, A.V., and den 
Blaauwen, T. (2008) Probing FtsZ and tubulin with C8-substituted GTP 
analogs reveals differences in their nucleotide binding sites. Chem Biol 15: 
189-199. 

Lara, B., and Ayala, J.A. (2002) Topological characterization of the essential 
Escherichia coli cell division protein FtsW. FEMS Microbiol Lett 216: 23-
32. 

Lara, B., Rico, A.I., Petruzzelli, S., Santona, A., Dumas, J., Biton, J., Vicente, M., 
Mingorance, J., and Massidda, O. (2005) Cell division in cocci: localization 
and properties of the Streptococcus pneumoniae FtsA protein. Mol 
Microbiol 55: 699-711. 

Levin, P.A., Shim, J.J., and Grossman, A.D. (1998) Effect of minCD on FtsZ ring 
position and polar septation in Bacillus subtilis. J Bacteriol 180: 6048-
6051. 

Li, Z., Trimble, M.J., Brun, Y.V., and Jensen, G.J. (2007) The structure of FtsZ 
filaments in vivo suggests a force-generating role in cell division. Embo J 
26: 4694-4708. 

Low, H.H., Moncrieffe, M.C., and Löwe, J. (2004) The crystal structure of ZapA 
and its modulation of FtsZ polymerisation. J Mol Biol 341: 839-852. 



Bibliography 

 169 

Löwe, J., and Amos, L.A. (1998) Crystal structure of the bacterial cell-division 
protein FtsZ. Nature 391: 203-206. 

Löwe, J., and Amos, L.A. (1999) Tubulin-like protofilaments in Ca2+-induced FtsZ 
sheets. Embo J 18: 2364-2371. 

Lu, C., Stricker, J., and Erickson, H.P. (1998) FtsZ from Escherichia coli, 
Azotobacter vinelandii, and Thermotoga maritima--quantitation, GTP 
hydrolysis, and assembly. Cell Motil Cytoskeleton 40: 71-86. 

Luijsterburg, M.S., Noom, M.C., Wuite, G.J., and Dame, R.T. (2006) The 
architectural role of nucleoid-associated proteins in the organization of 
bacterial chromatin: a molecular perspective. J Struct Biol 156: 262-272. 

Lutkenhaus, J. (2007) Assembly dynamics of the bacterial MinCDE system and 
spatial regulation of the Z ring. Annu Rev Biochem 76: 539-562. 

Ma, X., and Margolin, W. (1999) Genetic and functional analyses of the conserved 
C-terminal core domain of Escherichia coli FtsZ. J Bacteriol 181: 7531-
7544. 

Margolin, W. (2005) FtsZ and the division of prokaryotic cells and organelles. Nat 
Rev Mol Cell Biol 6: 862-871. 

Marrington, R., Small, E., Rodger, A., Dafforn, T.R., and Addinall, S.G. (2004) FtsZ 
fiber bundling is triggered by a conformational change in bound GTP. J 
Biol Chem 279: 48821-48829. 

Matsuhashi, M., Wachi, M., and Ishino, F. (1990) Machinery for cell growth and 
division: penicillin-binding proteins and other proteins. Res Microbiol 141: 
89-103. 

Mendieta, J., Rico, A.I., López-Viñas, E., Vicente, M., Mingorance, J., and Gómez-
Puertas, P. (2009) Structural and functional model for ionic (K(+)/Na(+)) 
and pH dependence of GTPase activity and polymerization of FtsZ, the 
prokaryotic ortholog of tubulin. J Mol Biol 390: 17-25. 

Michie, K.A., and Löwe, J. (2006) Dynamic filaments of the bacterial cytoskeleton. 
Annu Rev Biochem 75: 467-492. 

Mohammadi, T., Karczmarek, A., Crouvoisier, M., Bouhss, A., Mengin-Lecreulx, 
D., and den Blaauwen, T. (2007) The essential peptidoglycan 
glycosyltransferase MurG forms a complex with proteins involved in lateral 
envelope growth as well as with proteins involved in cell division in 
Escherichia coli. Mol Microbiol 65: 1106-1121. 

Mosyak, L., Zhang, Y., Glasfeld, E., Haney, S., Stahl, M., Seehra, J., and Somers, 
W.S. (2000) The bacterial cell-division protein ZipA and its interaction 
with an FtsZ fragment revealed by X-ray crystallography. Embo J 19: 
3179-3191. 

Moy, F.J., Glasfeld, E., Mosyak, L., and Powers, R. (2000) Solution structure of 
ZipA, a crucial component of Escherichia coli cell division. Biochemistry 
39: 9146-9156. 

Müller, P., Ewers, C., Bertsche, U., Anstett, M., Kallis, T., Breukink, E., Fraipont, 
C., Terrak, M., Nguyen-Distèche, M., and Vollmer, W. (2007) The 
essential cell division protein FtsN interacts with the murein 
(peptidoglycan) synthase PBP1B in Escherichia coli. J Biol Chem 282: 
36394-36402. 



Bibliography 

 170 

Mukherjee, A., Dai, K., and Lutkenhaus, J. (1993) Escherichia coli cell division 
protein FtsZ is a guanine nucleotide binding protein. Proc Natl Acad Sci U 
S A 90: 1053-1057. 

Mukherjee, A., and Lutkenhaus, J. (1999) Analysis of FtsZ assembly by light 
scattering and determination of the role of divalent metal cations. J 
Bacteriol 181: 823-832. 

Mullineaux, C.W., Nenninger, A., Ray, N., and Robinson, C. (2006) Diffusion of 
green fluorescent protein in three cell environments in Escherichia coli. J 
Bacteriol 188: 3442-3448. 

Murchie, A.I., Clegg, R.M., von Kitzing, E., Duckett, D.R., Diekmann, S., and 
Lilley, D.M. (1989) Fluorescence energy transfer shows that the four-way 
DNA junction is a right-handed cross of antiparallel molecules. Nature 341: 
763-766. 

Nguyen-Distèche, M., Fraipont, C., Buddelmeijer, N., and Nanninga, N. (1998) The 
structure and function of Escherichia coli penicillin-binding protein 3. Cell 
Mol Life Sci 54: 309-316. 

Nicholas, R.A., Strominger, J.L., Suzuki, H., and Hirota, Y. (1985) Identification of 
the active site in penicillin-binding protein 3 of Escherichia coli. J 
Bacteriol 164: 456-460. 

Nielsen, H.J., Li, Y., Youngren, B., Hansen, F.G., and Austin, S. (2006) Progressive 
segregation of the Escherichia coli chromosome. Mol Microbiol 61: 383-
393. 

Nielsen, H.J., Youngren, B., Hansen, F.G., and Austin, S. (2007) Dynamics of 
Escherichia coli chromosome segregation during multifork replication. J 
Bacteriol 189: 8660-8666. 

Nikaido, H. (1996) Outer Membrane. In Escherichia coli and Salmonella 
typhimurium cellular and molecular biology. Vol. 1. F. C. Neidhardt, 
R.C.I., J. L. Ingraham, E. C. C. Lin, K. Brooks Low, B. Magasanik, W. S. 
Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger (ed). Washington 
D. C.: American Society for Microbiology, pp. 29-47. 

Nogales, E., Wolf, S.G., and Downing, K.H. (1998) Structure of the alpha beta 
tubulin dimer by electron crystallography. Nature 391: 199-203. 

Ohashi, T., Hale, C.A., de Boer, P.A., and Erickson, H.P. (2002) Structural evidence 
that the P/Q domain of ZipA is an unstructured, flexible tether between the 
membrane and the C-terminal FtsZ-binding domain. J Bacteriol 184: 4313-
4315. 

Osawa, M., Anderson, D.E., and Erickson, H.P. (2008) Reconstitution of contractile 
FtsZ rings in liposomes. Science 320: 792-794. 

Padan, E., Zilberstein, D., and Schuldiner, S. (1981) pH homeostasis in bacteria. 
Biochim Biophys Acta 650: 151-166. 

Pastoret, S., Fraipont, C., den Blaauwen, T., Wolf, B., Aarsman, M.E., Piette, A., 
Thomas, A., Brasseur, R., and Nguyen-Distèche, M. (2004) Functional 
analysis of the cell division protein FtsW of Escherichia coli. J Bacteriol 
186: 8370-8379. 

Peters, J.E., Thate, T.E., and Craig, N.L. (2003) Definition of the Escherichia coli 
MC4100 genome by use of a DNA array. J Bacteriol 185: 2017-2021. 



Bibliography 

 171 

Peters, P.C., Migocki, M.D., Thoni, C., and Harry, E.J. (2007) A new assembly 
pathway for the cytokinetic Z ring from a dynamic helical structure in 
vegetatively growing cells of Bacillus subtilis. Mol Microbiol 64: 487-499. 

Pichoff, S., and Lutkenhaus, J. (2002) Unique and overlapping roles for ZipA and 
FtsA in septal ring assembly in Escherichia coli. Embo J 21: 685-693. 

Pichoff, S., and Lutkenhaus, J. (2005) Tethering the Z ring to the membrane through 
a conserved membrane targeting sequence in FtsA. Mol Microbiol 55: 
1722-1734. 

Pichoff, S., and Lutkenhaus, J. (2007) Identification of a region of FtsA required for 
interaction with FtsZ. Mol Microbiol 64: 1129-1138. 

Piette, A., Fraipont, C., Den Blaauwen, T., Aarsman, M.E., Pastoret, S., and 
Nguyen-Distèche, M. (2004) Structural determinants required to target 
penicillin-binding protein 3 to the septum of Escherichia coli. J Bacteriol 
186: 6110-6117. 

Pisabarro, A.G., Prats, R., Váquez, D., and Rodríguez-Tébar, A. (1986) Activity of 
penicillin-binding protein 3 from Escherichia coli. J Bacteriol 168: 199-
206. 

Pla, J., Sánchez, M., Palacios, P., Vicente, M., and Aldea, M. (1991) Preferential 
cytoplasmic location of FtsZ, a protein essential for Escherichia coli 
septation. Mol Microbiol 5: 1681-1686. 

Pogliano, J., Pogliano, K., Weiss, D.S., Losick, R., and Beckwith, J. (1997) 
Inactivation of FtsI inhibits constriction of the FtsZ cytokinetic ring and 
delays the assembly of FtsZ rings at potential division sites. Proc Natl Acad 
Sci U S A 94: 559-564. 

Popp, D., Iwasa, M., Narita, A., Erickson, H.P., and Maeda, Y. (2009) FtsZ 
condensates: An in vitro electron microscopy study. Biopolymers 91: 340-
350. 

Powell, E.O. (1956) Growth rate and generation time of bacteria, with special 
reference to continuous culture. J Gen Microbiol 15: 492-511. 

Priyadarshini, R., Popham, D.L., and Young, K.D. (2006) Daughter cell separation 
by penicillin-binding proteins and peptidoglycan amidases in Escherichia 
coli. J Bacteriol 188: 5345-5355. 

Ptacin, J.L., Nöllmann, M., Bustamante, C., and Cozzarelli, N.R. (2006) 
Identification of the FtsK sequence-recognition domain. Nat Struct Mol 
Biol 13: 1023-1025. 

Quardokus, E.M., Din, N., and Brun, Y.V. (2001) Cell cycle and positional 
constraints on FtsZ localization and the initiation of cell division in 
Caulobacter crescentus. Mol Microbiol 39: 949-959. 

Raskin, D.M., and de Boer, P.A. (1997) The MinE ring: an FtsZ-independent cell 
structure required for selection of the correct division site in E. coli. Cell 
91: 685-694. 

Raskin, D.M., and de Boer, P.A. (1999) Rapid pole-to-pole oscillation of a protein 
required for directing division to the middle of Escherichia coli. Proc Natl 
Acad Sci U S A 96: 4971-4976. 



Bibliography 

 172 

RayChaudhuri, D. (1999) ZipA is a MAP-Tau homolog and is essential for 
structural integrity of the cytokinetic FtsZ ring during bacterial cell 
division. Embo J 18: 2372-2383. 

Reddy, M. (2007) Role of FtsEX in cell division of Escherichia coli: viability of 
ftsEX mutants is dependent on functional SufI or high osmotic strength. J 
Bacteriol 189: 98-108. 

Regamey, A., Harry, E.J., and Wake, R.G. (2000) Mid-cell Z ring assembly in the 
absence of entry into the elongation phase of the round of replication in 
bacteria: co-ordinating chromosome replication with cell division. Mol 
Microbiol 38: 423-434. 

Rivas, G., López, A., Mingorance, J., Ferrándiz, M.J., Zorrilla, S., Minton, A.P., 
Vicente, M., and Andreu, J.M. (2000) Magnesium-induced linear self-
association of the FtsZ bacterial cell division protein monomer. The 
primary steps for FtsZ assembly. J Biol Chem 275: 11740-11749. 

Romberg, L., Simon, M., and Erickson, H.P. (2001) Polymerization of FtsZ, a 
bacterial homolog of tubulin. is assembly cooperative? J Biol Chem 276: 
11743-11753. 

Romberg, L., and Levin, P.A. (2003) Assembly dynamics of the bacterial cell 
division protein FTSZ: poised at the edge of stability. Annu Rev Microbiol 
57: 125-154. 

Romberg, L., and Mitchison, T.J. (2004) Rate-limiting guanosine 5'-triphosphate 
hydrolysis during nucleotide turnover by FtsZ, a prokaryotic tubulin 
homologue involved in bacterial cell division. Biochemistry 43: 282-288. 

Rueda, S., Vicente, M., and Mingorance, J. (2003) Concentration and assembly of 
the division ring proteins FtsZ, FtsA, and ZipA during the Escherichia coli 
cell cycle. J Bacteriol 185: 3344-3351. 

Samaluru, H., SaiSree, L., and Reddy, M. (2007) Role of SufI (FtsP) in cell division 
of Escherichia coli: evidence for its involvement in stabilizing the 
assembly of the divisome. J Bacteriol 189: 8044-8052. 

Santra, M.K., Beuria, T.K., Banerjee, A., and Panda, D. (2004) Ruthenium red-
induced bundling of bacterial cell division protein, FtsZ. J Biol Chem 279: 
25959-25965. 

Sauvage, E., Kerff, F., Terrak, M., Ayala, J.A., and Charlier, P. (2008) The 
penicillin-binding proteins: structure and role in peptidoglycan 
biosynthesis. FEMS Microbiol Rev 32: 234-258. 

Scheffers, D., and Driessen, A.J. (2001) The polymerization mechanism of the 
bacterial cell division protein FtsZ. FEBS Lett 506: 6-10. 

Scheffers, D.J., den Blaauwen, T., and Driessen, A.J. (2000) Non-hydrolysable 
GTP-gamma-S stabilizes the FtsZ polymer in a GDP-bound state. Mol 
Microbiol 35: 1211-1219. 

Scheffers, D.J., de Wit, J.G., den Blaauwen, T., and Driessen, A.J. (2001) 
Substitution of a conserved aspartate allows cation-induced polymerization 
of FtsZ. FEBS Lett 494: 34-37. 

Scheffers, D.J., de Wit, J.G., den Blaauwen, T., and Driessen, A.J. (2002) GTP 
hydrolysis of cell division protein FtsZ: evidence that the active site is 
formed by the association of monomers. Biochemistry 41: 521-529. 



Bibliography 

 173 

Scheffers, D.J., and Driessen, A.J. (2002) Immediate GTP hydrolysis upon FtsZ 
polymerization. Mol Microbiol 43: 1517-1521. 

Scheffers, D.J. (2008) The effect of MinC on FtsZ polymerization is pH dependent 
and can be counteracted by ZapA. FEBS Lett 582: 2601-2608. 

Schleicher, M., and Jockusch, B.M. (2008) Actin: its cumbersome pilgrimage 
through cellular compartments. Histochem Cell Biol 129: 695-704. 

Schmidt, K.L., Peterson, N.D., Kustusch, R.J., Wissel, M.C., Graham, B., Phillips, 
G.J., and Weiss, D.S. (2004) A predicted ABC transporter, FtsEX, is 
needed for cell division in Escherichia coli. J Bacteriol 186: 785-793. 

Schuck, P. (2000) Size-distribution analysis of macromolecules by sedimentation 
velocity ultracentrifugation and lamm equation modeling. Biophys J 78: 
1606-1619. 

Shaner, N.C., Campbell, R.E., Steinbach, P.A., Giepmans, B.N., Palmer, A.E., and 
Tsien, R.Y. (2004) Improved monomeric red, orange and yellow 
fluorescent proteins derived from Discosoma sp. red fluorescent protein. 
Nat Biotechnol 22: 1567-1572. 

Shih, Y.L., and Rothfield, L. (2006) The bacterial cytoskeleton. Microbiol Mol Biol 
Rev 70: 729-754. 

Sivanathan, V., Allen, M.D., de Bekker, C., Baker, R., Arciszewska, L.K., Freund, 
S.M., Bycroft, M., Lowe, J., and Sherratt, D.J. (2006) The FtsK gamma 
domain directs oriented DNA translocation by interacting with KOPS. Nat 
Struct Mol Biol 13: 965-972. 

Small, E., Marrington, R., Rodger, A., Scott, D.J., Sloan, K., Roper, D., Dafforn, 
T.R., and Addinall, S.G. (2007) FtsZ Polymer-bundling by the Escherichia 
coli ZapA Orthologue, YgfE, Involves a Conformational Change in Bound 
GTP. J Mol Biol 369: 210-221. 

Storts, D.R., and Markovitz, A. (1991) A novel rho promoter::Tn10 mutation 
suppresses and ftsQ1(Ts) missense mutation in an essential Escherichia coli 
cell division gene by a mechanism not involving polarity suppression. J 
Bacteriol 173: 655-663. 

Strick, T.R., and Quessada-Vial, A. (2006) FtsK: a groovy helicase. Nat Struct Mol 
Biol 13: 948-950. 

Stricker, J., Maddox, P., Salmon, E.D., and Erickson, H.P. (2002) Rapid assembly 
dynamics of the Escherichia coli FtsZ-ring demonstrated by fluorescence 
recovery after photobleaching. Proc Natl Acad Sci U S A 99: 3171-3175. 

Sykes, R.B., and Bonner, D.P. (1985) Discovery and development of the 
monobactams. Rev Infect Dis 7 Suppl 4: S579-593. 

Tadros, M., González, J.M., Rivas, G., Vicente, M., and Mingorance, J. (2006) 
Activation of the Escherichia coli cell division protein FtsZ by a low-
affinity interaction with monovalent cations. FEBS Lett 580: 4941-4946. 

Taschner, P.E., Huls, P.G., Pas, E., and Woldringh, C.L. (1988) Division behavior 
and shape changes in isogenic ftsZ, ftsQ, ftsA, pbpB, and ftsE cell division 
mutants of Escherichia coli during temperature shift experiments. J 
Bacteriol 170: 1533-1540. 

Thanbichler, M., and Shapiro, L. (2006) Chromosome organization and segregation 
in bacteria. J Struct Biol 156: 292-303. 



Bibliography 

 174 

Thanedar, S., and Margolin, W. (2004) FtsZ exhibits rapid movement and oscillation 
waves in helix-like patterns in Escherichia coli. Curr Biol 14: 1167-1173. 

Ukai, H., Matsuzawa, H., Ito, K., Yamada, M., and Nishimura, A. (1998) ftsE(Ts) 
affects translocation of K+-pump proteins into the cytoplasmic membrane 
of Escherichia coli. J Bacteriol 180: 3663-3670. 

Ursinus, A., van den Ent, F., Brechtel, S., de Pedro, M., Höltje, J.V., Löwe, J., and 
Vollmer, W. (2004) Murein (peptidoglycan) binding property of the 
essential cell division protein FtsN from Escherichia coli. J Bacteriol 186: 
6728-6737. 

van den Ent, F., and Löwe, J. (2000) Crystal structure of the cell division protein 
FtsA from Thermotoga maritima. Embo J 19: 5300-5307. 

van den Ent, F., Amos, L.A., and Löwe, J. (2001) Prokaryotic origin of the actin 
cytoskeleton. Nature 413: 39-44. 

van den Ent, F., Vinkenvleugel, T.M., Ind, A., West, P., Veprintsev, D., Nanninga, 
N., den Blaauwen, T., and Löwe, J. (2008) Structural and mutational 
analysis of the cell division protein FtsQ. Mol Microbiol 68: 110-123. 

van der Does, C., Manting, E.H., Kaufmann, A., Lutz, M., and Driessen, A.J. (1998) 
Interaction between SecA and SecYEG in micellar solution and formation 
of the membrane-inserted state. Biochemistry 37: 201-210. 

Varma, A., de Pedro, M.A., and Young, K.D. (2007) FtsZ directs a second mode of 
peptidoglycan synthesis in Escherichia coli. J Bacteriol 189: 5692-5704. 

Varma, A., and Young, K.D. (2009) In Escherichia coli, MreB and FtsZ direct the 
synthesis of lateral cell wall via independent pathways that require PBP2. J 
Bacteriol. 

Vollmer, W., von Rechenberg, M., and Höltje, J.V. (1999) Demonstration of 
molecular interactions between the murein polymerase PBP1B, the lytic 
transglycosylase MltA, and the scaffolding protein MipA of Escherichia 
coli. J Biol Chem 274: 6726-6734. 

Voskuil, J.L., Westerbeek, C.A., Wu, C., Kolk, A.H., and Nanninga, N. (1994) 
Epitope mapping of Escherichia coli cell division protein FtsZ with 
monoclonal antibodies. J Bacteriol 176: 1886-1893. 

Wang, H., and Gayda, R.C. (1992) Quantitative determination of FtsA at different 
growth rates in Escherichia coli using monoclonal antibodies. Mol 
Microbiol 6: 2517-2524. 

Wang, X., Possoz, C., and Sherratt, D.J. (2005) Dancing around the divisome: 
asymmetric chromosome segregation in Escherichia coli. Genes Dev 19: 
2367-2377. 

Wang, X., Liu, X., Possoz, C., and Sherratt, D.J. (2006) The two Escherichia coli 
chromosome arms locate to separate cell halves. Genes Dev 20: 1727-1731. 

Ward, J.E., Jr., and Lutkenhaus, J. (1985) Overproduction of FtsZ induces minicell 
formation in E. coli. Cell 42: 941-949. 

Weiss, D.S., Chen, J.C., Ghigo, J.M., Boyd, D., and Beckwith, J. (1999) 
Localization of FtsI (PBP3) to the septal ring requires its membrane anchor, 
the Z ring, FtsA, FtsQ, and FtsL. J Bacteriol 181: 508-520. 



Bibliography 

 175 

White, E.L., Ross, L.J., Reynolds, R.C., Seitz, L.E., Moore, G.D., and Borhani, 
D.W. (2000) Slow polymerization of Mycobacterium tuberculosis FtsZ. J 
Bacteriol 182: 4028-4034. 

White, M.A., Eykelenboom, J.K., Lopez-Vernaza, M.A., Wilson, E., and Leach, 
D.R. (2008) Non-random segregation of sister chromosomes in Escherichia 
coli. Nature 455: 1248-1250. 

Wientjes, F.B., and Nanninga, N. (1989) Rate and topography of peptidoglycan 
synthesis during cell division in Escherichia coli: concept of a leading 
edge. J Bacteriol 171: 3412-3419. 

Wientjes, F.B., and Nanninga, N. (1991) On the role of the high molecular weight 
penicillin-binding proteins in the cell cycle of Escherichia coli. Res 
Microbiol 142: 333-344. 

Wissel, M.C., and Weiss, D.S. (2004) Genetic analysis of the cell division protein 
FtsI (PBP3): amino acid substitutions that impair septal localization of FtsI 
and recruitment of FtsN. J Bacteriol 186: 490-502. 

Wissel, M.C., Wendt, J.L., Mitchell, C.J., and Weiss, D.S. (2005) The 
transmembrane helix of the Escherichia coli division protein FtsI localizes 
to the septal ring. J Bacteriol 187: 320-328. 

Woldringh, C.L., Mulder, E., Huls, P.G., and Vischer, N. (1991) Toporegulation of 
bacterial division according to the nucleoid occlusion model. Res Microbiol 
142: 309-320. 

Woldringh, C.L., and Nanninga, N. (2006) Structural and physical aspects of 
bacterial chromosome segregation. J Struct Biol 156: 273-283. 

Wu, L.J., Franks, A.H., and Wake, R.G. (1995) Replication through the terminus 
region of the Bacillus subtilis chromosome is not essential for the formation 
of a division septum that partitions the DNA. J Bacteriol 177: 5711-5715. 

Yang, J.C., Van Den Ent, F., Neuhaus, D., Brevier, J., and Löwe, J. (2004) Solution 
structure and domain architecture of the divisome protein FtsN. Mol 
Microbiol 52: 651-660. 

Yu, X.C., and Margolin, W. (1997) Ca2+-mediated GTP-dependent dynamic 
assembly of bacterial cell division protein FtsZ into asters and polymer 
networks in vitro. Embo J 16: 5455-5463. 

Zilberstein, D., Agmon, V., Schuldiner, S., and Padan, E. (1984) Escherichia coli 
intracellular pH, membrane potential, and cell growth. J Bacteriol 158: 
246-252. 

Zimmerman, S.B., and Trach, S.O. (1991) Estimation of macromolecule 
concentrations and excluded volume effects for the cytoplasm of 
Escherichia coli. J Mol Biol 222: 599-620. 

Zimmerman, S.B. (2006) Shape and compaction of Escherichia coli nucleoids. J 
Struct Biol 156: 255-261. 

 



Bibliography 

 176 



 

 177 

Summary 
 

Functional analysis of ZapA: keeping the one ring 
together 

 
Reproduction of E. coli is a complicated process requiring the concerted 

effort of various large protein complexes, such as the elongasome. The actual 
process of division is carried out by a protein complex called the divisome, which 
consists of at least 14 proteins. The function of most of the proteins involved in the 
divisome still remains a mystery, but in this dissertation, the attempt to obtain some 
clues about the function of ZapA, a Z-ring stabilizer, is described. It was found that, 
in E. coli, the localization of ZapA is only dependent on that of FtsZ. Furthermore, 
timing experiments on the localization of ZapA have shown that ZapA localizes 
simultaneously with, but independently of, FtsA and ZipA (Chapter 2). Interestingly, 
these studies revealed that both ZapA and FtsZ also localize in young cells as off 
midcell foci, that do not co-localize and that these foci (dis)appear in time (Chapter 
3). As FtsZ is able to polymerize, it is likely that the FtsZ foci are simply FtsZ 
protofilaments that (dis)assemble. In the case of ZapA, the presence of the foci 
cannot be easily explained as in vitro experiments have shown that ZapA does not 
have a tendency to form oligomers larger than tetramers (Chapter 4). An estimation 
of the number of ZapA molecules in the foci indicated the presence of at least 
dozens of ZapA molecules (Chapter 3) and therefore it seems plausible that a yet 
unknown protein organizes ZapA into higher order structures. The purpose of which 
is yet unknown. 

In order to gain more insight in how ZapA might affect FtsZ protofilaments, 
various in vitro experiments were performed (Chapter 4), which showed that ZapA 
enhances FtsZ polymerization and stabilizes them only when the FtsZ 
protofilaments are already somewhat stabilized, such as in the presence of 10 mM 
MgCl2. The amount of stabilization was found to be pH dependent in that at pH 7.5 
the FtsZ protofilament stability was higher compared to measurements without 
ZapA, but lower than those at low pH. How ZapA stabilizes FtsZ polymers is still 
not clear as ZapA appears to have no effect on the GTPase activity of FtsZ. 
Bundling of FtsZ polymers would also contribute to the stability of the 
protofilaments. Only in the presence of ZapA and 10 mM MgCl2 have arrays of FtsZ 
protofilaments been observed. These arrays were comprised of FtsZ protofilaments 
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in parallel arrangements and with gaps equalling the size of the ZapA tetramer 
between them. 

Using analytical ultracentrifugation, it was established that ZapA is present 
as a tetramer at all concentrations tested, which is in accordance with the published 
dissociation constant of the ZapA tetramer of 320 nM. These data indicate that ZapA 
is most likely present as a tetramer in vivo.  

Interestingly, it was found that a zapA null mutant had a mild morphology 
under conditions that allowed fast growth, but not under conditions of slow growth 
(Chapter 5). Fast growing cells of the ZapA deletion strain were partly filamentous 
and did not have a Z-ring at every potential division site, although no delay in FtsZ 
localization was observed. However, late localizing proteins did localize after a 
longer delay, indicating a problem with the assembly of the divisome. As the early 
localizing division proteins are believed to be involved in Z-ring stabilization, it 
seems likely that the Min system and nucleoid occlusion system, which destabilize 
FtsZ protofilaments, cannot be easily overcome in the absence of ZapA (Chapter 5). 
Once formed, the Z-ring did not display any deviations in its dynamics, as observed 
in FRAP experiments (Chapter 5). 

When studying the effect of aztreonam inhibition of FtsI, it was found that 
the early localizing division proteins accumulated at the midcell and that the 
formation of new rings could not be initiated for two generations. This block in new 
ring formation could only be overcome by overproduction of FtsZ and FtsA. 
Interestingly, the late localizing division proteins localized normally and exclusively 
at the midcell, but did not accumulate at the midcell (Chapter 6). The inability of the 
divisome to disassemble could be, directly or indirectly, due to lack of 
transpeptidase activity of FtsI. Two models explaining how FtsI might prevent 
reorganization of the divisome were described. In the first model, the lack of 
transpeptidase activity of FtsI translates into the absence of a conformational change 
in the peptidoglycan layer, which would be required for destabilizing the divisome 
to cause it to reorganize. The second model also depends on a conformational 
change, but now in FtsI. This conformational change would cause the dissociation of 
the division proteins and thus cause the divisome to reorganize.  

Based on the data presented in this dissertation, it was concluded that ZapA 
tetramers cross-link FtsZ protofilaments that are already somewhat stabilized and in 
close proximity so that a stable Z-ring can be formed. To prevent premature Z-ring 
formation, ZapA does not stabilize single FtsZ polymers and in addition it is 
organized into large superstructures until the onset of division. When the divisome 
assembles, ZapA localizes to the Z-ring together with the early localizing division 
proteins and it stabilizes the Z-ring presumably only during its status nascendi. 
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Samenvatting 
 

Functionele analyse van ZapA: het bijeenhouden van de 
ene ring 

 
De voortplanting van E. coli is een ingewikkeld proces dat nauwkeurige 

samenwerking van verschillende grote eiwitcomplexen, zoals het elangosoom, 
vereist. Het eigenlijke celdelings proces wordt uitgevoerd door een eiwit complex 
dat het divisoom wordt genoemd en dat uit tenminste 14 eiwitten bestaat. De functie 
van de meeste van deze divisomale eiwitten is nog steeds onbekend, maar in dit 
proefschrift staan de pogingen beschreven die gedaan zijn om enige aanwijzingen te 
verzamelen wat betreft de functie van ZapA, een Z-ring stabilisator. Zo is gevonden 
dat, in E. coli, de localisatie van ZapA alleen afhankelijk is van FtsZ. Verder is door 
het bepalen van het tijdstip van de localisatie van ZapA gevonden dat ZapA 
tegelijkertijd, maar onafhankelijk van, FtsA en ZipA localiseert (Hoofdstuk 2). 
Verrassend genoeg is tijdens het onderzoek gebleken dat ZapA en FtsZ ook 
localiseren als zogenoemde ‘spots’ die zich op willekeurige plekken in de cel 
bevinden (Hoofdstuk 3). De FtsZ en ZapA spots co-localiseren niet, werden alleen 
in jonge cellen gevonden en (dis)assembleerden na verloop van tijd. Aangezien FtsZ 
kan polymeriseren, is het aannemelijk dat de FtsZ spots simpelweg FtsZ 
protofilamenten zijn die (dis)assembleren (Hoofdstuk 3). In het geval van ZapA is er 
echter geen simpele verklaring voor de spots aangezien uit in vitro experimenten is 
gebleken dat ZapA geen grotere oligomeren kan vormen dan tetrameren (Hoofdstuk 
4). Uit een schatting van het aantal ZapA moleculen per spot blijkt dat er tenminste 
tientallen moleculen in een spot aanwezig zijn (Hoofdstuk 3) en daarom is het 
aannemelijk dat een onbekend eiwit met ZapA een groot complex vormt. Het nut 
van ergelijk complex vorming is nog onduidelijk. 

Om meer inzicht te verwerven in het effect dat ZapA heeft op FtsZ 
protofilamenten, zijn er verschillende in vitro experimenten uitgevoerd (Hoofdstuk 
4), waaruit is gebeleken dat ZapA de polymerisatie van FtsZ bevordert en dat het 
FtsZ polymeren stabiliseert, maar alleen onder omstandigheden waaronder FtsZ 
protofilamenten al worden gestabiliseert, zoals in de aanwezigheid van 10 mM 
MgCl2. De mate van stabilisatie bleek daarbij af te hangen van de pH, in de zin dat, 
bij een pH van 7.5 de stabiliteit van de FtsZ protofilamenten groter was in 
vergelijking met experimenten zonder ZapA, maar lager dan in experimenten 
uitgevoerd bij een pH van 6.5.  
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Hoe ZapA de FtsZ polymeren stabiliseert is nog steeds niet duidelijk, vooral 
gezien het feit dat ZapA geen effect heeft op de GTPase activiteit van FtsZ onder 
biologisch relevante omstandigheden. Alleen in aanwezigheid van ZapA en 10 mM 
MgCl2 werden arrays van FtsZ polymeren waargenomen. Deze arrays bestonden uit 
parallel gerangschikte protofilamenten met voldoende ruimte voor de ZapA 
tetrameer ertussen. Verder zijn dubbele FtsZ filamenten waargenomen die een dikte 
hadden die overeenkomt met de lengte van de ZapA tetrameer. 

Door middel van analytische ultracentrifugatie is vastgesteld dat ZapA als 
een tetrameer aanwezig is onder alle geteste experimentele condities, wat 
overeenkomt met eerder gepubliceerde resultaten, waaronder een dissociatie 
constante van 320 nM voor de ZapA tetrameer. Deze data vormen een sterke 
indicatie dat ZapA ook in vivo als een tetrameer aanwezig is.  

Verrassend genoeg bleek dat een zapA deletie mutant een milde morfologie 
had wanneer deze snel groeide, maar niet wanneer deze langzaam groeide 
(Hoofdstuk 5). Snel groeiende cellen van de ZapA deletie stam waren deels 
filamenteus en hadden geen Z-ring op elke mogelijke delings plek, hoewel geen 
vertraging in de localisatie van FtsZ werd gevonden. Echter, de laat localiserende 
divisomale eiwitten localiseerden wel vertraagd, hetgeen een aanwijzing is dat er 
een probleem is met de assemblage van het divisoom. Aangezien algemeen wordt 
aangenomen dat de vroeg localiserende divisomale eiwitten betrokken zijn bij de 
stabilisatie van de Z-ring, is het waarschijnlijk dat het Min systeem en het nucleoid 
occlusion systeem, die beide de FtsZ protofilamenten destabiliseren, niet 
gemakkelijk overwonnen kunnen worden in de afwezigheid van ZapA (Hoofdstuk 
5). Wanneer de Z-ring volledig gevormd was, werden er geen afwijkingen in de 
dynamiek van de ring waargenomen met behulp van FRAP experimenten 
(Hoofdstuk 5).  

Bij het bestuderen van het effect van aztreonam op de remming van FtsI werd 
duidelijk dat de vroeg localiserende eiwitten zich in het midden van de cel 
ophoopten en dat gedurende de eerste twee massa verdubbelingen geen nieuwe 
ringen gevormd konden worden. Deze blokkade in de formatie van nieuwe ringen 
kon alleen door overproductie van FtsZ en FtsA overwonnen worden. Echter, de laat 
localiserende eiwitten localiseerden normaal en alleen in het midden van de cel, 
maar hoopten zich daar niet op (Hoofdstuk 6). Het gebrek aan disassemblage van het 
divisoom kan, direct of indirect, het gevolg zijn van een gebrek aan transpeptidase 
activiteit van FtsI waardoor een conformationele verandering in de peptidoglycan 
laag niet plaats vond, welke benodigd is voor het destabiliseren van het divisoom 
zodat het zich kan aanpassen aan de veranderende omgeving van de constricterende 
cel. Een tweede model gaat ook uit van een conformationele verandering, maar nu in 
FtsI zelf. Als gevolg van deze verandering vindt er geen dissociatie van de 
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divisomale eiwitten plaats waardoor de reorganisatie van het divisoom ook niet 
plaats vindt. 

Op basis van de data die in dit proefschrift beschreven staan, kan 
geconcludeerd worden dat ZapA tetrameren de FtsZ protofilamenten, die al 
enigszins gestabiliseerd zijn en zich dicht bij elkaar bevinden, cross-linkt zodat een 
Z-ring gevormd kan worden. Om vroegtijdige Z-ring formatie te voorkomen, cross-
linkt ZapA geen protofilamenten die niet gestabiliseert zijn en zich niet in de buurt 
van een ander FtsZ polymeer bevinden. Wanneer het divisoom zich assembleert, 
localiseren ZapA en de andere vroeg localiserende celdelings eiwitten aan de Z-ring 
zodat deze gestabiliseert wordt. Deze stabilisaite vindt vermoedelijk alleen 
gedurende de formatie van de Z-ring plaats. 
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Nawoord 
 
Het heeft even geduurd, maar hier is het dan: mijn proefschrift! En als ik dit 

boekje zie, dan zal ik altijd terug denken aan de jaren op de groep Moleculaire 
Cytologie en de leuke dingen die ik daar heb meegemaakt. Zo maak je mee dat 
jongens nagellak ook heel erg leuk vinden en daar behoorlijk creatief mee kunnen 
zijn (Jarne!) en dat een stukje polystyreen met behulp van een beetje water jarenlang 
aan een deurpost kan blijven hangen. Maar vooral ook dat droogijs in een epje een 
hele leuke (voor Merel niet zo’n leuke) knal geeft in de afvalbak. Ook de uitjes en 
etenjes met het hele lab waren altijd reuze gezellig. 

Bij het tot stand komen van dit proefschrift heb ik natuurlijk ook de nodige 
hulp en steun gehad van een hoop mensen. Tanneke, zonder jou had ik het niet 
gered. Ik heb veel van jou geleerd, bedankt voor alle steun, kritiek, lessen en wat al 
niet meer. Dorus, bedankt voor je advies bij de FRAP experimenten en de hulp bij 
het opschrijven van de FRET berekenings methode. 

Erik, dank zij jou heb ik een goed begin kunnen maken met de hele FRAP 
techniek en bij jou kon ik ook terecht voor een luisterend oor. De ‘Gadella’ mensen, 
Merel, Joachim, Gert-Jan Kremers en Joop. Ik heb een hoop leuke discussies met 
jullie gehad waardoor ik vaak net weer even een andere kijk op mijn resultaten 
kreeg. Bedankt voor het geduld dat jullie met me hadden toen ik moest leren hoe de 
confocale micrscocoop werkte en met name hoe ik FRAP op bacteriën kon doen. En 
Merel, bedankt voor het lezen van een aantal hoofdstukken en dat je mijn paranimf 
bent!  

Norbert, Object Image, en nu ObjectJ, daar kon ik alles mee doen wat ik 
wilde dankzij jou. Bedankt ook voor de hulp op afstand via skype! Als bacteriën in 
jouw handen niet wilden groeien, dan konden ze ook niet groeien, Mirjam. Van jou 
heb ik alles geleerd over steady state groeien, bedankt! Jolanda, in zes maanden tijd 
heb ik jou zo veel mogelijk ‘up to speed’ gebracht met alles op biochemisch en 
microbiologisch gebied. Ik heb erg genoten van die tijd en vooral van jouw altijd 
zonnige humeur en altijd aanwezige glimlach. Bedankt voor je steun tijdens mijn 
laatste loodjes, het ‘lab-kattenkwaad’ en de heerlijke Turkse pizza lunches. Thessa, 
mijn eerste kamergenoot, bedankt voor al je advies en je vriendschap! Tami, bedankt 
voor alle hulp met de experimenten in hoofdstuk 4! Svetlana, je hebt een prima 
methodiek opgezet om FRET in E. coli te doen. Bedankt voor de uitleg en de hulp. 

Alle andere mensen van Moleculaire Cytologie: bedankt! 
Germán, thank you for allowing me to come over to your lab to learn about 

analytical ultracentrifugation. Carlos and Mercedes, thank you for showing me how 
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the experiments were done. Ariadna and Carmen, thank you for all the help and 
answering my endless stream of questions. I have much enjoyed Spanish hospitality, 
muchos gracias! 

Some people think it strange to call people you chat with and have never met, 
friends, especially in an online game like World of Warcraft. However, the support I 
have received from several people from Ignotos during the past few months (or even 
longer in a few cases) just has to be mentoined: Marc ‘Bramm’, bedankt voor een 
luisterend oor, je advies en je interesse! Geert ‘Ceiveth’, bedankt voor de hulp met 
mijn plaatjes, Illustrator en Indesign! Lastly and most importantly (seriously, the last 
spot is a very honourable one, so stop moaning!), Joshua ‘Seneek’, thanks for doing 
the text on my cover, I absolutely love it!  

En niet te vergeten, Derk, bedankt voor het fantastisch mooie plaatje dat je 
hebt gemaakt voor mijn omslag. De plaatjes van mislukte experimenten zijn toch 
vaak de mooiste! Daniel, ook bij jou kon ik terecht voor een luisterend oor. Bedankt 
voor de hulp met het maken van de eiwit structuur plaatjes en het lezen van een paar 
hoofdstukken. 

Barbara, ik hoop dat je dit jaar klaar bent met mij te shockeren! Ik heb enorm 
genoten van onze week in Mexico. Ik mis onze ‘klaag’ avondjes: lekker chocola en 
wijn en geen mannen die ons lastig vallen. Maar vooral bedankt voor je 
vriendschap! Oh en weet je zeker dat ik me niet over de trouwringen mag 
ontfermen?  

Jane, Clive, Amanda, Neil and Jo, thank you all for your support and interest, 
but especially for all the good times when we got together as these were always a 
bright light when I felt things were not going very well. 

Mijn oom en tante uit Nederland, bedankt ook voor jullie steun (jullie weten 
wel wie je bent ). 

Verder alle familie en vrienden die ik niet genoemd heb maar zeker niet 
vergeten ben: bedankt voor alle steun, in welke vorm dan ook! 

Emiel en Nancy, bedankt voor de steun en met name het advies over hoe ik 
het beste backups kon maken toen ik mijn harde schijf met al mijn proefschrift data 
per ongeluk had geformatteerd. Backups maken bleek toch een heel goed idee te 
zijn. 

Ik heb het geluk om een tweede paar ouders, en daarmee ook een extra 
broertje en zusje te hebben: Paul en Eva, Vincent en Elisabeth, heel erg bedankt 
voor jullie steun, peptalks, grappen, dramas en alle andere dingen die we samen 
gedeeld hebben. Eva, bedankt dat je mijn paranimf bent! 

Pap, mam jullie hebben heel wat met mijn meegemaakt de afgelopen jaren. 
Jullie onvoorwaardelijke liefde en steun hebben mij enorm geholpen. Alles is op zijn 
pootjes terecht gekomen ook al leek het soms alsof dat niet zou gebeuren. Ik hoop 
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dat jullie genieten van jullie vele uitjes (zijn jullie eigenlijk nog wel eens thuis? 
Grapje!). 

Last, but definitately not least, dear Nathan, the past couple of years have 
been a bit rocky, but somehow you managed to put up with it all and with me. 
Without your support I would not have made it and you did support me, even when 
it was for things we both did not quite appreciate that I had to do. You were always 
there to comfort me or to make me laugh, but most of all to love and to hold. We’ve 
made it through and now we can finally look forward to our future. Love you lots! 

 
 
 
 
 
 

‘Toch rijst in mij een lied van overwinning 
Ik bouw op U en ga in Uwen Naam’ 

E.G. Cherry/J. Sibelius 
Uit ‘Be still my soul’ 
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