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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.   

 



General discussion 

 149 

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). 




