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Chapterr 6 

Generall Discussion 



6.11 Summary of the results 

Organismss have to grow and to propagate to ensure the survival of the species. The rod-
shapedd bacterium Escherichia coll (E. coli) has seemingly a quite simple life cycle: it grows, 
andd when it has reached a certain length it divides by invaginating in the middle of the cell. 
However,, this process of cell division is not as simple as it appears. Cell division cannot take 
placee before the cell contents, including the nucleoid, have been duplicated and segregated. 
Therefore,, there should be a signal that indicates the correct moment to start cytokinesis. 
Furthermore,, to create two equal daughter cells, cell division has to take place in the exact 
middlee of the cell, so there should also be a target that marks the correct division site. 

Inn E. coli a cascade of proteins that act in concert carries out cell division. As far as 
identifiedd until now, FtsZ is the first cell division protein that localises to the future division 
sitee on the inner membrane. It forms a ring structure that is assumed to recruit the other cell 
divisionn proteins (see for review: (132, 177)). 

Thiss thesis focuses mainly on the interaction between the cell division protein FtsZ and 
thee E. coli inner membrane. In Chapter 1 the current knowledge about cell division and the 
involvedd proteins has been reviewed. 

Chapterr 2 describes experiments in which E. coli inside-out inner membrane vesicles 
(IMV )) were isolated and analysed. These vesicles were used as starting material to 
investigatee the interaction between FtsZ and the E. coli inner membrane. It has been 
determinedd that 1 mg IMV (protein based) contains about 2.5 ng FtsZ, which corresponds to 
455 molecules per cell (see also below). It was also established that this particular FtsZ 
populationn is strongly attached to the membrane. 

Too elucidate which part of FtsZ is involved in this interaction, we compared in Chapter 3 
thee trypsin accessibility of peptide bonds in purified FtsZ with that of membrane-bound 
FtsZ.. It was found that one arginine, residue R174, located in a loop between helix 6 and 
helixx 7, is protected against digestion, suggesting that this loop is involved in an interaction 
withh a component specifically present in the membrane. The implications of these results for 
thee Z-ring arrangement in the cell will be discussed below. 

Inn Chapter 4 the role of R174 in FtsZ functioning was studied by changing the positively 
chargedd residue R174 into a negatively charged aspartic acid residue, which resulted in FtsZ-
R174D.. From localisation studies in the thermosensitive /toZ84(Ts) strain using a GFP-
fusionn (FtsZ-R174D-GFP) it was revealed that FtsZ-R174D-GFP was able to localise at both 
permissivee and restrictive temperature. However, in contrast to FtsZ-WT, FtsZ-R174D was 
nott able to complement the ftsZM (Ts) mutation. In vitro assays showed that FtsZ-R174D 
wass still able to polymerise, but in contrast to FtsZ-WT protofilaments, bundling (under 
influencee of Ca2+) of FtsZ-R174D protofilaments did not occur. The inability of FtsZ-R174D 
too complement the ftsZ84 (Ts) mutation might, therefore, be a result of bundling deficiency. 

Inn Chapter 5 the lipid composition of the division site was studied using minicells as a 
model.. It was found that minicells were enriched in cardiolipin at the expense of 
phosphatidylglycerol.. The significance of this finding is discussed below. No differences in 
fattyy acid composition between minicells and wild type cells were found. 
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6.22 Model for the FtsZ ring 
6.2.11 Number and structure of Z-rings 
Dependentt on the incubation conditions polymerised FtsZ can form a variety of structures 

inin vitro as visible in the electron microscope. These structures include straight 
protofilaments,, minirings, tubes, and asters (125, 143, 219). Of these possibilities the 
protofilament,, which is composed of a longitudinal array of FtsZ monomers, most closely 
resembless the tubulin protofilaments which constitute microtubili. Protofilaments can 
assemblee into polymer sheets or bundles (125, 143, 219). However, it is not at all known 
whatt the in vivo structure is of the FtsZ-ring (see also below). Nevertheless, assuming that 
protofilamentss occur in vivo one can find out where calculations lead to. For a protofilament 
too encircle the circumference of E. coli, about 600 molecules of FtsZ are necessary (see for 
calculationss Chapter 2). With a total amount of about 2000 molecules FtsZ present in the cell 
(Chapterr 2), approximately 3-4 complete protofilament rings can be formed provided that all 
FtsZZ is in the ring. If so, the FtsZ-ring consists of several parallel protofilaments. However, 
analysiss of the distribution of FtsZ-GFP in cells by comparing the fluorescence in the ring 
andd in the cytoplasm revealed that about 30% of the FtsZ is incorporated into the Z-ring 
(191).. This amounts to about 600 molecules or one complete ring under our conditions. 
Sincee polymerisation and depolymerisation of FtsZ is a dynamic process (191), the exact 
numberr of FtsZ molecules present in the Z-ring may fluctuate. Furthermore, during cell 
divisionn the cell envelope invaginates, resulting a decrease of the circumference of the cell 
andd also of the Z-ring. Therefore, it might be possible that the Z-ring consists of more than 
onee protofilament at later steps of constriction. 

Thee protofilament might encircle the circumference completely, but it might also be 
possiblee that the ring is constructed of arcs of protofilaments (Fig. 1). Arranged by 
overlappingg each other and being kept together via bundling, they could form a complete 
ring-structure.. ZipA, a membrane-anchored protein with a large cytoplasmic domain (77) of 
whichh the C-terminus can bind to FtsZ (79, 80), might play a role in bundling of these 
protofilaments.. A role in stabilising the FtsZ-ring for ZipA has been suggested previously 
basedd on the observations that in ZipA-depleted cells the number of Z-rings is significantly 
decreasedd (78, 119) and that overproduction of ZipA suppresses the instability of the Z-ring 
inn strains with the thermosensitive /teZ84 allele (170). Furthermore, it has been shown that 
ZipAA causes bundling of FtsZ polymers in vitro (79). 

Figuree 1. Possible structures for the FtsZ-ring. A) Continuous ring, a complete ring covers the whole 
circumferencee of E. coli. B) Ring constructed of overlapping arcs. See the text for further details. 
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Thee advantage of an FtsZ-ring consisting of several small protofilaments is that the ring 
mightt be more flexible. Polymerisation and depolymerisation of FtsZ is a dynamical process, 
dependingg on the consumption of GTP (142). In a Z-ring consisting of arcs, part of the arcs 
cann depolymerise without a drastic effect on the structure of the ring as a whole, whereas in a 
completee ring depolymerisation can lead to empty spaces. Furthermore, during constriction 
thee circumference of the Z-ring has to decrease. The ring can adapt faster in this process 
whenn it is build up from small protofilaments. 

Anotherr possibility might be that the FtsZ-ring is assembled from of lateral FtsZ-dimers. 
Accordingg to the calculations as presented above, there is enough FtsZ present in the cell for 
suchh a double ring. The implications of the putative presence of FtsZ-dimers at the 
membranee are discussed below. 

6.2.22 The Z-ring and inner membrane subassemblies 
Althoughh FtsZ is a highly abundant protein, most of the other cell division proteins occur 

inn the cell in about 25 to 100 copies (see for review: (132)). This has led previously to the 
suggestionn that the divisome is composed of the FtsZ-ring and of divisome subassemblies, 
thee latter being formed by the other cell division proteins (148, 149), of which most have a 
membranee anchor. Presumably, only a fraction of the FtsZ-molecules in the ring is in direct 
contactt with the inner membrane. We showed that about 45 FtsZ-molecules per cell were 
foundd associated with the inner membrane (Chapter 2). Combined with the number of copies 
off  the other cell division proteins, this suggests that there are approximately 50 
subassembliess per cell, consisting of one or two copies of each cell division protein. In such 
ann arrangement the FtsZ-molecules that are an integral part of the subassemblies could serve 
ass nucleation sites that are used for the polymerisation of the remaining of the FtsZ-
moleculess (Fig. 2). 
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Figuree 2. Model for the FtsZ-ring. In this model, the FtsZ-ring is bound to the inner membrane via several 
subassemblies.. See the text for further details. 
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Inn contrast to the low abundance of most cell division proteins, ZipA is present in the cell 
withh up to 1000 copies. It seems therefore not likely that ZipA is present in the 
subassemblies,, otherwise ZipA should be present with about 20 molecules in each 
subassembly.. On the other hand, the localisation of the other cell division proteins is not 
onlyy dependent on FtsZ, but also on FtsA and ZipA (132, 177). Therefore, at least part of the 
ZipAA molecules should form a integral part of the subassemblies. As mentioned above, ZipA 
hass been proposed to play a role in bundling of FtsZ. We speculated that FtsZ is present with 
onee or two copies per subassembly, whereas the other FtsZ-molecules are kept together via 
polymerisationn (see above). This makes it likely that ZipA is also distributed along the FtsZ-
ring.ring. In such a way ZipA is able to bundle the FtsZ-molecules that are not present in the 
subassembly. . 

6.2.33 Interaction between FtsZ and the inner membrane 
Itt has often been speculated that a, thus far, unidentified (membrane) protein could serve 

ass target to direct FtsZ to its correct location (132, 177). Initially, ZipA was identified as an 
FtsZZ interacting protein, and since it was anchored to the inner membrane it was suggested 
thatt it might serve as target for FtsZ. However, the localisation of ZipA is dependent on the 
presencee of FtsZ. Furthermore, in cells depleted of both FtsA and ZipA, dots of FtsZ-GFP 
cann be observed, indicating that FtsZ is still able to localise at putative division sites (160). 
Thiss implies that neither FtsA nor ZipA function in the localisation of FtsZ. 

Inn Chapter 3 we showed that residue R174 of membrane-bound FtsZ is protected against 
trypsinn digestion, suggesting that the R174-containing domain of FtsZ is involved in an 
interactionn with a component of the inner membrane. This can be an interaction with either 
thee membrane lipids (as discussed below) or with one or more membrane proteins. It might 
bee possible that residue R174 is involved in an interaction with a putative target protein that 
receivess FtsZ at the inner membrane. 

Afterr changing residue R174 into aspartic acid, FtsZ-R174D was not able to mediate cell 
divisionn in the FtsZ-thermosensitive strain (ftsZ84 (Ts)) at the non-permisive temperature, 
whereass FtsZ-WT was. This indicates that an essential interaction between FtsZ and a ligand 
wass disturbed. Does residue R174 play a role in targeting FtsZ to the inner membrane? This 
doess not seem likely, because FtsZ-R174D was still able to localise in FtsZ-thermosensitive 
strainn (fisZ84 (Ts) under non-permissive conditions. Presumably, residue R174 is involved in 
ann interaction with an already known or unknown protein and/or a lipid domain of the 
divisomee subassembly. 

6.2.44 Orientation of FtsZ towards the inner membrane 
FtsZZ has known interactions with other proteins, including FtsZ itself. In protofilaments, 

thee longitudinal contacts between the FtsZ molecules are formed by the nucleotide binding 
domainn of the first molecule with the T7 loop of the second (123, 182). To indicate the 
localisationn of the C-terminus and N-terminus of FtsZ with respect to the location of R174 
andd the polymerisation direction, the crystal structure of M. jannaschii FtsZ was used (Fig. 
33 A). The C-terminus is located at the opposite site of the molecule with respect to residue 
2011 (corresponding to E. coli FtsZ residue R174). Unfortunately, the extreme C-terminus 
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wass not completely resolved in the crystal structure of M. jannashii FtsZ. Furthermore, the 
C-terminuss of E. coli FtsZ contains 36 extra residues compared to M. jannaschii FtsZ. 
Therefore,, the orientation of the C-terminus might be quite different than indicated in this 
model.. Based on these findings, and assuming that the FtsZ molecule is oriented in such a 
wayy that residue R174 is facing the inner membrane, a tentative model of an FtsZ-
protofilamentt arrangement is presented in Fig. 3B. Residue R174D, indicated with a black 
dot,, is in this model directly involved in an interaction with another protein. Most likely, this 
iss a component of a subassembly (see Chapter 2). 

Inn this putative orientation of FtsZ towards the membrane, the C-terminus is located 
parallell  along the inner membrane. The C-terminus of FtsZ has been shown to be involved in 
thee interaction with both FtsA and ZipA. According to the orientation in our model, the C-
terminuss of FtsZ seems to be available for both FtsA and ZipA. 
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Figuree 3. Orientation of FtsZ towards the inner membrane. In this tentative model, FtsZ is oriented such 
thatt residue R174 is facing the inner membrane and interacting with the subassembly. A) Structure of M. 
jannaschii-FtsZ.jannaschii-FtsZ. Residue R174 of E. coli-f'tsZ is indicated here at the corresponding location at the structure of 
M.M. jannaschii-FtsZ. Indicated are the T7 loop and the GDP molecule, involved in polymerisation of FtsZ. B) 
Schematicall  model of a FtsZ polymer formed in a parallel orientation with respect to the inner membrane. 
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Inn another model describing the FtsZ-ring, the C-terminus was pointing to the cytoplasm. 
Thiss model was based on a comparison between FtsZ and tubulin (61). Tubulin 
protofilamentss can form rings by curling away from the microtubule wall. During this 
curling,, the outer surface of the microtubule will form the inner face of the rings, which is 
alsoo the location of the C-terminus. Assuming that FtsZ-rings resemble tubulin rings, this has 
ledd to the suggestion that the C-terminus in the FtsZ-ring is located at the cytoplasmic side of 
thee molecules in the ring in the cell (61). It seems at first sight remarkable that the binding 
sitee of FtsZ for ZipA is facing the cytoplasm instead of the inner membrane (provided that 
ourr assumption about the orientation of R174 towards the inner membrane is correct). 
However,, the membrane anchor of ZipA is connected to its FtsZ-binding domain by a 
flexiblee linker, which might be able to reach the putative cytoplasmic oriented C-terminus of 
FtsZ.. It is not clear where residue R174 is located in the Erickson-model. The assumed 
membranee protein interacting with FtsZ might also have a flexible linker, like ZipA. It is, 
therefore,, not necessary that R174 is facing the membrane, as in our model. 

6.2.55 Does the FtsZ-ring consist of lateral dimers? 
Ass calculated above, the amount of FtsZ in the ring is sufficient to form two rings. One of 

thee possibilities for the FtsZ-ring is that protofilaments possess lateral dimer contacts. From 
aa three-dimensional reconstruction of FtsZ-sheets induced with calcium, it was proposed that 
thee FtsZ-molecules bind to each other via the S3 strands (Fig. 4) (123). According to the 
FtsZ-orientationn used in our model (Fig. 3), the S3-sheet of the membrane-bound FtsZ-
moleculee is located at the cytoplasmic side. A second FtsZ-molecule, bound by dimerisation 
viaa the S3 strands, will be rotated. In this orientation, residue R174 is also facing the 
cytoplasmicc side. If such FtsZ-dimers occur at the inner membrane vesicles, trypsin 
digestionn would result in a fragment cleaved after R174. Since we have not find this 
fragmentt after protease treatment of membrane-bound FtsZ, it is not likely that FtsZ occurs 
ass dimers at the IMV, although during the isolation procedure the dimerisation bonds might 
bee disrupted. 

Furthermore,, due to the proposed formation of dimers via S3-S3 contacts, the epitope of 
thee monoclonal antibody F186-4 against FtsZ is expected to be (partly) shielded (Fig. 4). 
However,, it was shown that this antibody could be used for in vivo detection of the FtsZ-ring 
byy immunolabeling (T. den Blaauwen, unpublished results). These findings together lead to 
thee conclusion that FtsZ dimerisation via interactions between S3 sheets does not occur. We 
cannott exclude dimerisation via other interaction sites. 
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Figuree 4. Dimerisation of FtsZ. Structure of M. jannaschii-FtsZ with the residue R174 of E. co//-FtsZ 
indicatedd at the corresponding location at the structure of M. jannaschii-FtsZ. The S3 sheets, involved in 
dimerisationn are indicated in black, the epitope of mAb-F 168-4 are indicated in dark grey. See text for further 
details. . 

6.2.66 Integrated model for the FtsZ-ring 
Thee presented findings and ideas can be combined, leading to a tentative model for the 

structuree of the FtsZ-ring. We propose that the Z-ring consists of several curved 
protofilaments,, anchored by the membrane via subassemblies. These subassemblies consist 
off  one or two copies of the each type of cell protein, including FtsZ. A fraction of the ZipA 
moleculess is most likely also a component of these subassemblies, the remaining might be 
arrangedd freely along the Z-ring to function in bundling of the FtsZ-polymers. 

Residuee R174 is probably directly involved in an interaction with a membrane 
component.. Although we used this as an argument for the orientation of the R174 containing 
partt of FtsZ towards the membrane, this is still highly speculative. More experimental data 
aree required to complete this model. Identification of a hypotetical membrane target of FtsZ 
wil ll  deliver important information for idea's about the structure of the Z-ring and its binding 
too the membrane. 

6.33 Is there a role for cardiolipin in cell division? 
Sincee cardiolipin is not essential for viability of E. coli, it is more likely that anionic 

phospholipidss in general might play a role in cell division and not cardiolipin specifically. A 
minimumm of 10% of the wild type level of anionic phospholipids is required for cell growth 
(81).. Anionic phospholipids are involved in protein translocation, and, therefore, also for cell 
growth.. A role for anionic phospholipids in cell division might be the recruitment of proteins 
too the division site via electrostatic interactions. These kinds of interactions have previously 
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beenn described for the interaction between the E. coli inner membrane and, for instance, the 

DnaAA protein (109) and Sec A (118). 
Onn the other hand, if present, cardiolipin might be needed for the regulation of membrane 

curvaturee as needed for invagination of the inner membrane. In the presence of Ca +, the 
lipidd shape of cardiolipin changes from cylindrical to cone, similar as 
phosphatidylethanolaminee (PE) and phosphatidic acid (70). Cone-shaped phospholipids 
preferr the hexagonal phase above a bilayer structure, and have, therefore, large influence on 
membranee curvature (70). Changes in the lipid shape have recently been shown to play an 
importantt role in endocytosis (183) and the in vitro fission of Golgi tubules (209). 

Duringg cell division, the cell envelope invaginates by following the ingrowing 
peptidoglycann layer. Subsequently, the cell poles of the daughter cells are formed by 
membranee fusion. In Fig. 5 several stages during cytokinesis are schematically visualised. 
Thiss figure is based on models for membrane fusion described for giant bilayer vesicles 
(159)) and theoretical models for monolayer membrane fusion (24, 186) (see also for review: 
(32)) Stage I shows the two opposite bilayers of the inner membrane at midcell position, 
wheree invagination will occur (stage II and III) . In stage IV, the membranes have reached the 
middlee of the cell due to deep invagination. At this stage, the membranes of the opposite 
bilayerss touch each other and membrane fusion will follow. Subsequently, the membranes 
aree separated (stage V) and the cell poles of the daughter cells are formed. During membrane 
fusion,, the structure of the order bilayer is disturbed. To complete membrane fusion, 
intermediatee structures have to be formed. One possibility for such an intermediate structure 
mightt involve lipids in the hexagonal phase, formed by inverted cone-shaped phospholipids. 
Thiss has previously been described as the so-called stalk mechanism (24). After separation 
off  the daughter cells, the membrane of the cell poles could consists of normal bilayers. Since 
cardiolipinn is only cone-shaped in the presence of calcium, it might be able to switch its 
shapee quickly. This might be preferable above PE, which is continuously in a non-bilayer 
structure. . 

dp dp 
I I 

II II III IV v 
Figuree 5. Invagination of the inner membrane during cell division. See text for details. 
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