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Chapterr 1 

Generall introduction 
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Organismss are composed of one or more individual cells that are surrounded by an 
envelopee separating the aqueous compartment of the cell from its aqueous environment. 
Dependingg on the kind of organism, cells are differentiated in many different types to fulfil l 
specificc functions. During their life cycle cells grow and split in two (cytokinesis) after 
havingg duplicated their genetic material and after having attained a sufficient size. 
Cytokinesiss has to be regulated carefully to ensure that all essential cell components are 
equallyy divided between the daughter cells. During cytokinesis the cellular envelope 
invaginatess in a complicated process, the details of which depend on the organism. 

Thee process of cell division in prokaryotes has been studied most extensively in the 
Gram-negativee bacterium Escherichia coli, and it is also the topic of this thesis. In this 
introductoryy chapter, the characteristics of the E. coli cell envelope and its assembly are 
described.. Subsequently, the regulation of the cell cycle and division are discussed. Special 
attentionn has been paid to the E. coli cell division proteins. 

1.11 The E. coli cell envelope 
Too separate the cell contents from the outside environment, the cells are bounded by a 

barrier,, the cell envelope. The E. coli cell envelope consists of three layers (Fig. 1). From the 
outsidee to the inside, these are the outer membrane, the peptidoglycan layer and the inner 
membranee (or plasma membrane). The periplasm, i.e. the space sandwiched between the 
outerr and the inner membrane contains the peptidoglycan or murein layer. 

1.1.11 The E. coli outer membrane 
Thee outer membrane is the outermost layer of the E. coli cell envelope and serves as a 

permeabilityy barrier. It protects the cell against harmful components from the external 
environment,, like detergents and antibiotics, and it prevents the release of periplasmic 
componentss (117). Small hydrophilic molecules with a molecular weight up to 600 to 700 
daltonn can diffuse through the outer membrane via water-filled holes formed by pore 
proteinss (43), while specific mechanisms take care of the transport of larger molecules (152). 
Thee lipid constituents of the outer membrane are highly asymmetrically divided between the 
twoo leaflets. The inner leaflet consists mainly of phospholipids. The phospholipid 
compositionn of this leaflet is similar to that of the inner membrane (see below), with a slight 
enrichmentt of phosphatidylethanolamine (156). The lipopolysaccharides (LPSs) are almost 
exclusivelyy found in the outer leaflet (156). LPSs are immunogenic glycophospholipids, 
uniquee components of the bacterial outer membrane (150, 166), which play an important role 
inn increasing the resistance to a number of antibiotics (115). LPS is synthesised at the inner 
membrane,, and subsequently transported to the outer leaflet of the outer membrane (156). 
Thee outer membrane contains a few major proteins, like murein lipoprotein (150), and porins 
(151)) and some minor proteins that function as specific transporters or receptors for phages 
orr specific nutrients (97). 
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Figuree 1. Schematic representation of the E. coli cell envelope. Four types of membrane proteins are 
indicated:: 1, integral membrane protein; 2, pore protein; 3, peripheral protein; 4, membrane-anchored protein 
(bitopicc protein). LPS, lipopolysaccharide; OM, outer membrane, PG peptidoglycan layer; IM, inner 
membrane.. Based on (168), the orientation of the peptidoglycan layer is based on (51a). 

1.1.22 The periplasm and the peptidoglycan layer 
Thee periplasm is a highly viscous, gel-like matrix filled with a high content of protein, 

oligosaccharidess and peptidoglycan (87). The periplasmic proteins can be classified into 
threee groups: catabolic enzymes, binding proteins, and proteins involved in protection 
againstt harmful components like antibiotics (155). The oligosaccharides in the periplasm are 
formedd by the substitution of a sugar-unit consisting of 9 to 10 glucose residues to a 
glycerophosphatee unit derived from membrane phospholipids, usually phosphatidylglycerol 
andd to a lesser extent phosphatidylethanolamine, (105, 198). Therefore, these 
oligosaccharidess are called membrane-derived oligosaccharides (MDO). They are thought to 
bee involved in the osmotic adaptation and in cell signalling (104). 

AA major component of in the periplasmic space is the peptidoglycan (or murein) layer. 
Peptidoglycann is essentially composed of a network of parallel glycan chains that are cross-
linkedd by peptide bridges (18, 89). The peptidoglycan layer is firmly bound to the outer 
membranee by covalent linkages between part of the lipoproteins and the peptidoglycan (18). 
Theree are also strong interactions between the peptidoglycan layer and other outer membrane 
proteins,, e.g. porins and OmpA (117). The highly hydrated peptidoglycan network acts as a 
molecularr sieve to limit the diffusion of proteins and other solutes (45), and it plays a 
significantt role in maintaining the structural integrity of the cell (18). 

Thee classical concept of the architecture of the peptidoglycan layer assumes the cross-
linkedd glycan chains to be arranged in horizontal layers. However, recently a new model 
basedd on a re-evaluation of available chemical, biochemical and electron microscopical data 
wass proposed (51a). In this model the cross-linked glycan strands all run in a direction 
perpendicularr to the inner membrane. 
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1.1.33 The/T. coliinner membrane 
Whereass the outer membrane is a highly atypical membrane, that does not reflect either 

structuree or behaviour of most biological membranes, the inner membrane is a typical 
plasmaa membrane with a glycerophospholipid bilayer as a matrix in which functional 
proteinss are embedded (103). E. coli does not contain any internal membrane structures, such 
ass they occur in eukaryotic cells and, therefore, all membrane-bound processes with respect 
too growth and metabolism have to take place at the inner membrane (41, 57, 103). The inner 
membranee proteins, which are either integrated within the lipid bilayer (integral membrane 
proteins)) or associated at one side (peripheral membrane proteins) are involved in many 
processes.. Since the inner membrane forms the actual diffusion barrier of the cell envelope 
(28),, several membrane proteins are involved in the transport of nutrients and metabolic 
productss across the membrane (103, 184). The inner membrane is the site of synthesis of all 
membranee lipids and assembly of membrane proteins and also of the outer membrane 
constituents.. Obviously, the proteins involved in the synthesis and translocation of these 
productss are also located at or in the membrane (28, 168, 211). Other inner membrane 
proteinss are involved in respiration and ATP synthesis generating the proton motive force, in 
transmembranee signalling, and the response to environmental changes (103, 184). In 
addition,, also several proteins involved in cell division are located at or near the inner 
membranee (see below). 

1.22 Phospholipids of E. coli 
1.2.11 Biosynthesis of phospholipids in E, coli 
Inn addition to proteins, phospholipids are the main constituents of biological membranes. 

Phospholipidd molecules consist of a polar headgroup with two, or in the case of cardiolipin 
four,, fatty acid chains (Fig. 2). The synthesis of the fatty acids takes place in the cytosol. In a 
cyclicc elongation pathway malonyl coupled to a acyl carrier protein (malonyl-ACP) is 
condensedd with acyl-ACP (see for review: (29)). Both saturated and unsaturated fatty acids 
aree synthesised by the same pathway that diverges at an acyl length of 10 carbons. The key 
reactionn in the production of unsaturated fatty acids is the introduction of the cw-ethylenic 
bondd during chain elongation, catalysed by a specific P,y-hydroxydecanoyl-ACP-dehydrase 
(11,, 29, 130). Mutants lacking this enzyme are unable to synthesise unsaturated fatty acids 
andd require the appropriate unsaturated fatty acids for growth (187). The major fatty acids 
thatt are produced are palmitic acid (16:0), palmitoleic acid (16:1) and c/s-vaccenic acid 
(18:1)) (167). E. coli cannot produce polyunsaturated fatty acids. In addition to saturated and 
unsaturatedd fatty acids, the phospholipids of E. coli can also contain a cyclopropane fatty 
acid.. The synthesis of these acids is a post-synthetic modification of unsaturated fatty acids 
thatt are already esterfied into membrane-localised phospholipid molecules. 

Thee fatty acids are transferred to sn-glycerol-3-phosphate to form phosphatidic acid (PA), 
whichh is subsequently converted into cytidine-diphospho-diacylgelycerol (CDP-
diacylglycerol),, the precursor of other phospholipids of E. coli (Fig. 3) (29, 167). These steps 
andd all subsequent steps take place at the cytoplasmic surface of the inner membrane. At this 
point,, the biosynthetic pathway diverges into two routes (Fig. 3): one leading via 
phosphatidylserinee (PS) to the zwitterionic phosphatidylethanolamine (PE), the other to the 
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anionicc phospholipids phosphatidylglycerol (PG) and cardiolipin (CL). The latter is formed 
byy condensation of two molecules PG. The three major phospholipids of E. coli PE, PG and 
CL,, form 70-80%, 15-20%, and 1-5%, respectively, of the total phospholipid contents. 
Phosphatidicc acid (PA) and phosphatidylserine (PS), which are precursor molecules in the 
biosyntheticc pathway of the major phospholipids, occur only in trace amounts. The E. coli 
membraness do not contain phosphatidylcholine, phosphatidylinositol, and sphingomyolin. 
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Figuree 2. Structure formulas of the major phospholipids. 

Thee exact lipid composition found in wild type strains is not required for viability of the 
cells.. The phospholipid headgroup composition in E. coli can be altered artificially at the 
levell  of synthesis, by lethal mutations or by promotor controlled expression (165). Mutants 
withh a defect in the enzyme PS-synthase lack PE and can survive only in the presence of 
considerablee amounts of divalent cations (44). Neither PG, nor CL are essential for viability, 
sincee their role can be taken over by the other negatively charged phospholipid PA (108). 
Forr survival, a minimal amount of 1-2% of the total phospholipid contents has to be anionic 
phospholipidss (81, 82). 

1.2.22 Phospholipid function 
Thee general function of the phospholipids is to assemble into a lipid bilayer that serves as 

aa matrix in which membrane proteins are stabilised. In addition, phospholipids have several 
otherr functions in the cell (see for review: (56, 185). The anionic phospholipids are involved 
inn the membrane association of many proteins, and play a role in the translocation of proteins 
acrosss the membrane. Another process that is dependent on the presence of anionic 
phospholipidss is the initiation of DNA replication by binding of DnaA (134, 165). 

PGG is the precursor molecule for the synthesis of the major outer membrane lipoprotein, 
andd the phosphoglycerol moiety is used for the synthesis of membrane-derived 
oligosaccharidess (MDO). Similarly, the phosphatidylethanolamine group is used for the 
modificationn of MDO in the periplasmic space. However, the turn-over rate of PE is not as 
fastt as that for PG. 

PEE is a relatively small phospholipid and due to its molecular shape, it has a preference to 
formm non-bilayer structures (31). Therefore, it is thought to play a major role in maintaining 
thee membrane integrity. In cells lacking PE, this role is taken over by CL in combination 
withh divalent cations (172). 

9 9 



(PGP) ) 

<£> > 
Figuree 3. Schematic representation of biosynthetic pathway of the E. coli phospholipids. The major 
phospholipidss are indicated in the grey circles. G3P, in-glycerol-3-phosphate; PGP, phosphatidylglycerol 
phosphate. . 

1.33 Assembly of the cell envelope 
Duringg elongation, the width of the cell remains almost constant. The diameter is 

maintainedd by the rigid, though dynamic peptidoglycan layer. Peptidoglycan subunits are 
synthesisedd in the cytoplasm and subsequently translocated to the periplasm where they are 
incorporatedd in the preexisting layer. This incorporation requires the activity of both 
transpeptidasess as well as transglycosidases. The high molecular weight penicillin binding 
proteinss (PBP) 1A, IB and 1C contain both activities, while PBP2 and PBP3 are specified 
transpeptidases.. Investigations of the synthesis of the peptidoglycan layer by 
autoradiographyy have revealed that incorporation of radioactive diaminopimelic acid ([3H]-
DAP,, a component of the peptodoglycan layer) in non-dividing cells occurs in a diffuse 
mannerr along the length of the cell (215). However, in constricting cells there is a 
redistributionn of the activity of peptidoglycan synthesis: the activity at the constriction site is 
increasedd at the expense of the lateral synthesis (213, 215). This suggests that during 
constrictionn of the cell envelope, the synthesis of peptidoglycan of the lateral wall by PBP2 
hass to switch to a division-site specific synthesis (213), which is carried out by PBP3 (or 
FtsI).. However, for peptidoglycan synthesis not only transpeptidases (PBP2 and PBP3) are 
requiredd but also transglycosylases, endopeptidases, and hydrolases. It has, therefore, been 
proposedd that these enzymes together form a (hypothetical) peptidoglycan-synthesising 
complex,, with complexes of a different composition for cell elongation and cell constriction, 
respectivelyy (90, 147). 

Thee rod-shape of the E. coli cell is not only maintained by the peptidoglycan layer, but 
alsoo by the products of the genes located in the mrd and mre clusters at respectively 14.5 and 
711 min on the chromosomal map (195, 201). The gene products of the mrd cluster are PBP2 
andd RodA that probably function together in an early step of elongation (98). The gene 
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productss of the mre cluster are thought to be involved in a cell division/elongation control 
system,, since deletion of these genes resulted in an increase of the concentration of PBPlb 
andd PBP3 (201). One of these genes encodes for MreB (53). Recently, it was demonstrated 
byy comparison of crystal structures of actin and Mre that the latter might be the bacterial 
homologuee of the eukaryotic protein actin (197). In addition, it has been shown that MreB 
formss helical filamentous structures located just under the surface of the inner membrane in 
BacillusBacillus subtilis (99) and in E. coli (T. den Blaauwen, personal communication). Databank 
analysiss revealed that MreB-like proteins occur only in rod-shaped organisms, suggesting 
thatt they might form, together with FtsZ (the bacterial homologue of tubulin, see below) a 
bacteriall  cytoskeletal structure (99). 

Phospholipidd synthesis during the cell cycle has been studied in basically the same way as 
thee synthesis of the peptidoglycan layer, by measuring the incorporation of radioactive 
precursorr molecules, like phosphate and glycerol. However, the results obtained by several 
groupss are quite controversial. Three different patterns of phospholipid synthesis are 
reported,, namely a continuous, exponential increase (25), a linear rate with an abrupt 
increasee in total lipid synthesis that coincides with the initiation of cross wall synthesis (22), 
andd a bilinear increase with a sudden doubling in the rate of phospholipid synthesis 
(DROPS)) (75, 76, 100, 161, 162). The differences between these studies might be due to the 
differentt methods used for synchronisation, though this is not clear. 

Thee attachment of both the inner and outer membrane to the peptidoglycan layer implies 
thatt the membranes might exhibit the same pattern of expansion and synthesis as the 
peptidoglycann during the division cycle (69). This was also demonstrated by comparing the 
timingg of incorporation of [3H]-DAP and radiolabelled glycerol or palmitate, precursors for 
celll  wall synthesis and phospholipid synthesis, respectively, which revealed to be similar 
duringg the cell cycle (69). 

1.44 The E. coli cell cycle 
Duringg the cell cycle, E. coli duplicates all of its components and subsequently divides by 

binaryy fission to form two essentially identical daughter cells. During this process cells 
elongatee and at the time that the cell has reached a critical mass DNA replication is initiated 
(54)) The DNA segregates during replication and, subsequently, the cell will divide again. 
Thesee two processes, DNA replication and segregation, and cell division have to be carefully 
tunedd to each other. The relationship between these processes has been described by the so-
calledd "I+C+D"-rule (84), where I is the time required for the initiation of chromosome 
replication,, C is the time for a round of chromosome replication, and D represents the time 
betweenn completion of chromosome replication and the subsequent division. For several 
culturess of E. coli B/r studied, the C and D periods remain constant for doubling times 
varyingg from 20 to 60 min (26). This implies that DNA replication cycles can start before the 
ongoingg ones have finished. Replicating chromosomes in E. coli move apart coincident with 
thee elongating cell, because a more or less constant distance between the nucleoid border and 
thee cell poles (199) and between the origin of replication and the cell poles (153, 175) has 
beenn found. 
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Thee mass of the cytoplasmic components, i.e. RNA, proteins, ions etc., increases 
continuouslyy during the cell cycle, resulting in a increase of turgor pressure on the cell 
surface.. As a result of this stress on the cell envelope, new cell wall material is synthesised 
andd incorporated into the preexisting peptidoglycan layer. Along these lines a model has 
beenn proposed that describes that rod shaped cells, like E. coli, grow in response to the 
increasee of cell mass, the so-called surface stress model (110). 

1.55 The division process 
1.5.11 Composition and formation of the divisome 
E.E. coli cells divide by invagination of the cell envelope. This process involves all three 

layerss of the cell envelope. More than a dozen cell division proteins have been identified in 
E.E. coli. Among these are the so-called Fts-proteins (FtsA, FtsI, FtsK, FtsL, FtsN, FtsQ, FtsW 
andd FtsZ) which have been characterised as thermosensitive mutants (Fts stands for 
filamentationn temperature sensitive). The FtsZ interacting protein ZipA, was found in a 
biochemicall  screen for proteins that interact directly with FtsZ. The number of protein copies 
perr cell varies widely per cell division protein. It has been estimated that a cell contains 
approximatelyy 5000-20,000 molecules of FtsZ (8, 163), 100-1000 molecules ZipA (77), 50-
2000 molecules FtsA (203), 50 molecules of FtsQ (21), 100 molecules FtsI (55), and 20-40 
moleculess FtsL (74). Despite these variations, the ratio between these proteins is critical for 
celll  division. For instance, overproduction of FtsZ, FtsA and FtsQ results in a block of cell 
divisionn leading to filamentation (21, 202, 208). The inhibition of cell division due to 
increasedd levels of FtsZ or FtsA can be suppressed by overproduction of respectively FtsA 
andd FtsZ, indicating that the proper ratio FtsZ to FtsA is critical for cell division to occur 
(34,, 49). All of these cell division proteins have been shown to be essential for cell division 
andd they all localise at midcell position (see for review: (132, 177)). 

Sofarr FtsZ is the first protein that localises at the future division site. As revealed with 
GFP-fusionn proteins and/or immunofluorescence microscopy, the localisation of other cell 
divisionn proteins is dependent on FtsZ. The localisation of both ZipA and FtsA is dependent 
onn the presence of FtsZ, although they are recruited independently of each other (78, 119). In 
cellss depleted of FtsK only FtsZ, FtsA and ZipA were able to localise (23), suggesting that 
FtsKK is the fourth protein in line that localises to the division site. In the same way the order 
off  localisation of the other cell division proteins has been determined. FtsL requires also 
FtsQQ to localise, but not FtsI (71). Apart from this, GFP-FtsI failed to localise in the absence 
off  FtsQ and FtsL (210). In a recent study it was shown that the localisation of FtsW depends 
onn the localisation of FtsZ, whereas FtsW is needed for the recruitment of FtsI and FtsN 
(136).. Localisation of FtsN requires not only functional FtsL and FtsQ, but depends also on 
FtsII  (2), whereas in cells depleted of FtsN also FtsL, FtsQ, and FtsI were able to localise. 
Thiss leads to the following order of appearance of cell division proteins at the division site: 
Afterr localisation of FtsZ, FtsA and ZipA will localise immediatly, subsequently followed by 
FtsK,, FtsQ, FtsL, FtsW, FtsI and FtsN (Fig. 4). 

Thee cell division proteins act in concert and it is assumed that they form a structure, the 
so-calledd divisome (147), which is instrumental in the invagination of the cell envelope. 
Althoughh it might be expected that the proteins form one multimeric structure (divisome), 
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evidencee for direct interactions has only been presented for FtsZ and FtsA (3, 127), FtsZ and 
ZipAA (77), PBP3 and FtsW (133), and PBP3 and PBPlb (91). 

1.5.22 Characteristics and function of the cell division proteins 
Thee formation of the FtsZ-ring at the middle of the cell is the earliest step of cell division 

ass identified until now. It is unknown whether the Z-ring actually provides a contractile force 
too pull in the edges of the cell, or whether it simply provides an assembly site that spatially 
restrictss the activity of the other cell division proteins (72), or both. Charateristics and 
functioningg of FtsZ are described in detail at section 1.5.4. The function of the other cell 
divisionn proteins is not well understood yet, except that they are all essential for cell 
division. . 

Likee FtsZ, FtsA is a cytosolic protein. It is an actin-like ATPase that may play a role in 
thee recruitment of other cell division proteins to the division site (12). 

Thee membrane-anchored protein ZipA might be involved in stabilising the FtsZ-ring, 
sincee in vitro experiments showed that ZipA is able to bundle FtsZ filaments (79, 170). 

FtsW,, an integral membrane protein, is thought to be involved in the stabilisation of the 
FtsZ-ringg (14, 107) as depletion of FtsW leads to a decrease in the number of Z rings. FtsW 
iss probably required throughout the constriction process. Two types of thermosensitive 
mutantss of FtsW were found, one resulting in inhibition at an initiation state of cell division 
(107),, whereas the other resulted in a block of cell division at a later stage (106). 

FtsKK is also an integral membrane protein, with four transmembrane segments and both 
itss N-terminus and C-terminus located in the periplasm. Its expression is induced upon SOS-
responsee after DNA damage, and it is thought to be involved in keeping the chromosomes 
awayy from the putative contractile cell division complex (205) by decantation of the 
daughterr chromosomes (190). 

orderr of appearance 
Figuree 4. Orrientation of the cell division proteins in the cell envelope. The order of appearance at the 
divisionn site is indicated with the arrow. See the text for a description of the proteins. OM, outer membrane; 
PG,, peptidoglycan layer; IM, inner membrane. 
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Thee cell division proteins FtsQ, FtsL, FtsI (PBP3; penicillin-binding protein 3) and FtsN 
sharee several features: they are all bitopic inner membrane proteins, with a simple membrane 
topology,, consisting of a short N-terminal cytoplasmic domain that is linked by a single 
transmembranee segment to a large C-terminal periplasmic domain (13, 21, 35, 74). Littl e is 
knownn about the activity of these proteins and their functions remained to be elucidated, 
exceptt for FtsI, which carries out divisome-specific peptidoglycan synthesis (see for review 
(132,, 177)) 

1.5.33 Cell division genes 
Thee genes encoding the cell division proteins are mainly located at the 2-min region of 

thee chromosomal map. In this region the genes encoding the enzymes involved in 
peptidoglycann synthesis are also located and, therefore, it is called the division and cell wall 
(dew)) cluster. To avoid damaging effects by unbalanced protein synthesis, the concentration 
off  the cell division proteins must be maintained within defined limits which is achieved with 
aa very complex gene regulation system (see for review: (50) and (101)). For instance, 
transcriptionn of the ftsZ gene, which is part of the ftsQAZ operon, is directed from multiple 
promotors.. Two of them, upstream of ftsQ, transcribe the entire operon, while an other one, 
withinn ftsQ, transcribes ftsA and ftsZ, and three other promotors located within ftsA 
transcribee ftsZ only (5). It is still controversial whether the transcription offtsZ is periodic or 
continuouss during the cell cycle (see for review: (50)). 

1.5.44 FtsZ 
1.5.4.11 Occurrence and structure of FtsZ 
FtsZZ is a highly conserved cell division protein and is essential for cell division in all 

bacteriall  species investigated. FtsZ is found in almost all Bacteria and in the majority of the 
Archea.. It is also found in chloroplasts (158) and in mitochondria of most protists (6, 72). 
Thee Bacteria mainly contain one ftsZ gene, whereas in many Archea two ftsZ genes, ftsZl 
andd ftsZ2, have been identified (121). 

FtsZZ is a 40.3 kDa protein, consisting of 383 amino acids. The crystal structure of FtsZ 1 
fromm M. jannashii has been solved at a resolution of 2.8 A by Löwe and Amos (122) (Fig. 5). 
Thee molecule consists of two globular domains that are connected by a long (23-residue) 
centrall  helix, H7 according to the nomenclature as proposed by Nogales et al. (154). The N-
terminall  region of FtsZ, including the central helix, is highly conserved. It consists of a six-
strandedd parallel p-sheet surrounded by two and three helixes on both sites (122) (Fig. 5). In 
thiss region a highly conserved, glycine-rich domain (GGGTGTG) is located, a common 
GTP-bindingg motif. Another interesting part of the N-terminal region is formed by the first 
377 amino acids. A FtsZ-GFP fusion protein lacking these amino acids was not able to 
localise,, suggesting that these residues are essential for localisation (127). However, it is not 
knoww whether this truncated FtsZ-protein is still able to polymerise. 
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Figuree 5. Crystal structure of M. jannashii-FtsZ. The centarl helix (H7) is shown in dark grey. The C-
terminuss and N-terminus are indicated with C and N, respectively. Note that the extreme C-terminus was not 
solvedd in the crystal structure, and that E. co//-FtsZ contains 36 extra residues compared to M.jcmnashii-FtsZ. 

Thee N-terminal region is connected to the C-terminal domain, with a linker domain that is 
variablee in both length and sequence. The C-terminal region of FtsZ consists of a mainly 
parallell  four-stranded p-sheet with two helices at one side, whereas the other side is facing 
thee central helix. The extreme C-terminus (8 residues) was not solved in the crystal structure 
off  M. jannashii-FtsZ. Noteworthy, a striking difference between E. coli-FtsZ and of M. 
jannashii-FtsZjannashii-FtsZ is that the C-terminus of E. coli-FtsZ contains 36 extra residues. 

FtsZZ is not only highly conserved among the bacterial species; it shares also several 
similaritiess with tubulin, an eukaryotic cytoskeletal protein. Although the primary sequence 
homologyy is limited and mainly centred around the GTP-binding motif, the crystal structures 
off  FtsZ and tubulin show extensive similarities (122). Both have N-terminal GTP-ase 
domainss with the characteristic Rossmann-fold structure (176). Even the C-terminal 
domains,, which have little sequence similarity, show considerable structural similarity. In 
additionn to structural similarities, FtsZ, like tubulin, it can bind and hydrolyse GTP and it can 
assemblee into protofilaments (62, 63). In vitro, it self-associates, forming linear oligomers 
andd upon addition of several promoting agents, the protofilaments can associate forming 
sheetss or bundles (62, 219), curved filaments and minirings (62) as well as tubular polymers 
(17,, 125, 143). Based on these similarities between FtsZ and tubulin, it has been suggested 
thatt FtsZ might form a kind of prokaryotic cytoskeletal structure by self-assembly. 

Severall  models have been proposed to connect the properties of FtsZ with cell division 
(16,(16, 60). However, the mechanisms that relate GTP binding, GTP hydrolysis and self-
associationn and the roles that these processes play in FtsZ function are not yet known. 

Ass mentioned above, FtsZ is able to self-assemble into polymers. Using two-hybrid 
assayss with truncated FtsZ-variants, it was determined that the region between amino acids 
1755 and 323 is required for polymerisation, with a stabilising role for the C-terminal part 
(fromm amino acid 323 onwards) of the protein. (51, 206). Multimerisation of FtsZ is 
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dependentt on binding and hydrolysis of GTP. Comparison of the crystal structure of FtsZ 
andd the a-(3 tubulin dimer (123) suggested that the active site of FtsZ is formed by the T3 
loopp (residue 69-73 of E. coli FtsZ) and T7 loop (residue 201-210 of E. coli FtsZ) of two 
oppositee monomers. This was revealed with experimental evidence of several groups 
workingg with FtsZ-mutants that are unable to hydrolyse GTP (see for review: (181)). 

1.5.4.22 Proteins that interact with FtsZ 
Inn addition to multimerisation, it has also been shown that FtsZ interacts directly with 

FtsAA and ZipA. Interaction between FtsZ and FtsA was inferred from their co-localisation to 
thee division site and by the fact that the cellular ratio FtsA:FtsZ of 1:100 is very critical for 
normall  cell division to occur (34, 49). Biochemical evidence for a direct interaction between 
FtsZZ and FtsA was obtained with yeast two-hybrid experiments (52, 128). From these (and 
otherr experiments with FtsZ truncates) it became clear that the extreme C-terminus of FtsZ is 
involvedd in this interaction, especially residues L372 and P375 (128). 

ZipAA has been shown to bind FtsZ in vitro, and it appeared to be associated with the FtsZ 
ringring in vivo (77). Deletion derivatives of both FtsZ and ZipA were used to establish that of 
bothh proteins the C-terminal region is involved in the interaction (79, 119, 128). Residues 
D373,1374,, F377, and L378 of FtsZ are essential for this interaction (80). 

AA direct interaction is also possible between FtsZ and the cell division inhibitors SulA 
(SfiA)) and MinC. SulA, a component of the SOS response, is expressed after DNA damage, 
andd prevents the formation of the Z-ring by inhibiting the polymerisation of FtsZ (102, 140). 
Althoughh the exact region of interaction is unclear, it was deduced with yeast two-hybrid 
experimentss that the conserved N-terminal domain of FtsZ is involved. (95). MinC is one of 
thee proteins of the MinCDE system, that is involved in the correct placement of the Z-ring 
(40)) (see below). MinC forms a complex with MinD (MinCD) and together they prevent the 
formationn of the Z-ring. However, a 25-50 fold increase of the physiological MinC level in a 
celll  is also enough to inhibit cell division (40), suggesting that MinC, activated by MinD, 
directlyy interacts with FtsZ. Such an interaction has been observed with the yeast two-hybrid 
systemm (95). FtsZ is still able to polymerise and assemble into rings in MinC-overproducing 
cells.. Since Z-rings can not be formed in cells expressing SulA, this suggests that MinC 
inhibitss cell division at a later stage than SulA (102). The region of FtsZ that is involved in 
thee interaction with MinC has not yet been determined . 

1.5.55 Determination of the division site 
Underr normal conditions, division has to take place in the exact middle of the mother cell. 

Thee mechanism for positioning the division site at mideel 1 is not well understood yet. 
Currently,, two major negative regulatory systems are believed to be involved in preventing 
thee assembly of the FtsZ-ring at other sites than at midcell. 

Inn one of these systems, the nucleoid occlusion model (216, 217), a dedicated role for the 
nucleoidd is proposed. Studies with several mutant strains that are affected in DNA 
replicationn or in DNA segregation revealed that constriction takes only place in nucleoid-free 
zones,, and in the case of actively replicating nucleoids, near the nucleoid border (145). 
Furthermore,, the rate of peptidoglycan synthesis was found to be reduced in the nucleoid-
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containingg parts of dnaX(ts) mutants (146). These results have led to the idea that location of 
thee division site is determined as a result of DNA replication and segregation (145, 216, 
217).. It has been speculated that the non-separated nucleoid could form a physical barrier for 
thee assembly of the FtsZ-ring, which might be prevented by the nucleoid-associated protein 
MukBB (47). Upon termination of DNA replication a positive signal might be released and 
subsequentlyy induce a constriction at sites where an inhibitory effect of the nucleoid has 
decreased,, i.e. in between the two segregating daughter nucleoids. The finding that the 
formationn of the FtsZ-ring coincides in time with the termination of DNA replication (46) is 
inn good agreement with this model. However, in anucleated cells, generated by parC and 
mukBmukB mutations, the FtsZ ring localises to the cell midpoint despite the absence of a nucleoid 
(194).. This suggests that the nucleoid itself is not sufficient for the proper positioning of the 
divisionn site. 

Thee other system consists of three proteins encoded by the mw-operon, MinC, MinD and 
MinE.. Cells that lack MinC or MinD, or containing mutations in these proteins, not only 
dividee in the middle of the cell but are also able to constrict near the cell poles, resulting in 
DNA-lesss minicells (4). MinC, a cytosolic protein, is an inhibitor of FtsZ polymerisation and 
thereforee of cell division (92, 94). It forms a complex with the peripheral membrane protein 
MinD,, and together they prevent cell division at the cell poles by oscillating from one pole to 
thee other (93, 178). Inhibition of midcell division by MinCD is prevented by MinE, that 
servess as a topological regulator of MinCD (36, 37). In the absence of MinE, cell division is 
inhibitedd throughout the whole cell, resulting in filamentation and cell death. Like MinCD, 
MinEE oscillates through the cell (67), but in a zone closer to the midcell site (132). The 
oscillationn of the Min-proteins might serve as a measuring device leading to the definition of 
thee cell centre (169). 

1.66 Outline of this thesis 
Inn this thesis, the interaction between the essential cell division protein FtsZ and the E. 

colicoli inner membrane is studied. In Chapter 2, the isolation of in-side-out inner membrane 
vesicless is described. These vesicles still contain FtsZ, although this is just a minor part of 
thee total cellular FtsZ contents. The interaction domain of FtsZ with these inner membrane 
vesicless is investigated in Chapter 3. A trypsin-digestion assay was used to identify the 
domainn of FtsZ that is involved in binding to the membrane vesicle. It was found that the 
loopp towards the central helix of FtsZ is shielded. The positive residue R174, located in the 
middlee of this loop was subsequently replaced by a negatively charged aspartic acid residue. 
Thee effect of this mutation on localisation of FtsZ, its function in cell division, and its 
polymerisationn activity in vitro were studied in Chapter 4. 

Inn Chapter 5, the phospholipid composition of E. coli minicells is compared with that of 
wildd type cells. Minicells occur after cell division near the cell pole and can therefore be 
usedd as a model for the cell envelope at the division site. 

Inn the last chapter an overview and general discussion of the results are presented. The 
resultss of the experiments are summarised in a tentative model for the FtsZ-ring. 
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