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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. Structur e 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). 
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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 

® ® 

(G3P) ) 
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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. Orrientatio n 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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Chapterr 2 

AA  small fraction of the FtsZ molecules is tightl y bound to 

thee Escherichia coli inner  membrane. 

Implication ss for  the Z-rin g 

Cecile-Mariee Koppelman, Tanneke den Blaauwen, Mirjam E.G. Aarsman, and 
Nannee Nanninga 

SwammerdamSwammerdam Institute for Life Sciences, BioCentrum Amsterdam, Section of Molecular 
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2.11 Abstract 
Wee investigated the interaction of the cell division protein FtsZ with the Escherichia coli 

innerr membrane using inside-out inner membrane vesicles (IMV) . Although FtsZ occurs 
mainlyy in the cell as a cytosolic protein, it was found that these vesicles contain 2.5 ug 
membrane-boundd FtsZ per mg IMV, which corresponds to about 4.5% of the total amount of 
FtsZZ present in the cell. 

Thee strength of the interaction was tested by washing the vesicles with solutions varying 
inn pH and ionic strength. FtsZ remained to a large extent attached to the membrane after 
washingg with EDTA, 2 M NaCl, and after changing the pH to 11.5. FtsZ was only released 
fromm the IMV after treatment with 6 M urea or disruption of the membranes with 1% Triton-
XI00.. These results indicate that FtsZ is strongly attached to the membrane, but that there 
aree no strong electrostatic interactions involved. Furthermore, the interaction between FtsZ 
andd the membrane appears to be similar to that of SecA, a well-studied peripheral protein. 
Sincee FtsZ does not contain a potential membrane-spanning region, it is most likely that it is 
boundd to a membrane (cell division ?) protein. 

Wee present a model that describes the Z-ring as a combination of subassemblies 
consistingg of cell division proteins including a fraction of the FtsZ molecules. The FtsZ-ring 
ass such is formed by polymers that are bound to these subassemblies. 

20 0 



2.22 Introductio n 
Inn the rod-shaped Gram-negative bacterium Escherichia coli more than 10 different 

proteinss act in concert during the cell division process. One of them is the essential cell 
divisionn protein FtsZ. This cytosolic protein, with a molecular mass of 40.3 kD, occurs in 
aboutt 5000 to 20,000 copies per cell (8, 163). The structure of FtsZ shows significant 
similaritiess with the eukaryotic protein tubulin, including the GTP-binding pocket. Like 
tubulin,, FtsZ is a GTP-ase and it is able to form polymers by self-assembly in a GTP-
dependentt manner (60). It is generally assumed that this self-assembly is the driving force to 
formm a ring-like structure. Well before the constriction is visible, FtsZ moves from the 
cytosoll  to the future division site, located at the inner surface of the inner membrane at 
midcelll  position (8,46), where it forms a ring. The formation of this FtsZ-ring is the earliest 
stepp in bacterial cell division as identified up to now. It was shown by using appropriate 
mutants,, immunofluorescence microscopy and/or by using fusions of the cell division 
proteinss with the green fluorescent protein GFP that the localisation of all other cell division 
proteinss is dependent on that of FtsZ. It was revealed that directly after FtsZ both FtsA and 
ZipAA localise, independently of each other. Subsequently FtsK, FtsQ, FtsL, FtsW, FtsI, and 
FtsNN are localised (see for review: (177); see also (23, 136)). 

Althoughh several characteristics of FtsZ are studied intensively, it is still unknown what 
thee signal is that targets FtsZ to its correct position. The positioning of the Z ring appears to 
bee negatively regulated by both the nucleoid (193, 216, 217) and by the oscillating MinCD 
inhibitorr proteins (39). Since FtsZ itself does not contain a membrane-spanning domain, it 
seemss most likely that it will be bound to the inner membrane via a direct interaction with 
thee membrane lipids and/or via a membrane protein. Initially, a role as membrane anchor for 
FtsZZ was dedicated to the Z interacting protein A (ZipA) (77). However, it was found that 
alsoo the localisation of ZipA is dependent on the presence of FtsZ at the division site (78) 
Therefore,, there might be another target for the correct localisation of FtsZ to the middle of 

thee cell. 
Too get more insight in this localisation process, we studied the interaction between FtsZ 

andd the E. coli inner membrane by using inside-out inner membrane vesicles (IMV) . After 
thee isolation of IMVs, the amount of FtsZ bound to the vesicles was determined. 
Subsequently,, the IMVs were washed with buffers, varying pH and ionic strength, to study 
conditionss that might strip FtsZ from the membrane. Our results showed that a fraction of the 
FtsZZ molecules is strongly attached to the membrane vesicles and that FtsZ occurs as a 
peripherall  membrane protein, most likely bound via another protein. The number of 
moleculess present in the cell compared with that of bound to the membrane has been 
calculatedd and a model for the FtsZ-ring will be presented. 
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2.33 Materials and methods 
2.3.11 Bacterial growth 
Inn this study E. coli K12 wild type strain MC4100 lysA {F, araDtt9, A(argF-lac)U\69, 

deoC\,JIbB530\,deoC\,JIbB530\, ptsFIS, rbsR, relAX, rpsLlSO, lysAX) (196) was used. Cells were grown to 
steadyy state with a doubling time of 80 min at 28°C in a glucose minimal medium containing 
6.333 g K2HP04-3H20, 2.95 g KH2P04, 1.05 g (NH^SCM, 0.10 g MgS04-7H20, 0.28 mg 
FeS04-7H20,, 7.1 mg Ca(N03)2-4H20,4 mg thiamine and 4 g glucose per liter, supplemented 
withh 50 mg lysine per liter, pH 7.0. Cells were harvested by centrifugation at 4°C for 10 min 
att 7500 x g. 

2.3.22 Preparation of membrane vesicles 
Inside-outt inner membrane vesicles (IMV) were isolated essentially as described (42). 

Briefly,, after harvesting at OD450 = 0.2, the cells were washed in buffer K (50 mM 
triethanolamine-HAcc pH 7.5, 250 mM sucrose, 1 mM EDTA, ImM DTT and 0.5 mM 
Pefablockk (Roche Diagnostics, Mannheim, Germany)) and resuspended in a final volume of 
55 ml buffer K per liter culture. The cell suspension was passed twice through a French Press 
att a pressure of 8,000 psi. After each cycle an extra 1 mM DTT was added to the cell 
suspension.. Unbroken cells were removed by centrifuging twice at low speed (5 min at 7500 
xx g). The vesicles were pelleted at 165,000 x g for 90 min and resuspended in a small 
volumee of buffer M (buffer K without sucrose). The inner and outer membrane vesicles were 
separatedd according to the method of Osborn et al. (157). The vesicle suspension was 
layeredd on top of a sucrose gradient consisting of a 3 ml 55% (w/v) bottom layer, a 4.5 ml 
50%% (w/v) layer, a 9 ml 45% (w/v) layer, and subsequently three 4.5 ml layers of 
respectivelyy 40%, 35% and 30% (w/v) sucrose. All sucrose solutions were prepared in buffer 
M.. The gradients were centrifuged for at least 16 h at 112,000 x g after which they were 
fractionatedd by using a needle and a peristaltic pump. Alternatively, only the visible 
membranee bands were collected. The membrane vesicles were washed with buffer M, 
resuspendedd in buffer L (buffer K without EDTA), and subsequently quickly frozen in liquid 
nitrogenn and stored at -70 °C. 

2.3.33 Analysis of isolated membrane fractions 
Thee protein content of the isolated fractions was determined using the BCA reagents of 

Piercee Chemical Company (Rockford, Illinois, U.S.A.), supplemented with 0.1% SDS and 
usingg BSA as a standard. 

Too discriminate between the inner and outer membrane fractions, the isolated fractions 
weree tested for the presence of a typical outer membrane component and the activity of a 
specificc inner membrane enzyme. The amount of the outer membrane present in the fractions 
wass estimated by determination of the 2-keto-3-deoxyoctonic acid (KDO) contents. Samples 
containingg 100 ug protein were precipitated with 10% trichloroacetic acid (TCA) (final 
concentration)) for 15 min on ice. After centrifugation (15 min 20,000 x g), the pellets were 
resuspendedd in 50 ul H20. KDO determination was subsequently performed as described by 
Bradee et al. (15). The activity of the inner membrane enzyme succinic dehydrogenase (SDH) 
wass determined as described by MacGregor and Schnaitman (129). 
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2.3.44 Determination of FtsZ 
Sampless (containing 10 jig of protein) from total cell extract, cytosol, the total membrane 

fraction,fraction, purified outer membrane vesicles and inner membrane vesicles were resuspended in 
samplee buffer (50 mM Tris/HCl pH 8.3, 2% SDS, 2% DTT, 10% glycerol, 0.01% 
bromophenolblue),, subjected to SDS-PAGE (12% gel) and transferred to nitrocellulose. The 
blotss were incubated with the monoclonal antibody mAb F186-12 against FtsZ (200) and a 
peroxidase-labledd antimouse secondary anitibody (Sanofi Diagnostics Pasteur, Marnes la 
Coquette,, France). Protein bands were detected using the chemoluminescence method of 
Piercee Chemical Company (Rockford, Illinois, U.S.A.) as described by the manufacturer. 

Forr quantitative Western blotting, known amounts of purified FtsZ were run on the same 
gell  as samples of total cell extract and IMV to ensure consistent results. To prevent over-
exposure,, a set of at least 5 films was developed with varying exposure times. Band 
intensitiess were quantified by laser scanning densitometry on an Ultroscan XL (Pharmacia 
LKB,, Bromma, Sweden). Over-exposud films and films showing a non-linear relation 
betweenn intensity and amounts of FtsZ were discarded. 

2.3.55 Extraction of FtsZ from the IMV s 
Thee interaction between FtsZ and the E. coli inner membrane was investigated by 

washingg the IMVs with several solutions of different constituents. The IMVs (50 p.g (protein 
based)) per sample) were diluted in buffer L (final volume 250 ul) supplemented with either 
100 mM EDTA, or 2 M NaCl, or 6 M urea or 0.1% Triton X-100. To test the influence of the 
pHH on the interaction between FtsZ and the inner membrane, the IMVs were incubated in 0.1 
MM Na2CC»3, pH 11.5 in distilled water, supplemented with 250 mM sucrose, 1 mM DTT and 
0.55 mM Pefablock. After incubation for 60 min on ice, the samples were centrifuged (30 
min,, 4 °C at 130,000 x g). The pellets were resuspended in 25 ul sample buffer and analysed 
onn SDS-PAGE and Western blot as described above. To compare the interaction of FtsZ and 
thee membrane with the interaction of SecA and the inner membrane, blots were incubated 
withh mAb F168-12 against FtsZ or a polyclonal antibody against SecA (a generous gift from 
Prof.. Dr. A.J.M. Driessen). 

2.44 Results 
2.4.11 Isolation of inner  membrane vesicles 
FtsZZ is a cytosolic protein that has to move to the inner membrane to initiate cell division. 

Too elucidate the kind of interaction between FtsZ and the inner membrane, in-side-out inner 
membranee vesicles (IMV) were isolated from steadystate grown E. coli MC4100 by passing 
thee cells through a French Press. The inner membrane vesicles were separated from the outer 
membranee vesicles by a sucrose gradient centrifugation step (Fig. 1). After this step, two 
bandss can be seen in de gradient: one broad band in the 45% sucrose layer, and a faint band 
inn the 35% sucrose layer. Twelve fractions of 2.5 ml were collected from the bottom 
(fractionn 1) to the top (fraction 12) of the gradient. These fractions were characterised by 
determinationn of their protein content, the amount of the outer membrane component 2-keto-
3-deoxyoctonicc acid (KDO) and the activity of the inner membrane enzyme succinic acid 
dehydrogenasee (SDH). The results have been plotted in Fig. 1 as percentage of the amount 
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foundd in all accumulated fractions. Almost all protein was found in fractions 3 to 9. Due to 
thee very low protein content of the fractions 1 and 2 and 10 to 12, it was not possible to 
detectt the amount of KDO and/or the activity of SDH in these fractions. KDO was 
particularlyy found in the fractions 4 to 6. In these fractions, corresponding to the 45% 
sucrosee layer, almost no SDH-activity was detected. From these results it could be concluded 
thatt the broad band found in the 45% sucrose layer contains the outer membrane vesicles. 
Thee highest activity of SDH was detected in fraction 8, whereas in this fraction almost no 
KDOO was detected. Therefore, it can be concluded that this fraction, corresponding to the 
35%% sucrose layer with the faint band, contains the inner membrane vesicles. In subsequent 
isolations,, only the fraction containing this faint band was collected from the gradient and 
designatedd as the IMV-containing fraction. The yield of IMV, obtained from 1 liter culture 
off  wild type E. coli cells (MC4100) grown under steady state conditions and harvested at 
OD4500 = 0.2, was about 0.2 mg (protein based). 
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Figuree 1. Characterisation of sucrose gradient fractions. Sucrose gradients were fractionated after 16-18 h 
centrifugationn from the bottom (fraction 1) to the top (fraction 12). From the fractions was determined the 
proteinn content (circles), the content of KDO (triangles), and the activity of SDH (squares), as mentioned at 
Materialss and Methods. 
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2.4.22 Subcellular localisation of FtsZ 
Too determine in which cellular fractions FtsZ is present, equal amounts (10 ug protein per 

sample)) of the intact cells, the cytosol, the total vesicle fraction, IMV and the outer 
membranee fraction were analysed by SDS-PAGE and Western blotting using mAb F186-12 
againstt FtsZ. As shown in Fig. 2 FtsZ is found in all fractions, except for the outer 
membranee fraction, as expected. It can also be seen that FtsZ is relatively enriched in the 
IMVV fraction, as compared with the intact cells, cytosol and total vesicles fraction (see also 
below). . 

1 22 3 4 5 

Figuree 2. Subcellular  localisation of FtsZ. The presence of FtsZ was determined in complete cells (lane 1), 
thee cytosol (lane 2), the total vesicle fraction (lane 3), the outer membrane vesicles (lane 4), and the IMV (lane 
5).. Samples, corresponding to 10 ug protein on protein basis, were subjected to SDS-PAGE followed by 
Westernn blot using mAb F168-12 against FtsZ. 

2.4.3.. Quantification of FtsZ 
Too estimate the fraction of total cellular FtsZ present in the IMVs, a quantitative 

immunoblottingg method was used. The intensities of protein bands from the IMV samples 
andd from cellular samples with known total protein concentration were compared to the 
intensityy of bands from purified FtsZ (range: 10-100 ng FtsZ), which were run on the same 
SDS-PAGEE gel. Total cell extract contained per mg protein 1.4 ug FtsZ, whereas per mg 
IMVV protein 2.7 ug FtsZ was found. 

2.4.44 Calculation of the number of FtsZ molecules per cell. 
Underr the growth conditions used, 1 ml cell culture contained 1.8 x 10 cells, as 

determinedd with an electronic particle counter. A protein concentration of 16.6 ug/ml was 
determined.. With an amount of 1.4 ug FtsZ per mg protein, this resulted in 1.3 x 10 7 ng 
FtsZZ per cell. The molecular weight of FtsZ is 40,3 kDa, meaning that each FtsZ molecule 
weighss 6.69 x 10"" ng. From these results it can be concluded that these cells contain on 
averagee 2000 molecules FtsZ, which is slightly lower than the values of 5000 to 20,000 
foundd in literature (8, 163). This difference is most likely a result of the fact that we used 
cellss grown in a minimal medium, whereas the reported values were calculated for cells 
grownn in rich medium. Cells grown in a rich medium a larger than cells grown in a minimal 
medium,, and contain, therefore, a higher cellular protein concentration. 

Similarly,, the number of FtsZ molecules found associated with the IMVs have been 
calculated.. The average yield of IMV isolated from 1 liter cell culture was found to be 0.2 
mg.. With a concentration of 2.7 ug FtsZ / mg protein, this results in 0.54 ug membrane-
boundd FtsZ per 1.8 x 10" cells, which is equal to 45 molecules membrane-bound FtsZ per 
cell. . 
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2.4.55 Interaction of FtsZ with the inner  membrane 
Too elucidate the chemical nature of the interaction between FtsZ and the inner membrane, 

thee IMVs were washed with different reagents, whereafter the presence of FtsZ in the 
membranee fraction was checked. EDTA strongly chelates divalent cations, such as Ca2+ and 
Mgg +, that might be involved in the interaction between FtsZ and the membrane, whereas a 
highh salt concentration is expected to weaken electrostatic interactions, which will lead to 
FtsZZ release from the membrane. As shown in Fig. 3 (upper panel), the intensity of the 
proteinn band after incubating in 10 mM EDTA (lane 2) is similar to that of the band after 
incubationn in buffer, suggesting that divalent cations are not involved in the interaction 
betweenn FtsZ and the inner membrane. However, the intensity of the protein band obtained 
fromm the sample incubated with 2 M NaCl is slightly decreased, indicating that part of the 
FtsZZ was released form the membrane. Under alkaline conditions, using a carbonate solution 
withh pH 11,5, most proteins except those directly anchored in the lipid bilayer are solubilised 
(68).. According to another definition (see for review: (189)) peripheral proteins can be 
releasedd from the membrane using stronger reagents, such as 6 M urea. As shown in Fig. 3 
(upperr panel), the majority of FtsZ is still present in the membrane fraction after pH change, 
althoughh the intensity of the protein band is slightly decreased. However, after incubation of 
thee IMV in 6 M urea that disturbs hydrogen bonds between proteins, FtsZ was almost 
completelyy released form the membrane. After disrupting the IMV with 1 % Triton X-100, 
FtsZZ was also released from the IMV. Together, these results give an indication that FtsZ 
compliess to the definition of a peripheral membrane protein. 

Too further corroborate these findings, we compared the membrane interaction of FtsZ 
withh that of SecA. SecA is a well-studied peripheral protein involved in protein translocation 
acrosss the E. coli inner membrane (see for review: (131, 212)). It was shown before, using in 
vitrovitro translocation experiments, that urea-treated vesicles are depleted of SecA (33). As 
shownn in Fig. 3 (lower panel), SecA is mainly released form the membrane after urea 
treatment,, similar as FtsZ. Furthermore, SecA remained attached to membrane after washing 
thee IMV with either buffer or buffer containing EDTA. Treatment with high salt or high pH 
resultedd in a slight decrease of SecA in the pellet. These results compare well with those 
foundd with FtsZ. This suggests that the interaction between FtsZ and the inner membrane is 
similarr to that of SecA, indicating that FtsZ is a strongly bound peripheral membrane protein 
whenn it is involved in cytokinesis. 

2.55 Discussion 
FtsZZ is a cytosolic protein that moves from the cytosol to the future division site at the 

innerr surface of the inner membrane (8). The localisation of the majority of the so far 
identifiedd other cell division proteins depends on the localisation of FtsZ. However, the 
target,, if present, that is recognised by FtsZ at the membrane is still unknown. In this report 
wee studied the interaction between FtsZ and the E. coli inner membrane. Inside-out IMVs 
weree isolated by sucrose gradient centrifugation. We showed that these vesicles contain a 
fractionn of the cellular FtsZ. They contained 2.5 ug FtsZ/mg (protein based) IMV, which 
equalss to 45 molecules of membrane-bound FtsZ per cell. 
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Figuree 3. Extraction of FtsZ and SecA of the E. coli inner  membrane. 1MV were incubated in buffer, with 
additionss as indicated above the lanes for 60 min on ice. Subsequently, the samples were centrifuged. Pellets 
weree resuspended in sample buffer and analysed by SDS-PAGE and Western blotting using mAb F168-12 
againstt FtsZ (upper panel) and a polyclonal antibody against SecA (lower panel). 

Wee have calculated that the total amount of FtsZ is about 2000 molecules per average 
cell.. This means that only 2% of the total cellular amount of FtsZ was found as membrane-
boundd FtsZ. One reason for this small amount may be the fact that FtsZ is only located at the 
innerr membrane during cell division. It was found that 53% of all the cells contain an FtsZ 
ringg (46) in a culture grown under steady state conditions as used in this study. In the other 
47%% of the cells FtsZ will therefore not be associated with the IMV. Taking this into account 
thee amount of FtsZ found at the IMV is about 4.5 % of the total amount of FtsZ present in 
dividingg cells. This suggests that there is either no strong interaction between the majority of 
thee FtsZ molecules and the inner membrane, or that not all the FtsZ molecules present in the 
celll  are used for the FtsZ-ring, or that not all FtsZ molecules present in the Z-ring are 
directlyy bound to the membrane. Another reason for this small amount might be that the 
FtsZ-ringg is disrupted during the isolation procedures. Therefore, the amount of FtsZ present 
att the IMVs may have been underestimated. 

Thee chemical nature of the interaction of FtsZ and the inner membrane was tested with 
extractionn experiments. In the fluid mosaic model of membranes of Singer and Nicolson 
(188)) peripheral proteins were described as proteins that can be easily released from 
membranee by mild treatments such as an increase of ionic strength or the addition of a 
chelatingg agent. Later on, the definition has been broadened to include also proteins released 
afterr treatment with stronger reagents, such as 6 M urea, or 0.1 M NaOH. Furthermore, it has 
beenn shown that several peripheral proteins can be removed from the membrane with 
carbonatee (68). Since FtsZ could not be completely released form the IMV by treatment with 
EDTA,, high salt, and carbonate, but only with 6M urea, it can be concluded that FtsZ occurs 
ass a strongly bound peripheral membrane protein at the IMV according to these descriptions. 
Inn addition to this evidence, the strength of the interaction of FtsZ with the membrane 
appearedd similar to that of SecA, a protein that also occurs both as a soluble cytosolic 
proteinss and a peripheral membrane protein (see for review: (131, 212)). 
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2.5.11 Number of Z-rings in the divisome 
Thee axial repeat of FtsZ in protofilaments is around 4.29 nm (123). To encircle an E. coli 

cell,, which has a circumference of about 2.67 urn under the growth conditions used in this 
study,, about 600 FtsZ molecules are needed for one continuous ring. In this study, we have 
shownn that each cell contains about 2000 molecules FtsZ, of which 45 are bound to the inner 
membrane.. This makes it impossible to form a complete Z-ring consisting of membrane-
boundd FtsZ molecules only. It is generally assumed that FtsZ forms a complex with the other 
celll  division proteins, although these proteins are much less abundant than FtsZ. For 
instance,, each cell contains about 200 molecules FtsA (203) and 25 molecules FtsQ (203). 
Basedd on the number of FtsZ molecules found in the IMVs, and the low abundance of the 
otherr cell division proteins, it was previously proposed that the divisome is composed of the 
FtsZZ ring and divisome subassemblies (149). In each cell about 25-50 subassemblies could 
occur.. Here we infer that each subassembly could contain one or two molecules FtsZ. 
Becausee this is not enough to cover the circumference of the cell completely, the Z-ring is 
mostt likely further formed by FtsZ polymers connecting the several subassemblies with each 
otherr (Fig. 4). The FtsZ molecules in these subassemblies could serve as nucleation sites, 
fromm which the other FtsZ molecules can polymerise. According to the number of FtsZ 
moleculess in the cell, about 3 to 4 complete rings could be formed. However, it was shown 
byy analysis of the distribution of FtsZ-GFP in the cell that about 30% of the FtsZ molecules 
aree involved in the formation of the Z-ring (191), which corresponds with one complete 
rings. . 

Figuree 4. Model for  the FtsZ ring bound to the inner  membrane via subassemblies. The FtsZ-ring is 
presentedd as two discontinuous rings, consisting of overlapping protofilaments. The protofilaments of the outer 
mostt ring are connected to the inner membrane via direct contact with the subassemblies (black triangles). The 
protofilamentss of the inner Z-ring are bound to the outer ring via bundling, most likely mediated by ZipA (not 
shown). . 
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Nevertheless,, it may not be necessary that an FtsZ protofilament encircles the 
circumferencee completely. Several small filaments can each cover one part of the ring. If 
thesee smaller filaments are arranged in such a way that they overlap each other, they could 
formm a complete ring structure together (Fig. 4). The average length of FtsZ polymers in 
vitro,vitro, as measured on electron microscopic images, is 23 subunits (174). Since a complete 
FtsZZ ring should consist of about 600 molecules, at least 27 of these short polymers are 
requiredd to encircle the circumference of an E. coli cell. With some overlap between the 
individuall  polymers, the calculated number of 25-50 subassemblies seems to be enough to 
bindd the small proteofilaments that form together a ring structure. The overlap between the 
individuall  proteofilaments might be regulated by ZipA, which has been shown to induce 
bundlingg of FtsZ polymers in vitro (79). Another protein involved in stabilising the FtsZ ring 
mightt be FtsA. The ratio between FtsZ and FtsA has been shown critical for cell division; 
overproductionn of either FtsZ or FtsA results in inhibition of division. Furthermore, it has 
recentlyy been shown that depletion of both ZipA and FtsA resulted in destabilisation of 
presentt FtsZ rings (160). 

Itt is still unknown how FtsZ interacts with the membrane. As we have shown here, FtsZ 
occurss as a strongly bound peripheral membrane protein. Since it cannot be removed by 
changingg the ionic strength of the solution, it is most likely that it will interact with another 
protein,, like SecA does with the SecYEG complex. At this moment, the only identified 
membranee protein that directly interacts with FtsZ is ZipA. However, since the localisation 
off  ZipA is dependent on the presence of FtsZ at the division site (78, 119), there might be 
anotherr protein that targets FtsZ to its correct position. In the next chapter, an attempt is 
madee to elucidate the domain of FtsZ interacting with the inner membrane. 
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3.11 Abstract 
Celll  division in the Gram-negative bacterium Escherichia coli is initiated by the 

formationn of the FtsZ ring at midcell. It is unknown how FtsZ finds this position. We 
investigatedd the interaction between FtsZ and the inner membrane using isolated inner 
membranee vesicles. Comparison of the trypsin-digestion fragment pattern obtained from 
purifiedd FtsZ and from membrane-bound FtsZ, revealed that the loop between helix 6 and 
helixx 7, containing residue R174 of the FtsZ molecule is shielded by binding to the 
membrane.. Although FtsZ is a well-conserved protein in a broad range of species, this 
particularr loop is not (based on sequence similarity). This suggests that the loop might be 
involvedd in an interaction with another (cell division) protein that has been more 
differentiatedd during evolution than FtsZ itself. Another possibility is that this interaction is 
specificc for E. coli. A model on the orientation of FtsZ towards the inner membrane is 
presented. . 
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3.22 Introductio n 
Celll  division in the rod-shaped Gram-negative bacterium Escherichia coli is initiated by 

thee essential cell division protein FtsZ. FtsZ is a cytosolic protein that polymerises into a 
ring-likee structure underneath the inner membrane at the middle of the cell (8, 46, 127). 
Subsequently,, the other cell division proteins (ZipA, FtsA, FtsK, FtsQ, FtsL, FtsW, FtsI, and 
FtsN)) localise to this ring and together they form a complex, the divisome, that carries out 
thee process of cell division (149). 

FtsZZ shares limited though significant sequence similarity with the eukaryotic protein 
tubulinn (59, 143). Both proteins contain a unique GTP-binding motif, the G-box 
(GGGTG(ST)G)) (38, 171). Like tubulin, FtsZ is able to hydrolyse GTP and it can form 
polymerss by self-assembly in a GTP-dependent manner (38, 17). Another striking 
resemblancee between FtsZ and tubulin is the 3D structure that consists of two globular 
domainss with a connecting central helix in between (58, 122). Based on these features it has 
beenn suggested that FtsZ represents the prokaryotic homologue of tubulin (see for review: 
(63)). . 

Besidess the interaction with itself during polymer formation, FtsZ is able to interact 
directlyy with several other proteins. One of them, the Z-interacting protein A (ZipA) was 
identifiedd by screening for FtsZ-interacting proteins by affinity blotting (77). ZipA is a 
bitopicc membrane protein with an N-terminal transmembrane segment and a large C-
terminall  cytoplasmic domain, suggesting that it might function as membrane anchor for 
FtsZ.. Another FtsZ-interacting protein is FtsA, an essential cell division protein that localises 
too the divisome in an FtsZ-dependent manner as shown by co-localisation experiments (127); 
(3).. Experiments using the yeast two hybrid system revealed that both ZipA (80) and FtsA 
(52,, 128) bind to the extreme C-terminal region of FtsZ. Several lines of evidences suggest 
thatt FtsZ can also interact directly with MinC (9, 36), MukB (120), and SulA (85, 95). The 
domainss of FtsZ involved in these interactions have not been determined yet. 

Althoughh several characteristics of FtsZ are studied intensively, it is still unknown how 
FtsZZ is guided to its correct location. The positioning of the Z ring appears to be negatively 
regulatedd by both the nucleoid (193) and the oscillating MinCD inhibitor proteins (39). 

Anotherr poorly understood aspect of FtsZ is its interaction with the inner membrane. In 
thee previous chapter we showed that isolated inner membrane vesicles still contain FtsZ, and 
thatt FtsZ is strongly bound to these vesicles. Since FtsZ does not contain any large 
hydrophobicc region, it is unlikely that it will insert into the membrane. However, it might be 
possiblee that FtsZ occurs as a peripheral membrane protein by an electrostatic interaction 
betweenn FtsZ and phospholipids of the inner membrane and/or by an interaction with a 
membranee protein. It has been suggested that ZipA might act as a membrane anchor for the 
localisationn of FtsZ (77). However, the localisation of ZipA is dependent on that of FtsZ (78) 
and,, therefore, there might be another membrane target for the correct localisation of FtsZ at 
midcell. . 
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Too elucidate which domain of FtsZ is interacting with the inner membrane, we studied the 
accessibilityy of purified FtsZ and membrane-bound FtsZ towards trypsin. We found that one 
specificc fragment does not occur when membrane-bound FtsZ was digested with trypsin. By 
N-terminall  amino acid sequencing it was revealed that this fragment starts at amino acid 
G175,, suggesting that the trypsin cleavage site at residue R174 is located in a domain of 
FtsZZ that is shielded by an interaction with the inner membrane. 

3.33 Materials and methods 
3.3.11 Isolation of E. colt inner membrane vesicles 
E.E. coli inner membrane vesicles (IMV) were isolated from a steady-state grown culture of 

MC41000 (F, araDl39, A(argF-Iac)U\69, deoCX, JIbB530l, ptsF25, rbsR, relAl, rpsLl50, 
lysAlysA 1) as described in Chapter 2. 

3.3.22 Trypsin digestion of purified FtsZ and membrane-bound FtsZ 
Sampless containing 10 ug purified FtsZ were incubated on ice with 10 U/ml (final 

concentration)) trypsin in a total volume of 50 ul 50mM HEPES pH 7.5, 0.1 mM EDTA. To 
stopp the digestion, 12.5 ul of 5-times concentrated sample buffer (composition of 5 times 
concentratedd sample buffer: 250 mM Tris/HCl pH 8.3, 10% SDS, 10% DTT, 50% glycerol, 
0.05%% bromophenol blue) was added, and the samples were immediately incubated for 5 
minn at 100 °C. 

Forr the digestion of membrane-bound FtsZ, 40 ug IMV (based on protein concentration) 
perr sample was used. The IMV suspension was diluted to a final volume of 50 uJ in buffer L 
(500 mM triethanolamine-HAc pH 7.5, 250 mM sucrose, ImM DTT and 0.5 mM Pefablock 
(Rochee Diagnostics, Mannheim, Germany), containing sucrose to prevent IMV from an 
osmoticc shock. The samples were incubated with 10 U/ml (final concentration) trypsin for 60 
minn on ice. The digestion was stopped by the addition of 4 volumes ice-cold acetone, and 
subsequentlyy the proteins were precipitated by incubation for 30 min at -70 °C. The samples 
weree centrifuged for 15 min at 20,000 x g at 4 °C. The pellets were resuspended in sample 
bufferr and incubated for 5 min at 100 °C. 

3.3.33 Analysis of the samples 
Thee samples were analysed by SDS-PAGE on a 12% polyacrylamide gel and 

subsequentlyy visualised directly or submitted to Western blotting. For direct visualisation of 
thee protein fragments, the gel was stained with SYPRO-Ruby protein gel stain (Molecular 
Probes,, Leiden, The Netherlands). After fixation for 30 min in an aqueous solution with 10% 
methanoll  and 7% acetic acid, the gel was incubated in the non-diluted stain for at least 3 hrs. 
Proteinn bands were visualised by using a 312 nm UV transilluminator, and images were 
takenn with a CCD camera. Alternatively, protein bands were transferred to nitrocellulose 
afterr SDS-PAGE. The blots were incubated with monoclonal antibodies against FtsZ (200) 
andd a secondary antibody coupled to a peroxidase. Protein bands were detected using the 
chemoluminescencee method of Pierce Chemical Company (Rockford, Illinois, U.S.A.) as 
describedd by the manufacturer. 
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Forr N-terminal sequencing, the proteins were transferred to PVDF membrane after SDS-
PAGE.. Subsequently, the membrane was stained for 5 min with 0.25% Coomassie Brilliant 
Bluee G-250 (Serva Feinbiochemica, Heidelberg, Germany) in an aqueous solution of 40% 
methanoll  and 5% acetic acid, and destained with 40% methanol in water. Bands of interest 
weree cut out and submitted to automatic Edman sequencing on an Applied Biosystems 494 
proteinn sequencer. 

3.44 Results 
3.4.11 Trypsin digestion of purified FtsZ 
E.E. coli FtsZ consists of 383 amino acids, of which 35 are positively charged that 

theoreticallyy can serve as trypsin cleavage sites. However, due to the folding of the protein, 
and/orr interaction with other molecules like proteins or phospholipids, not all of these 
potentiall  sites will be accessible to trypsin. To determine the accessibility of the digestion 
sites,, purified FtsZ was digested with trypsin with incubation times varying from 0 to 90 
min.. Mild conditions were used to prevent a too rapid digestion of the molecule. The FtsZ-
fragmentss were analysed by SDS-PAGE, and in-gel protein staining with SYPRO-RED, as 
shownn in Fig. 1. 

incubationn time: 

45 5 

31 1 

21,5 5 

14,4 4 

1''  5'  15' 30' 60' 90' 

Figuree 1. Analysis of trypsin-derived FtsZ-fragments. Samples containing 10 ug FtsZ were incubated with 
100 U/ml (final concentration) trypsin on ice. The reactions were stopped after indicated times by the addition of 
samplee buffer and immediate incubated at 100 °C. Analysis was performed as described in the Materials and 
Methodss section. 
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Ass expected, the intensity of the uncleaved FtsZ-band (band nr. 1, Fig. 1) decreased with 
increasingg incubation time. After a short incubation period with trypsin (e.g. 1 or 5 min) 
severall  FtsZ-fragments appeared. Prolonged incubation increases the intensity of most 
fragmentt bands, although some of the fragments were further cleaved and disappeared. For 
example,, band nr. 3 (Fig. 1) is very intensive after 5, 15 and 30 min of incubation, while it is 
onlyy hardly visible after 60 and 90 min. Other fragments (bands 11 and 13, Fig. 1) were only 
visiblee after longer periods of incubation with trypsin (after 60 and 30 min, respectively). 
Thesee later fragments probably arised after further digestion of earlier fragments, whereas 
fragmentt 2-10 and 12 were most likely derived after digestion of a site that is directly 
accessiblee in the completely folded FtsZ-molecule. Incubation with higher amounts of 
trypsinn resulted in very small fragments (results not shown), indicating a more completed 
digestion.. Since we were mainly interested in the most accessible digestion sites, i.e. the sites 
thatt are directly accessible in the completely folded protein, we decided that digestion for 60 
minn was the best condition for further investigations. 

3.4.22 Identification of the FtsZ-fragments with monoclonal antibodies 
Sincee FtsZ contains several trypsin digestion sites, it is not possible to identify the 

fragmentss based on their molecular mass exclusively. In addition, FtsZ digested from 
membranee vesicles has to be discriminated from the other proteins. Therefore, we analysed 
thee trypsin fragments by SDS-PAGE and Western blotting, using four different monoclonal 
antibodies,, each recognising a specific region of the FtsZ molecule (200). 

Thee epitopes of FtsZ that are recognised by these monoclonal antibodies were determined 
byy using FtsZ truncates and CNBr-fragmentation (200). After testing these antibodies on 
FtsZZ of other species, we were able to refine these epitopes using sequence alignments. 
Specificc residues that occur exactly identical in the FtsZ of the different tested species, 
whichh were recognised by the antibody used, were designed as "most likely the essential 
residues".. The epitope of mAb F168-4 (mAb-4) is located between residue 86 and 97, and 
consistss most likely of the essential residues A90 and D96. The mAb F168-8 (mAb-8) is 
recognisedd by a domain between residue 143 and 151, with M143, E147 and Q148 as most 
likelyy essential residues. The epitope of mAb F168-11 (mAb-11) is formed by residue 315-
333,, probably are residues 315-324 sufficient. The epitope of mAb F168-12 (mAb-12) is 
locatedd in the extreme C-terminal domain of FtsZ, between residues 345-361. The most 
likelyy essential residues for mAb-12 seem to be Q350, E351, Q352 and V355, although these 

A/DD B C 

II  I  I  M i l I  i l l II I I I  M l I I I 
mAb-44 mAb-8 mAb-11 mAb-12 

(86-97)) (143-151) (315-333) (345-361) 

Figuree 2. Schematic representation of E. coli FtsZ. The positions of the potential trypsin cleavage sites are 
indicatedd with vertical lines, whereas the epitopes of the monoclonal antibodies are underlined. In addition, the 
startss of the fragments of interest (A, B, C and D) are also indicated. 

36 6 



residuess are not sufficient (T. den Blaauwen, unpublished results). The positions of the 
epitopess have been depicted schematically in Fig. 2. 

Thee four monoclonal antibodies were used to identify the trypsin digestion-derived 
fragmentss of free-FtsZ (Table 1). The largest fragments (bands 2-5, Fig.1), that is those that 
containn at least 275 amino acids (corresponding to a molecular weight of about 29 kDa) are 
recognisedd by all four monoclonal antibodies. These fragments are most likely derived after 
aa cleavage at either the N-terminus or the C-terminus. Fragments smaller than 29 kDa are, 
dependentt on their size, only recognised by at most three of the four antibodies. Fragment 13 
couldd not be detected with any of the antibodies. Band 14 is also recognised by all mAbs. 
However,, this protein band is located at the front of the gel and it contains most likely 
severall  small proteins fragments. All the fragments that can be visualised with mAb-4 can 
alsoo be seen with mAb-8. In the same way, all fragments detected with mAb-11 can also be 
seenn with either mAb-8 or with mAb-12. Therefore, in further experiments we made use of 
mAb-88 and mAb-12 only. 

TABLEE 1. Identification of the trypsin-fragment band of FtsZ with monoclonal antibodies 
bandd nr. mAb-4 mAb-8 mAb-11 mAb-12 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
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3.4.33 Comparison of trypsin fragments derived from purified FtsZ and 
membrane-boundd FtsZ. 

Ass we showed above, several digestion sites of purified FtsZ are available for trypsin. 
However,, when FtsZ is bound to the E. coli inner membrane some of these digestion sites 
mightt be shielded from the environment. To investigate which part of FtsZ is bound to the 
membrane,, we treated purified FtsZ (free-FtsZ) and FtsZ bound to isolated E. coli inside-out 
innerr membrane vesicles (IMV-FtsZ) under identical conditions with trypsin. The trypsin 
fragmentss were analysed by SDS-PAGE and Western blotting with mAb-8 and mAb-12. As 
cann be seen in Fig. 3, treatment of membrane-bound FtsZ resulted in a pattern of protein 
fragments,, to a large extent similar to the digestion pattern of free-FtsZ. However, when the 
fragmentt bands derived of IMV-FtsZ were compared with that of free-FtsZ, it could be seen 
thatt two fragments (fragments C and D, Fig. 3) do not appear when IMV-FtsZ is digested 
(indicatedd with an arrow). These fragments belong to a group of four fragments (fragments 
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Figuree 3. Comparison of trypsin-digestion-derived FtsZ-fragments of purified FtsZ (free-FtsZ) and 
membrane-boundd FtsZ (IMV-FtsZ) . Samples containing equal amounts of FtsZ were treated with trypsin and 
analysedd by SDS-PAGE and Western blotting with mAb-8 (left panel) and mAb-12 (right panel) as described 
(seee Materials and Methods). The fragments lacking in membrane-bound FtsZ are indicated with arrows. 

7,, 8, 9 (=C) and 10 (=D)) that appear readily after short incubation with trypsin (Fig. 1), 
butt are not recognised by all the four antibodies used (Table 1). Therefore, we have selected 
thee fragments 7, 8, 9 and 10 as the most interesting ones. In the remaining of this article 
thesee fragments will be indicated by A, B, C and D, respectively. 

3.4.44 N-terminal sequencing of trypsin fragments 
Forr further characterisation of the selected fragments, the N-terminus of each was 

sequencedd according to the Edman degradation procedure. Samples containing 50 ug 
trypsin-treatedd FtsZ were submitted to SDS-PAGE and transferred to PVDF membrane. 
Afterr visualising with Coomassie Brilliant Blue, bands of interest were excised and analysed 
byy using a Applied Biosystems sequencer. The results are shown in Table 2 and in Fig. 2. 
Fragmentss A and D both start with the amino acids MFEPM, corresponding to the N-
terminuss of FtsZ. Fragment B starts with the amino acids MAFAEQ, starting at residue 
Ml43.. This fragment should be detected by both mAb-8 and mAb-12 on Western blot, 
accordingg to the epitope mapping of the antibodies on FtsZ (Fig. 2) and to its molecular mass 
off  about 26 kDa. As expected, both antibodies recognised this fragment (Table 1). The first 
aminoo acids of fragment C are GISLLD, starting at residue G175. Fragment C has a lower 
molecularr mass than fragment B and it is recognised with mAb-12, but not with mAb-8, 
whichh is also in good agreement with the previous results. This fragment arised after 
cleavagee at residue R174. Since this is the fragment that does not appear by digesting 
membrane-boundd FtsZ. 
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TABLEE 2, N-terminal amino acid sequence of trypsin-digestion fragments derived of free-FtsZ 
Fragmentt sequence start residue 
AA MFEPM Ml 
BB MAFAEQ Ml 43 
CC GISLLD G175 
DD MFEPM Ml 

Thiss suggests that binding to the IMV protects the part of FtsZ containing residue R174 
againstt trypsin digestion. 

Thee intensity of fragment D was too low to perform further analysis to elucidate the 
cleavagee site from which this fragment had arisen. 

3.4.55 Residue R174 of E. coli FtsZ 
Usingg the 3D crystal structure of FtsZ from M.jannashii as a reference and the alignment 

off  the amino acid sequences of E. coli and M. jannashii FtsZ, residue R174 oï E. coli FtsZ 
appearss to correspond to residue 201 of M. jannashii FtsZ. This residue is located in the loop 
betweenn helix 6 (H6) and the central helix (H7) (see Fig. 4). In E. coli this loop consists of 8 
residues,, including 5 hydrophobic ones, with the positively charged arginine (R174) in the 
middle.. Although FtsZ is overall a well conserved protein among the different species 
containingg FtsZ, databank analysis revealed that the loop containing in E. coli R174D is 
quitee variable. This can be judged from Table 3, which shows the results of an alignment of 
FtsZZ from several species from different families. The average hydrophobicity of the 
residuess in these loops was calculated according to the method of Kyte and Doolittle (114). 
Ass shown in Table 3, about half of the species contain mainly hydrophobic residues in this 
loop,, whereas in the other species the loop is quite hydrophilic. Despite the variations in the 
aminoo acids and hydrophobicity, there is also a striking resemblance: in almost all species 
thee loop contains one or more charged residues. This might indicate that the loop is involved 
inn either a hydrophobic interaction, or an electrostatic interaction, or both, depending on the 
species. . 

R142 2 

Figuree 4. Molecular  structure of FtsZ. Residues R174 and R142 of E. coli-FtsZ are projected on their 
correspondingg location at the molecule structure of M. jannashii-FtsZ, and indicated with an arrow. Helices H6 
andd H7 are also indicated. 
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TABELL 3. Alignment of a 
residuess of helix 6, the loop 
thee average hydrophobicity 
Doolittle(114). . 

FtsZZ detail from different species. Of each sequence are mentioned the last two 
containingg in E. coli R174D and the first two residues of helix 7. In the last column 
off  the 8 residues of the loop is calculated, according to the method of Kyte and 

Species: : Family y Gramm staining Sequence Hydro-phobicity y 
F.F. tularensis 
E.E. coli 
B.B. aphidicola 
P.P. aeruginosa 
M.M. tuberculosis 
A.A. vinelandii 
P.P. putida 
M.M. jannashii (FtsZ 1) 
SynechocystisSynechocystis sp 
P.P. patens 
P.P. woesei 
H.H. volcanii 
M.M. thermoautotrophicum 
A.fuIgidus(¥tsZl) A.fuIgidus(¥tsZl) 
C.C. glutamicum 
H.H. salinarum 
N.N. menigitidis 
S.S. coelicolor 
S.S. aureus 
D.D. radiodurans 
AnabaenaAnabaena sp 
T.T. acidophilum 
S.S. pyogenes 
B.B. subtil'is 
B.B. burgdorferi 
H.H. influenzae 
E.E. faecalis 
H.H. pylori 
B.B. bacilliformis 
R.R. meliloti (FtsZ 1) 
C.C. crescentus 
WolbachiaWolbachia sp 
A,A, aeolicus 
T.T. maritima 
M.M. pulmonis 
M.M. genitalium 
M.M. pneumoniae 

Bacteria a 
Bacteria a 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria a 
Archaea a 
Cyanobacteria a 
Cyanobacteria a 
Archaea a 
Archaea a 
Archaea a 
Archaea a 
Bacteria a 
Archaea a 
Bacteria a 
Bacteria a 
Bacteria a 
Bacteria Bacteria 
Cyanobacteria a 
Archaea a 
Bacteria a 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Bacteria Bacteria 
Archaea a 
Thermotogales s 
Mycoplasma a 
Mycoplasma a 
Mycoplasma a 

--
--
--
--
+ + 
--
--

+ + 

--
+ + 
+ + 
+ + 

+ + 
+ + 
--
--
+ + 

--
. . 
--
--
--

LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
LF F 
LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
LM M 
LL L 
LL L 
LL L 
LL L 
LL L 
LL L 
I L L 
LL L 

I Q Q 
LL L 
I L L 
L F F 
LF F 
LF F 
LF F 
I K K 
LM M 
LL L 

SVLGKGAS S 
KVLGRGIS S 
KVLSRGIS S 
TILGKDA S S 
QMGDAAVS S 
TILGKDA S S 
TILGKDA S S 
EIVPNMP. . 
SVIPAETP P 
TAVAQSTP P 
E.VAPKLP P 
D.AVGKL P P 
.EVAPNLP P 
E.VVPNYP P 
ELGDANLS S 
D.YVPNLP P 
TALGEDVT T 
SISDRQVS S 
DIVDKSTP P 
TAVDKKV S S 
EVIPEQTP P 
SEV.PNAE E 
EIVDKKT P P 
EIVDKNT P P 
TVVDKRTT T 
KVLPKNA K K 
EWDKKT P P 
LTMKKNA S S 
RIANEKTT T 
RIANDKT T T 
RVANERTT T 
RIANEKTT T 
ELSNRTLT T 
EELPRDVK K 
E.QYGDAP P 

C C 
C C 

LL L 
LL L 
LL L 
LL L 
LM M 
LL L 
LL L 
LK K 
LQ Q 
VT T 

IQ Q 
VR R 
LN N 
MQ Q 
IM M 
I G G 
MR R 
VL L 
MM M 
FR R 
VQ Q 
MK K 
LL L 
ML L 
IK K 
L I I 
ML L 
TT T 
FA A 
FA A 
FA A 
FS S 
IK K 
IK K 
MK K 
TN N 
TD D 

0.780 0 
0.695 5 
0.650 0 
0.629 9 
0.571 1 
0.557 7 
0.557 7 
0.489 9 
0.461 1 
0.418 8 
0.397 7 
0.311 1 
0.160 0 
0.140 0 
0.132 2 
0.090 0 
-0.049 9 
-0.178 8 
-0.221 1 
-0.289 9 
-0.304 4 
-0.307 7 
-0.310 0 
-0.375 5 
-0.429 9 
-0.450 0 
-0.468 8 
-0.611 1 
-0.700 0 
-0.700 0 
-0.784 4 
-0.808 8 
-0.864 4 
-0.982 2 
-1.091 1 

3.55 Discussion 
Sincee the discovery that FtsZ can polymerise and that it can form a ring-like structure at 

thee leading edge of the invaginating cell envelope, a lot of progress has been made towards 
thee knowledge of cell division in bacteria. However, very littl e is known about the signal that 
triggerss FtsZ to the division site and the membrane component(s) to which FtsZ binds. 
Lackingg a potential membrane-spanning segment, it is unlikely that FtsZ will insert into the 
membrane.. It has been thought that ZipA, a membrane-spanning protein, could serve as an 
anchorr for FtsZ (77). However, the localisation of ZipA is dependent on the presence of FtsZ 
att the division site. Therefore, another molecule or property that marks the middle of the cell 
iss likely to recruit FtsZ. 
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Inn the previous chapter, we showed that a fraction of FtsZ appeared strongly bound to the 
membrane.. The aim of the study presented in this chapter was to elucidate which part of 
FtsZZ is involved in the interaction with the membrane. Comparing the accessibility of trypsin 
too purified FtsZ and membrane-bound FtsZ, we found that two specific protein fragments do 
nott appear when membrane-bound FtsZ was digested. Most likely this protection is the result 
off  an interaction between this region of the FtsZ molecule with another molecule present in 
orr at the membrane vesicle, which could be either the membrane lipids or a membrane 
protein.. A similar kind of protection against proteolysis was previously reported for FtsZ 
bindingg GTP (206). In the case of FtsZ without GTP, FtsZ was more easily digested than in 
thee presence of GTP. 

Itt might be possible that the inaccessibility of residue R174 towards trypsin in membrane-
boundd FtsZ is a result of the presence of FtsZ-polymers. For polymerisation, a concentration 
off  at least 2 uM FtsZ is required (141, 142, 219). The stability of FtsZ polymers is regulated 
byy GTP hydrolysis. Complete consumption of the available GTP results in depolymerisation 
(141,, 142). In the isolated IMVs used in this study only small amounts (2.7 ng FtsZ per ug 
protein,, see Chapter 2) of FtsZ attached to the isolated IMVs were found. For the trypsin-
digestionn assay, 40 ug IMV (containing 100 ng FtsZ) were diluted to a final volume of 50 ul 
(finall  concentration FtsZ = 0.05 uM). In addition, no GTP was added during the trypsin 
treatment.. Therefore, it is not likely that the differences found between free FtsZ and 
membrane-boundd FtsZ are the result of FtsZ polymerisation 

Fromm N-terminal sequencing it was concluded that the fragment that did not occur when 
membrane-boundd FtsZ was digested, starts at G175. This indicates that in membrane-bound 
FtsZ,, the trypsin cleavage site between R174 and G175 is shielded. Using the 3D structure of 
M.M. jannashii FtsZ as a model, it could be inferred that residue R174 is located in a loop 
betweenn H6 and the H7 (see Fig. 4), according to the secondary structure assignment as 
describedd by Nogales et al (154). This is a loop protruding from the surface of the molecule, 
whichh consists mainly of hydrophobic residues. Taken together, this provides plausible 
evidencee that this loop might be involved in an interaction. This can be an interaction with 
eitherr the membrane lipids or a membrane protein. As shown in Chapter 2, FtsZ could not be 
removedd from the membrane by treating the vesicles with high salt solution, which makes an 
electrostaticc interaction between FtsZ and the membrane unlikely. It, therefore, seems more 
likelyy that FtsZ is bound to the membrane via contact with another protein. Another 
possibilityy might be that the loop inserts into the hydrophobic core of the membrane. In the 
followingg chapter the role of this loop and specifically residue R174 in localisation and 
functionn of FtsZ has been studied by site-directed mutagenesis. 
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3.5.11 Residue R174 is located in a non-conserved loop 
FtsZZ is found in almost all Bacteria and in most Archaea. It is also found in chloroplasts 

(158)) and in mitochondria of protists (6, 72). Although FtsZ is in general a very well 
conservedd protein among various species, the loop containing R174 is conserved to a much 
lesserr extent. This indicates that this loop is involved in an interaction between FtsZ and a 
proteinn that has been more differentiated during evolution than FtsZ itself. Although FtsZ is 
foundd in a broad range of species, other cell division proteins are not. For instance, FtsA is 

alsoo found in most Bacteria but is absent in Archaea (61, 132), whereas Zip A occurs only 
inn a small group of bacteria closely related to E. coli (61). Another possibility is that this 
interactionn is specific for E. coli, i.e. with a protein that occurs in E. coli only. 

3.5.22 Orientation of FtsZ with regard to the inner membrane 
Inn contrast to residue R174, binding of FtsZ to the membrane does not protect residue 

R1422 towards trypsin digestion. In Fig. 4 both residue R174 and R142 of E. coli FtsZ are 
projectedd on the molecular structure of M. jannaschii FtsZ. A model for the localisation of 
FtsZZ to the inner membrane is shown in Fig. 5. As indicated in this figure, FtsZ polymerises 
inn the horizontal direction. Assuming that residue R174 is involved in an interaction with the 
membrane,, this suggests that the upper side of the molecule (as drawn in Fig 4 and Fig. 5) is 
orientedd towards the membrane, whereas R142 might be faced to the cell centre. In this 
orientation,, the C-terminus is also facing the cell centre. However, the C-terminus was not 
completelyy resolved in the crystal structure of M. jannashii FtsZ. Furthermore, sequence 
alignmentt revealed that the C-terminus of E. coli FtsZ is 36 residues longer than that of M. 
jannashiijannashii FtsZ. Therefore, it is unknown where the C-terminus of FtsZ is located precisely in 
ourr model. 

R1744 o i 7 j P174 R174 

X X 
__ R174 _ 

R1744 R 1 7 4 _ ^ - \ R 1 ü - _ - ^ V R 1 » - r — - ^ 0 " * 4 -

NN N N N N N 

Figuree 5. Model of orientation of FtsZ towards the inner  membrane. See text for explanation. IM = inner 
membrane;; FtsZ = cell division protein FtsZ, with residue R174 marked as a black dot; X = hypothetical 
proteinn involved in interaction between FtsZ and the inner membrane. 
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4.11 Abstract 
Celll  division in the Gram-negative bacterium Escherichia coli is initiated by the 

formationn of the FtsZ ring at the membrane surface at midcell position. Residue R174 of 
FtsZZ is shielded in membrane-bound FtsZ (Chapter 3). We investigated the role of R174 of 
EscherichiaEscherichia coli FtsZ by replacing it with a negatively charged aspartic acid. It was found 
thatt FtsZ-R174D-GFP was still able to localise and to form rings in a wild type strain and in 
anan ftsZS4(Ys) strain at both the permissive and the non-permissive temperature. However, in 
contrastt to FtsZ-WT, FtsZ-R174D was not able to complement the FtsZ84-mutation. 

Basedd on in vitro polymerisation experiments using polymer sedimentation, light 
scatteringg and electron microscopy, it was deduced that FtsZ-R174D was still able to 
polymerise,, but that these polymers could not form bundles. We propose that bundling of 
FtsZ-polymerss is required for cell division. 
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4.22 Introductio n 
Thee essential cell division protein FtsZ is a 40.3 kDa cytosolic protein that moves to the 

innerr membrane at midcell to initiate cell division. It polymerises into a ring-like structure 
thatt is assumed to be involved in the localisation of the other cell division proteins. Together 
theyy form a multimeric protein complex that functions in the synthesis of the cell envelope 
componentss at the constriction site and might also provide the constricting forces. The order 
off  appearance of the several cell division proteins at the division site was determined using 
fluorescencee microscopy and thermosensitive division mutants. The localisation of all cell 
divisionn proteins is dependent on that of FtsZ. It was revealed that directly after FtsZ both 
FtsAA and ZipA localise, independently of each other. Subsequently FtsK, FtsQ, FtsL, FtsW, 
FtsI,, and FtsN are localised (see for review: (177); see also (23, 136)). At this moment, the 
signall  and target that are involved in the localisation of FtsZ itself are still unknown. 

Basedd on structural similarities, it was proposed that FtsZ might be the prokaryotic 
homologuee of tubulin (59, 60). Like tubulin, FtsZ is able to form polymers by self-assembly 
inn a GTP-dependent manner (17, 63). The active site for GTP hydrolysis is formed by two 
FtsZZ monomers (123, 182) specifically by the nucleotide binding pocket of one molecule and 
thee T7-loop of the other. From several experiments using FtsZ-truncates (51, 79) it is known 
thatt residues 175-314 are required but also sufficient for polymerisation in vitro In addition 
too this interaction with itself, it has also been shown that FtsZ can interact with the cell 
divisionn proteins FtsA (128) and ZipA (77), and the cell division inhibitors MinC (92, 94) 
andd SulA (95). The interaction domains of FtsZ for interaction with both FtsA and ZipA are 
locatedd at the extreme C-terminus (79, 128). In the previous chapter we presented evidence 
thatt residue R174, located in the loop towards the central helix, might be involved in an 
interactionn between FtsZ and the inner membrane. In this study, we investigated the role of 
thiss loop, and more specific the role of residue R174 in the cell division process. Using site-
directedd mutagenesis the positively charged arginine was replaced by a negatively charged 
asparticc acid. In addition we have constructed a FtsZ-GFP fusion. The fusion protein FtsZ-
R174D-GFPP appeared to be able to localise in wild type cells and in the thermosensitive 
//sZ844 (Ts) mutant strain at the restricted temperature. However, FtsZ-R174D was not able 
too complement the FtsZ84(Ts) mutation at the restricted temperature. Based on in vitro 
polymerisationn studies using polymer sedimentation, light scattering and electron 
microscopy,, it is speculated that although FtsZ-R174D is still able to polymerise, the 
polymerss cannot bundle. These results suggest that bundling of FtsZ polymers is required for 
celll  division. 

4.33 Materials and methods 
4.3.11 Bacterial strains and growth conditions 
EscherichiaEscherichia coli K-12 MC4100 LysAl (F, araD\39, A(argF-lac)Ul69deoC\, flbB530\, 

ptsF15,ptsF15, rbsR, relAX, rpsL\50, fysAl) (196) was used as wild type strain. As thermosensitive 
FtsZ-mutantt strain MC4100 containing the ftsZ84(Ji) (196) allele was used. Wild type cells 
weree grown at 28 °C to steady state in a glucose minimal medium (GB1) containing 6.33 g 
off  K2HPGy3H20, 2.95 g of KH2P04, 1.05 g of (NH4)2S04, 0.10 g of MgSOy7H20, 0.28 mg 
off  FeS04.7H20, 7.1 mg of Ca(N03)2-4H20, 4 mg of thiamine, 4 g of glucose and 50 ug of 
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lysinee per 1 at pH 7.0. The FtsZ84(Ts) mutant strain was grown in a low-salt glucose 
minimall  medium (1/2 GB1), containing 1.33 g of K2HPCy3H20 and 1.48 g of KH2P04, 
whereass the other components were identical to that of the GB1 medium. The media were 
supplementedd with ampicillin (200 ug per ml) when needed. Cell growth was followed by 
measuringg the optical density (OD) at 450 nm, while cell numbers were monitored using an 
electronicc particle counter (orifice 30 urn). Cultures were considered to be in steady state 
growthh if the ratio between OD and the number of cells remain constant over time (65). 

4.3.22 PI  asm id construction 
Forr the construction of a ftsZC3GFP translational fusion a plasmid from our laboratory 

stockk containing the ftsZ-gene including its own Shine-Delgarno sequence was used. The 
stopp codon of the ftsZ-gene was changed into a leucine. The ftsZ-non-stop (ns) gene was 
clonedd into pUC18, resulting in pMC207. In addition, a C3gfp fragment encoding an 
enhancedd version of green fluorescent protein (27) (obtained from P. Stemmer, Affymas 
Res.. Inst. California) was ligated into this vector yielding pMC208. Subsequently, the ftsZ-
ns-C3GFPns-C3GFP gene was cloned into a pBADMycHisA vector, which provides regulated 
expressionn of proteins (Invitrogen, Carlsbad, CA) to obtain pMC209. This vector was used 
forr site-directed mutagenesis using the Stratagene Quick-Change mutagenesis method 
(Stratagene,, La Jolla, CA) to change residue arginine-174 (R174) into aspartic acid (D). The 
samee mutagenesis was performed on an IPTG-inducible expression plasmid containing the 
ftsZ-geneftsZ-gene (pRRE6; from our laboratory stock). The following primers were used: 
FWFtsZR174DD 5'-ctg ctg aaa gtt ctg ggc gac ggt ate tec ctg ctg g-3' (forward primer) and 
REVFtsZR174DD 5'-gca cca gca ggg aga tac cgt cgc cca gaa ctt tea gca g-3' (reverse primer). 

Too perform also studies with both FtsZ-WT and FtsZ-R174D without GFP on a adjustable 
plasmidd such as pBADMycHisA vector, a stop codon was introduced between the^Z-gene 
andd the amino acids encoding for GFP. This was done by site directed mutagenesis using the 
followingg primers: FtsZFWstop 5'-ccc age att cct gcg taa gca age tga tta age ttg etc tag aat 
ggcc tag caa agg ag-3' (forward) and FtsZREVstop 5'-etc ctt tgc tag cca ttc tag age aag ctt aat 
cagg ctt get tac gca gga atg ctg gg-3' (reverse). 

Primerss for the mutagenesis were obtained from MWG-Biotech AG (Ebersberg, 
Germany);; the mutations were confirmed by DNA sequencing (BaseClear, Leiden, The 
Netherlands).. DNA manipulation techniques were all essentially performed as described by 
Sambrooke/tf/(179). . 

4.3.33 Preparation of cells for  microscopy 
Cellss were fixed in 2.8% formaldehyde (FA) and 0.04% glutaraldehyde (GA) in growth 

medium.. To prevent recovery of FtsZ84 (Ts) ring, in the case of growth at 42 °C, a mixture 
off  FA and GA was prewarmed before the cells were added. After incubation for 15 min at 
roomm temperature, the cells were collected at 8,000 x g, for 5 min, washed once in PBS (140 
mMM NaCl, 27 mM KC1, 10 mM Na2HPO4-2H20, and 2 mM KH2P04 per 1, pH 7.2) and 
storedd in PBS at 4 °C until analysis. 

46 6 



TABLEE 1. Bacterial strains and plasmids 

Strainn or plasmid 
MC4100 0 

LMC509 9 

BL21(DE3) ) 

BL21(DE3)-pLysS S 

pRRE6 6 
pRRE7 7 
pMC206 6 
pMC207 7 
pMC208 8 
pMC209 9 
pMC376 6 
pMC377 7 
pMC378 8 
pMC379 9 

Genotypee and/or features 

F,F, araD\39r A(argF-lac)U\69, deoCl,flbB510l, 
ptsFIS,ptsFIS, rbsR, relAl, rpsL\5Q, lysA\ 

F',F', araD\39, A(argF-lac)U\69, deoC\.flbB530\, 
ptsF25.ptsF25. rbsR, relAl, rpsLlSO, fysA\,ftsZS4(Ts) 
F,F, dcm, opmT, hsdS(jB'mB),gaI :(DE3) 

BL21(DE3)) + pLysS 

pETllb-/tóZstop p 
pET26b-ftsZ pET26b-ftsZ 
pRRE7-_/faZnonn stop 
pUCC 1 %-ftsZ non stop 
pUC18-/teZZ non stop-C3GFP 
pBadMycHisA-/tïZnonn stop-C3GFP 
pBadMycHisA-/fcZ-RR 174D-non stop-C3GFP 
pBadMycHisA-/teZ-stop p 
pBadMycHisA-/fcZ-Rll  74D-stop 
pRRE6-/ttZ-R174D D 

Source e 
P.E.M.. Taschner 

P.E.M.. Taschner 

Stratagenee (La Jolla, 
CA) ) 
Stratagenee (La Jolla, 
CA) ) 

R.. van Eijsden 
R.. van Eijsden 
thiss study 
thiss study 
thiss study 
thiss study 
thiss study 
thiss study 
thiss study 
thiss study 

4.3.44 Microscopy and image analysis 
Cellss were immobilised on 1% agarose in agarslab-coated object slides based on the 

methodd described by Van Helvoort (199) with the following modifications. An agarose 
surfacee was prepared by putting 1% agarose on an object slide, which was kept on 75 °C on a 
heatingg block. The agarose layer was streaked out and dried completely to ensure the 
attachmentt of a second layer. Subsequently, a drop of 80 ul 1% agarose was placed on the 
slidee and covered with a siliconised coverslib. After 10 min the coverslib was carefully 
removed,, and the fresh agarose "microslab" was dried at the air for an another 5 min. A drop 
off  3 ul cell suspension was added and covered with a clean coverslib, which was sealed with 
nailpolish. . 

Thee cells were photographed with a cooled Princeton CCD camera or a Coolsnap-x̂ 
cameraa mounted on an Olympus BX-60 fluorescence microscope through a UPLANF1 100 x 
N.A.. 1.3 oil objective. Images were taken using the public domain program Object-Image 
2.088 by Norbert Vischer (University of Amsterdam, http://simon.bio.uva.nl/object-
image.html),, which is based on NIH Image by Wayne Rasband. In all experiments the cells 
weree first photographed in the phase contrast mode and, when required, subsequently with a 
GFPP fluorescence filter (U-MNB, excitation. 470-490 nm). The two photographs were 
stackedd and the length of each cell was measured in the phase contrast image, while the 
numberr of FtsZ rings was determined in the GFP image. Interactive measurements were 
performedd as 'structured point collection' on an iMac computer using the public domain 
programm Object-Image 2.08. 
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4.3.55 Overproduction and purificatio n of FtsZ 
FtsZ-WTT and FtsZ-R174D were purified essentially as described before (180). FtsZ-WT 

wass isolated from E. coli BL21 (DE3) transformed with pRRE6, whereas for the isolation of 
FtsZR174DD E. coli BL21 (DE3) pLysS (Stratagene, La Jolla, CA) transformed with pRRE6-
FtsZ-R174DD was used. Cells were grown in 4 1 Luria Bertani (per 1: 10 g Bactotrypton, 5 g 
yeastt extract, 10 g NaCl), supplemented with ampicillin (200 |ug/ml) and chloramphenicol 
(500 ug/ml) in the case of strain BL21(DE3)pLys. At an OD6oo = 0.5, isopropyl-f$-D-
thiogalactopyranosidee (IPTG) to a final concentration of 0.5 mM was added and the culture 
wass grown for another 2.5 h. Cells were harvested at 4 °C, washed once with 20 mM Tris-
HC11 (pH 7.9) and the pellet was stored frozen at -70 °C. From this step onwards, all 
proceduress were carried out at 4 °C. The frozen pellet was thawed in 30 ml of 50 mM Tris-
HC11 (pH 7.9), 50 mM KC1, 1 mM EDTA, 10% glycerol (buffer A) and lysed by passage 
throughh a French press at 2500 psi. Unbroken cells were removed by centrifugation for 10 
minn at 10,000 x g, and the supernatant was precipitated with 30% ammonium sulphate (16.6 
g/100mll  of supernatant). The precipitate was recovered by centrifugation (20 min 12,000 x 
g)g) and resuspended in buffer A and loaded on a Source 30Q column (Amersham 
Biosciences,, Upsala, Sweden; bed volume 10 ml) equilibrated with buffer A. The column 
wass washed with buffer A supplemented with 100 mM KC1, and FtsZ-WT or FtsZ-R174D 
wass eluted with 100 ml of a linear gradient from 100 to 500 mM KC1 at a flow rate of 1 
ml/min.. Fractions containing the protein of interest were pooled and dialysed against 50 mM 
HEPES-NaOHH (pH 7.2), 0.1 mM EDTA, 0.1 mM PMSF and 10% glycerol, aliquoted, frozen 
inn liquid nitrogen and stored at -70 °C. 

4.3.66 Polymerisation studies 
Too investigate the polymerisation activity of FtsZ, a sedimentation assay and a light 

scatteringg assay were performed. The sedimentation of FtsZ polymers was carried out as 
describedd previously (180). FtsZ (40 ug) was incubated at 30 °C in 75 ul of polymerisation 
bufferr (50mM MES/NaOH, pH 6.5, 50 mM KC1) supplemented with 3.5 mM MgCl2 . 
Dependentt on the sample, 10 mM CaCb and/or 0.2 mM GTP (after 2 min prewarming) were 
added,, and the samples were incubated further for 5 min at 30 °C. Polymers were 
sedimentedd by centrifugation using a Beekman airfuge (A-100 18° rotor) at 28 psi for 10 
min.. The amount of FtsZ in both the pellets (polymers) and supernatants (monomers) was 
analysedd by SDS-PAGE (12% gel), Coomassie Brilliant Blue staining, and quantified by 
densitometry. . 

Lightt scattering was performed essentially as described before (141). Samples containing 
12.55 uM FtsZ were incubated at 30 °C in 2.3 ml polymerisation buffer supplemented with 5 
mMM MgCb and 10 mM CaCb. After 300 s of baseline data collection, polymerisation was 
inducedd with 20-200 uM GTP. Light scattering at 90° was measured on a QuantaMaster 
2000-44 fluorescence spectrophotometer (Photon Thechnology International, New York, 
U.S.A.),, with the excitation and emission wavelength set at 350 nm. 
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4.3.77 Electron microscopy 
FtsZZ (12.5 uM) was polymerised with 20 uM GTP at 30 °C in 50 ul of prewarmed 

polymerisationn buffer, supplemented with 5 mM MgCh, and depending on the sample with 
100 mM CaCb. After 2 min, a 3 ul aliquot of the polymerisation reaction was applied on a 
400-meshh carbon-coated grid for 5 min and blotted dry by placement of a filter paper to the 
sidee of the grid. The grid was subsequently negatively stained for 1 min by 3 ul of 1 % 
aqueouss solution of uranyl acetate and blotted dry. Finally, the grids were dried for 1 hour at 
600 °C. The grids were viewed in a Philips 400T transmission electron microscope (a 
generouss gift of A. Knoester, Shell Research and Technology Center Amsterdam). Images 
weree taken with a cooled Princeton CCD camera and measurements were performed using 
thee public domain program Object-Image 2.08. 

4.44 Results 
4.4.11 Localisation of FtsZ-R174D in wild type E. coli 
Inn the previous chapter we have shown that residue R174 of membrane-bound FtsZ is 

protectedd against trypsin digestion, suggesting that the loop containing this residue might be 
involvedd in an interaction with another (cell division) protein. To investigate the role of 
R1744 in FtsZ function, we constructed an FtsZ-GFP fusion protein and subsequently 
replacedd the positive residue R174 by a negatively charged aspartic acid residue (D), using 
PCR-basedd site-directed mutagenesis (see Materials and Methods). 

Thee FtsZ-R74D mutant was characterised by examining the ability to localise in wild type 
cells.. Wild type E. coli cells (MC4100) were used, expressing native FtsZ from the 
chromosomee and the FtsZ-GFP fusion from an arabinose-inducible promoter on a plasmid. 
Cellss were grown to steady state in a minimal glucose medium (GB1). The expression level 
off  the FtsZ-GFP fusion protein was regulated by varying the arabinose concentration in such 
aa way that fluorescent rings could be detected with only minor effects on the cell length due 
too overexpression of FtsZ (data not shown). Subsequently, these conditions were used for the 
expressionn of FtsZ-R174D-GFP in wild type cells. A number of representative cells are 
shownn in Fig. 1 (upper panel). The right part of the upper panel shows clearly that all cells 
containn a fluorescent ring at midcell position, when grown at 28 °C in the presence of 
0.005%% arabinose. This indicates that the mutant protein is able to localise and to form 
polymerss in the presence of wild type FtsZ. 

Too monitor whether the mutation R174D itself is thermosensitive, steady-state grown 
cellss were diluted into pre-warmed medium containing 0.005% arabinose and grown further 
att 42 °C. After growth for 2 mass doublings (as detected by measuring the OD450) in the 
presencee of 0.005% arabinose, cells were fixed with formaldehyde and glutaraldehyde, as 
describedd under Material and Methods, and examined by fluorescence microscopy. As 
shownn in Fig. 1 (lower panel), fluorescent FtsZ-rings could also be observed when FtsZ-
R174D-GFPP is expressed at 42 °C. These results together indicate that FtsZ-R174D is able to 
formm a ring structure in the presence of wild-type FtsZ, and that the formation of a ring is not 
thermosensitive. . 
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phase-contrast t GFP-fluorescence e 

Figuree 1. Expression of FtsZ-R174D-GFP in wild type E. coli cells. Cells of the wild type strain MC4100 
weree grown to steady state in minimal medium at 28 °C (upper panel) or 42 °C (lower panel). Left panels show 
thee phase-contrast images, whereas the right panels show the localisation of FtsZ-R174D detecting GFP-
fluorescence.. The bar represents 2.5 um. 

4.4.22 Localisation of FtsZ-R174D in the FtsZ84(Ts) mutant strain 
Ass mentioned above, FtsZ-R174D-GFP was able to form rings in the presence of wild 

typee FtsZ. It is most likely that the rings contain both wild type FtsZ and FtsZ-R174D. We 
alsoo showed that the mutation R174D itself is not thermosensitive. Therefore, we could use a 
FtsZ-thermosensitivee strain (MC4100-FtsZ84(Ts)) to determine whether FtsZ-R174D is able 
too localise and to form rings in the absence of endogenous FtsZ. Cells were grown in a low-
saltt glucose minimal medium (1/2 GB1). 

Att the permissive temperature, this strain is able to grow and divide as wild type cells can. 
However,, when the cells are grown at the non-permissive temperature, cell division is 
inhibitedd due to the ftsZ84 mutation, resulting in long filaments (196). It has been shown by 
immunolabelingg that FtsZ84(Ts) is not able to form rings at the non-permissive temperature 
(1).. To prevent partial functioning of FtsZ84(Ts), cells were grown in low salt medium (see 
Materialss and Methods)(196). FtsZ-R174D-GFP was expressed by induction with 0.005% 
arabinose.. The arabinose concentration for expression of FtsZ-GFP was choosen such that it 
resultedd in clearly visible FtsZ-GFP-rings at the permissive temperature. The localisation of 
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FtsZ-R174DD in the MC4100-FtsZ84(Ts) cells grown at the permissive temperature was 
similarr to that for the localisation in wild type cells (data not shown). After expression of 
FtsZ-R174D-GFPP in the MC4100-FtsZ84(Ts) cells grown at the non-permissive temperature 
(422 °C) for two mass doublings fluorescent rings can still be observed (Fig. 2). The 
distributionn of FtsZ-R174D-GFP rings in MC4100-FtsZ84(Ts) cells grown for 2 mass 
doublingss at 42 °C was compared with that of FtsZ-WT-GFP rings. It is shown in Fig. 3 that 
forr both FtsZ-WT and FtsZ-R174D in small cells rings are observed at midcell position, 
whereass in longer cells rings can also be seen at 11A and 3/4 position. In a small population 
off  long cells, even at 1/8 and 7/8 position fluorescent rings can be observed. The distribution 
off  FtsZ-R174D rings was found to be similar to that of FtsZ-WT rings (Fig. 3), suggesting 
thatt FtsZ-R174D-GFP localises just as well as FtsZ-WT-GFP. We therefore conclude that 
FtsZ-R174D-GFPP is able to localise in the absence of wild type FtsZ. 

Figuree 2. Expression of FtsZ-R174D-GFP in the MC4100-FtsZ84(Ts) strain. Cells of a steady state grown 
culturee were diluted into pre-warmed medium and grown further for 2 mass doublings at 42 °C. The left panel 
showss the phase-contrast image, whereas the right panel shows the localisation of FtsZ-R174D imaging GFP-
fluorescence.. The bar represents 2.5 um. 
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Figuree 3. Distributio n of fluorescent rings. The distance of fluorescent spots obtained from FtsZ-WT-GFP 
(upperr panel) or FtsZ-R 174D-GFP (lower panel) from midcell position is indicated in relation to the cell length. 
Negativee values refer to the arbitrary left side of the cell; positive values refer to the arbitrary right side of the 
cell.. Black lines represent the 1/4 and 3/4 positions in the cell. 
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4.4.33 Complementation of FtsZ-(Ts). 
Althoughh FtsZ-R174D is able to localise and to form a ring structure, it is not yet known 

whetherr it is also able to support cell division. To examine this, we tested whether the FtsZ-
R174DD mutant is able to complement the ftsZ84{Ts) mutation. Previously it was reported 
(192)) that under finely tuned expression conditions FtsZ-GFP could allow complementation 
off  the thermosensitive mutation at the restrictive temperature. However, we were not able to 
reproducee this with FtsZ-WT-GFP (data not shown). Therefore, we constructed a stop-codon 
betweenn theyfoZ-gene and the GFP-gene by site-directed mutagenesis and used this plasmid 
forr complementation studies. Cells of the thermosensitive strain (MC4100-FtsZ84(Ts)) 
containingg the plasmid carrying either FtsZ-WT or FtsZ-R174D were grown at 28 °C to 
steadyy state. Subsequently, the cultures were diluted in pre-warmed media and grown further 
att a temperature of 42 °C. After 2 mass doublings, samples were taken and fixed as described 
above.. The average cell length of the thermosensitive cells (MC4100-FtsZ84(Ts)) without 
plasmidd was 5.82  2.41 urn (n= 502), which is about twice as long as compared to the wild 
typee cells (2.24  0.51 urn; n=794) grown under identical conditions. Complementation of 
thee thermosensitive mutation was achieved by inducing FtsZ-WT expression using 0.05% 
arabinosee (Fig. 4). After growth for 2 mass doublings at the non-permissive temperature, the 
cellss had an average length of 2.12  0.49 urn (n=516), which is similar to the length of wild 
typee cells. 

Thiss indicates that expression of FtsZ-WT with 0.05% arabinose is sufficient to 
complementt the FtsZ84(Ts) mutation. However, when FtsZ-R174D was expressed under the 
samee conditions, most cells occurred as long filaments. The length of these filaments filaments (6.78
3.788 um (n=507) was comparable with that of the thermosensitive cells (MC4100-
FtsZ84(Ts))) without expression of FtsZ from a plasmid (Fig. 4), indicating that the FtsZ-
R174DD mutant is not able to complement the Ts-mutation. A noteworthy difference between 
thee filaments obtained by the thermosensitive cells without and with expression of FtsZ-
R1744 is their morphology. The filaments of MC4100-FtsZ84(Ts) without plasmid are 
completelyy smooth (Fig. 5A) as described previously (196). In contrast, in all filaments 
expressingg FtsZ-R174D, initiated and blunt constrictions can be observed (Fig. 4 and 5B). 
Thiss indicates that constriction can be started but not completed in these cells. Together 
thesee observations indicate that FtsZ-R174D is not able to perform the function of FtsZ, 
althoughh the block in cell division occurs at a later stage than in the case of the complete 
absencee of a ring structure such as in the FtsZ84(Ts) mutation at the non-permissive 
temperature. . 
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Figuree 4. Complementation of the ftsZ(Ts) mutation. Cells were grown to steady state at 28 °C and 
subsequentlyy diluted into pre-warmed medium and grown further for 2 mass doublings at 42 °C. A) Wild type 
cellss (MC4100); B) MC4100-FtsZ84(Ts) cells; C) expression of FtsZ-WT from plasmid in MC4100-
FtsZ84(Ts);; D) expression of FtsZ-R174D from plasmid in MC4100-FtsZ84(Ts). The bar represents 2.5 urn. 

Figuree 5. Morphology of FtsZ84(Ts) filaments. Cells were grown to steady state at 28 °C and subsequently 
dilutedd into pre-warmed medium and grown further for 3 mass doublings at 42 °C. A) MC4100-FtsZ84(Ts) 
cells;; B) expression of FtsZ-R174D from plasmid in MC4100-FtsZ84(Ts). Blunt constrictions are indicated 
withh arrows. The bar represents 2.5 urn. 
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4.4.44 Polymerisation of FtsZ-R714D 
Althoughh FtsZ-R174D was not able to complement the FtsZ84(Ts) mutation, fluorescent 

ringsrings of FtsZ-R174D-GFP were observed in both the MC4100 wild type cells (Fig. 1) and 
thee FtsZ-thermosensitive cells at the non-permissive temperature (Fig. 2). These results 
suggestt that FtsZ-R174D is still able to polymerise, and that the block in cell division occurs 
att a later stage. However, the observed fluorescent rings might also be a result of co-
polymerisationn of FtsZ-R174D with FtsZ84(Ts). FtsZ84(Ts) itself has a polymerisation 
deficiency,, but in the presence of FtsZ-R174D it might be possible to form co-polymers. 
Therefore,, both FtsZ-WT and FtsZ-R174D were purified to study the polymerisation activity 
inin vitro. FtsZ, in polymerisation buffer containing MgCl2, supplemented with CaCl2 

dependingg on the sample (see figure legend), was polymerised by addition of GTP. The 
polymerisationn was detected by both sedimentation (Fig. 6A) and light scattering (Fig. 6B). 
Neitherr FtsZ-WT nor FtsZ-R174D polymers could be detected in the pellets obtained from 
thee samples without GTP or without CaCl2 (lanes 2 and 8 (without GTP) and 4 and 10 
(withoutt CaCl2), FtsZ-WT and FtsZ-R174D, respectively). However, in the samples 
containingg both GTP and CaCl2 about 64% of the total amount of FtsZ-WT was found in the 
pellet,, whereas 25% of FtsZ-R174D was polymerised. This indicates that FtsZ-R174D is 
ablee to polymerise, although with less efficiency than FtsZ-WT. 
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Figuree 6. Polymerisation of FtsZ. A) SDS-PAGE analysis of polymerisation of both FtsZ-WT and FtsZ-
R174DD performed as described in the Material and Methods section. The presence of FtsZ in supernatant (s) 
andd pellet (p) of each sample was examined. Samples were incubated with (+) or without (-) GTP and/or CaCk 
B)) Light scattering of FtsZ polymers. Both wild-type FtsZ (continuous lines) and FtsZ-RI74D (dotted lined) 
weree used. FtsZ was incubated in the presence of 5mM MgCk and 10 mM CaCk After 300 s (to obtain a 
stablee baseline signal), 200 uM (lines 1), 100 uM (lines 2) or 50 uM GTP was added to induce polymerisation. 
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Thiss was confirmed by light scattering experiments (Fig. 6B). The increase of the 
intensityy of scattered light was used as a measure for the polymerisation rate and the amount 
off  FtsZ polymers. FtsZ (12.5 uM) was incubated in prewarmed polymerisation buffer 
supplementedd with both MgCl2 and CaCl2 as mentioned in Materials and Methods. After 2 
minn collection of base line data, GTP was added to initiate polymerisation. As seen in Fig 
6B,, the light scattering signal increases immediately after GTP addition, indicating a rapid 
polymerisation.. Depending on the GTP concentration, the light scattering signal remained 
stablee for 0.5 to 10 min, presumably representing a balance between polymerisation and 
depolymerisation.. The stable light scattering signal subsequently dercreased, which is a 
resultt of the complete hydrolysis of the available GTP. At this stage only depolymerisation 
couldd take place. The light scattering signal obtained from polymerisation of FtsZ-R174D 
(dottedd lines) is, independent of the GTP concentration, lower than the signal from FtsZ-WT 
(solidd lines). This is in agreement with the results obtained form the sedimentation assay (see 
above).. However, the polymerisation and depolymerisation rate of both FtsZ-WT and FtsZ-
R174DD are similar. This suggests that FtsZ-R174D polymerises and depolymerises in the 
samee way as FtsZ-WT, 

althoughh the intensity of the signal indicates that polymerisation of FtsZ-R174D is less 

efficient. . 
Previously,, it has been reported that the presence of Ca2+ induces FtsZ polymers to form 

bundless (141, 219). As a result of bundling, the light scattering signal will increase. To test 
whetherr the relatively low light scattering signal of FtsZ-R174D might be a result of a less 
efficientt bundling of polymers rather than a less efficient polymerisation activity, we 
examinedd FtsZ-WT and FtsZ-R174D protofilaments with electron microscopy. 
Polymerisationn of FtsZ-WT in the absence of CaCl2 resulted in relative thin protofilaments 
(Fig.. 7A). The mean thickness of these bundles was 8.1  1.5 nm (n = 25). After 
polymerisationn of FtsZ-WT with CaCl2 in addition to thin filaments bundles of 
protofilamentss could be observed (Fig. 7B), with a mean thickness 37.8  10.9 nm (n = 25). 
Thiss assembly of filaments into bundles in the presence of Ca2+ is in agreement with 
previouss reports (123, 141, 219). Remarkably, when FtsZ-R174D was polymerised in the 
presciencee of CaCl2 only thin filaments could be observed (Fig. 7C). The thickness of these 
filamentsfilaments was on the average 8.8  1.3 nm (n = 25), which is about the same as the thickness 
off  the small FtsZ-WT protofilaments obtained without CaCl2. When FtsZ-R174D was 
polymerisedd in buffer without CaCl2, in addition to short protofilaments small ring-like 
structuress were formed (not shown). The inability of FtsZ-R174D protofilaments to assemble 
intoo bundles might have caused the lower signal, with regard to FtsZ-WT, in the light 
scatteringg experiments and the lower yield of FtsZ-R174D in the sedimentation assay. 
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Figuree 7. Electron microscopy of FtsZ polymers. FtsZ-WT (A and B) and FtsZ-R174D (C) were 
polymerisedd without (A) or with (B and C) Cai+, as described in Materials and Methods, bar = 0.1 urn. 

4.55 Discussion 
Ass far as identified until now, FtsZ is the first cell division protein that localises to the 

futuree division site. The signal that directs FtsZ to the membrane, and the hypothetical target 
thatt is involved in the correct localisation of FtsZ are not yet known. In the previous chapter, 
wee showed that part of membrane-bound FtsZ is shielded from the environment. Trypsin-
digestionn experiments with FtsZ bound to E. coli inner membrane vesicles indicated that 
residuee R174 was protected by the inner membrane, while it was accessible to trypsin in the 
casee of purified FtsZ. In this study, we examined the possible role of the loop possessing 
residuee R174 by using a FtsZ-R174D mutant. 

4.5.11 FtsZ-R174D is able to localise 
Thee FtsZ-R174D-GFP fusion mutant is able to localise and to form fluorescent rings in 

wildd type E. coli cells. It is most likely that these rings are formed of co-polymers containing 
bothh FtsZ-R174D-GFP and wild type FtsZ expressed from the chromosome. Expression of 
thee FtsZ-R174D-GFP mutant in the thermosensitive strain (MC4100-FtsZ84(Ts)) resulted 
alsoo in ring-like structures at both the permissive and non-permissive temperature. However, 
itt might still be possible that before the temperature shift future division sites are already 
initiated,, and that these sites can be used by FtsZ-R174D after the shift. Therefore, we 
cannott conclude on the basis of the presence of fluorescent rings only that the R174D 
mutationn has no influence on the localisation. The distribution of FtsZ-R174D-GFP in 
MC4100-FtsZ84(Ts)) grown for 2 mass doublings at 42 °C was similar to that of FtsZ-WT-
GFP.. Together these results suggest that residue R174 of E. coli FtsZ is not involved in the 
localisation. . 

4.5.22 FtsZ-R174D does not support cell division 
Expressionn of FtsZ-R174D in the MC4100-FtsZ84(Ts) mutant strain at the non-

permissivee temperature resulted in long filaments, whereas under the same conditions 
expressionn of wild type FtsZ was sufficient to carry out normal cell division. Since the 
mutantt protein was able to localise, even under the non-permissive conditions, the block in 
celll  division has to take place at a later stage than the localisation of the protein. The 
observationn of fluorescent rings suggested that FtsZ-R174D is able to polymerise. However, 
fromm in vitro polymerisation experiments it was concluded that the polymerisation efficiency 
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off  FtsZ-R174D is much lower than that of FtsZ-WT. As visualised with electron 
microscopy,, FtsZ-R174D polymerises into single protofilaments, whereas FtsZ-WT 
protofilamentss under the same conditions form bundles. The lack of ability to form bundles 
mightt be the explanation for a less efficient polymerisation of FtsZ-R174D as detected with 
thee sedimentation assay and light scattering. It might also be the reason why FtsZ-R174D is 
nott able to complement for FtsZ84(Ts) at the non-permissive temperature. This might 
indicatee that bundling of FtsZ polymers is required for cell division. 

Inn a recent study, several clustered-charged-to alanine mutants of Caulobacter crescentus 
FtsZZ were tested for their ability to support cell division in an FtsZ-depleted strain (207). 
Interestingly,, one of those mutants was located in the loop between helix H6 and H7, at the 
sitee corresponding to residue 175 of E. coli FtsZ. However, that mutation resulted in a 
phenotypee indistinguishable from the wild type, indicating that the mutation was not critical 
forr cell division. Our results, however, indicate that residue R174 of FtsZ does play an 
essentiall  role in cell division in E. coli. Alignment of protein sequence of these loops of E. 
colicoli and C. crescentus FtsZ revealed that these loops are quite different. The E. co/z'-loop 
consistss mainly of hydrophobic residues. In addition, the C. crescentusAoop contains a 
negativelyy charged residue next to the positively charged one, whereas in the E. coli-loop 
onlyy one charged residue is present in the middle. This suggests that this loop of £. coli-FtsZ 
mightt be involved in a specific interaction, i.e. an interaction with another cell division 
proteinn that perhaps does not occur in C. crescentus. 

4.5.33 Interactions between FtsZ and other  cell division proteins 
Thee FtsZ-ring is assumed to be involved in the recruitment of other cell division proteins 

too the division site. It is therefore likely that the loop possessing residue R174 is involved in 
suchh an interaction. Direct interactions between FtsZ and the cell division proteins FtsA and 
ZipAA have been reported. However, it was revealed that the domain of FtsZ involved in 
interactionn with both FtsA and ZipA is located at the extreme C-terminus of FtsZ (79, 128). 
Inn addition, from the 3D crystal structure of FtsZ it can be seen that residue 201 from M. 
Jannaschii,Jannaschii, which corresponds to R174 of E. coli FtsZ, is located at the other side of the 
FtsZZ molecule with regard to the C-terminus. It seems, therefore, unlikely that residue R174 
iss involved in the interaction with these proteins. Interactions between FtsZ and cell division 
proteinss other than FtsA and ZipA have not yet been reported, although it has been suggested 
thatt FtsW might play a role in stabilising the FtsZ ring. FtsW is an integral membrane 
proteinn (96) that localises to the division site (204) and is essential for cell division (14). 
Geneticc analysis of the ftsW(Ji) mutation suggested that FtsW might be involved at the 
initiationn stage of cell division (107). It was suggested that FtsW could interact with FtsZ, 
andd that it might play a role in stabilising the FtsZ ring (14). Tentatively, the loop possessing 
R1744 could be involved in such an interaction. However, a direct interaction between FtsZ 
andd FtsW has not (yet) been reported. Another possibility is that the loop is involved in an 
interactionn between FtsZ and one of the other cell division proteins. FtsI, FtsQ, FtsL and 
FtsNN are distinct proteins, but share several features: they are all bitopic inner membrane 
proteinss with a single transmembrane segment and a large periplasmic domain. However, the 
localisationn of these proteins is dependent on the presence of FtsA. It is therefore more likely 
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thatt these proteins interact via FtsA with the Z-ring. Another candidate is FtsK, a large 
integrall  membrane protein of which the N-terminal part forms a membrane domain that 
targetss the protein to the division site (205, 218). FtsK is at an early stage recruited to the 
divisionn site, and cells lacking FtsK form smooth filaments (205). However, the filaments 
obtainedd after expression of FtsZ-R174D in the FtsZ84(Ts)-mutant strain at the non-
permissivee temperature show blunt constrictions, indicating a block of cell division at a late 
stage.. Therefore, it is less likely that the loop containing R174 of FtsZ is involved in an 
interactionn with FtsK. 

Althoughh an interaction with another cell division protein seems most likely, we cannot 
rulee out the possibility that the loop is involved in a peripheral interaction between FtsZ and 
thee phospholipids of the inner membrane. 
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5.11 Abstract 
Thee phospholipid composition of Escherichia coli minicells has been studied as a model 

forr that of the cell division site. The cell envelope of minicells consists mainly of polar cell 
material,, which is formed by invagination of the cell envelope during cell division. The 
phospholipidd head group composition of both minicells and wild type cells was examined by 
thinn layer chromatography and phosphate determination. It was found that minicells were 
enrichedd in cardiolipin at the expense of phosphatidylglycerol, while the amount of 
phosphatidylethanolaminee was the same as in wild type cells. 

Thee acyl chain composition has been analysed by nano-electro spray-mass spectrometry. 
Quantitativee analysis revealed that all major phospholipid species occur in both minicells 
andd wild type cells and that there is no difference between the acyl chain composition of 
minicellss and wild type cells. 

Sincee minicells represent the cell envelope of the division site, anionic lipids like 
cardiolipinn might play a specific role during cell division. 
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5.22 Introductio n 
Duringg Escherichia coli division the cell envelope invaginates to form the new poles of 

thee two daughter cells. As identified until now, this process is initiated by formation of the 
FtsZ-ringg in the middle of the cell. Subsequently, other cell division proteins localise to this 
ring,ring, and together they form the divisome, which carries out the invagination process. 
Althoughh the localisation of the cell division proteins has been studied intensively, it is still 
unknownn how they find the correct position (126,132, 149, 177). 

Clearly,, divisome assembly is a process in which proteins arrive at the cell centre in a 
definedd order. As far as identified until now, FtsZ is the first that localises. Subsequently, the 
otherr cell division proteins (ZipA, FtsA, FtsI, FtsK, FtsL, FtsN, FtsQ, and FtsW) localise to 
thiss ring and together they form a complex, the divisome, that carries out the process of cell 
divisionn (149). This suggests that divisomal proteins recognise a certain protein 
environment.. It is not known what the target is that directs FtsZ to its correct position. This 
mightt be a (membrane) protein, but it might also be quite well possible that a local specific 
membranee phospholipid composition is involved in the localisation of the division proteins. 
Inn addition, membrane curvature changes during the invagination process, which might also 
requiree a specific local phospholipid composition. One aspect with respect to membrane 
curvaturee might be the shape of the phospholipids, i. e., whether they are cones, inverted 
coness or cylinders. For instance, cardiolipin has a cylindrical shape, whereas its Ca +-form is 
cone-shapedd (see for review: (70)). Recently, it has been found that endocytosis is 
accompaniedd by a change of the inverted-cone shaped lysophosphatidic acid (LPA) into 
cone-shapedd phosphatidic acid (PA) by an endophilin I catalysed lipid-transfer reaction 
(183).. Likewise, in vitro fission of Golgi tubules appeared to be promoted by the enzymatic 
transformationn of LPA into PA (209). Both studies have been interpreted to indicate that a 
changee in phospholipid shape affects membrane curvature as required for membrane 
invaginationn (183, 209). 

Generally,, E. coli membranes contain about 80% phosphatidylethanolamine (PE), 15-
20%% phosphatidylglycerol (PG) and 1-5 % cardiolipin (CL) (30). PA and phosphatidylserine 
(PS)) occur as precursor molecules and are only found in trace amounts, usually less then 1% 
off  total phospholipids. The importance of phospholipids for cell division has been 
demonstratedd recently in an E. coli mutant fully lacking PE (138). Though cell division 
proteinss like FtsZ, FtsA and ZipA could still localise to the potential division site in the 
absencee of PE, cellular constriction was not initiated, suggesting that "the correct interaction 
off  FtsZ with membrane nucleation sites" has been affected (138). The chemical nature of the 
putativee nucleation sites is not known. 

Too get more insight into whether specific phospholipids or specific lipid combinations are 
involvedd in the division process, we compared the phospholipid composition of so-called 
minicellss with that of wild type cells. Minicells are formed after cell division at the cell pole 
inn min mutants (4). Polar divisions are indistinguishable from central divisions in the sense 
thatt the FtsZ-ring is required (7) and that peptidoglycan synthesis increases locally (144). In 
principle,, a minicell has a new cell pole, which was formed during the last cell division, and 
ann old cell pole, which was formed during one of the previous cell divisions (Fig. 1). 
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Figuree 1. Schematic representation of the formation of the new cell pole durin g cell division. A) Cell 
divisionn in the middle of the cell (wild type). The new born cell contain a old cell pole (right site, dark grey) 
andd a new cell pole (left site, light grey), with the lateral cell envelope material in between. B) Formation of a 
minicelii  by cell division near the cell pole. The so-formed miniceli consist only of polar cell envelope material. 
Onee cell pole (right site, dark grey) is directly derived from the mother cell, while the other cell pole (left site, 
lightt grey) is derived from the cell envelope material at the division site. 

Assumingg that minicells predominantly consist of polar material, minicells might serve as a 
goodd model for the cell envelope composition at the division site. 

Inn this study we have compared the phospholipid headgroup composition and the acyl 
chainn composition of minicells with that of wild type cells using 2D-thin layer 
chromatographyy (TLC) as well as ionisation Electro Spray Ionisation Fourier Transform Ion 
Cyclotronn Resonance Mass Spectrometry (ESI-FTICR-MS). With mass spectrometry 
detailedd spectra were obtained with respect to the various lipid components. No qualitative 
differencess were found between the two samples. However, with TLC we found that 
minicellss are enriched in CL, at the expense of PG, while the amount of PE was almost the 
samee as in wild type cells. We propose that the relative enrichment of cardiolipin in 
minicellss is important for cell division to occur, rather than the fatty acid composition of a 
particularr phospholipid. 
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5.33 Material s and methods 
5.3.11 Bacterial strains and growth 
EscherichiaEscherichia coli MC4100 lysA (F, araD139, A(argF-lac)U169, deoCl, flbB5301, 

ptsF25,ptsF25, rbsR, relAl, rpsLlSO, lysAl) (196) was used as wild type strain. As a minicell-
formingg mutant, LMC1088 (F, araDB9, A(argF-lac)U169, deoCl,flbB5301, lysAl, minBl, 
ptsF25,ptsF25, rbsR, relAl, rpsL150, zcf:TnlO) was used (strain constructed by E. Mulder (144)). 
Minicellss were formed by cell division near the cell pole, due to a point mutation in the minB 
locus.. Cells were grown to steady state with a doubling time of 80 min at 28°C in a glucose 
minimall  medium containing 6.33 g K2HP04.3H20, 2.95 g KH2P04, 1.05 g (NH^SO* 0.10 
gg MgS04.7H20, 0.28 mg FeS04.7H20, 7.1 mg Ca(N03)2.4H20, 4 mg thiamine and 4 g 
glucosee per 1, supplemented with 50 mg lysine per 1, pH 7.0. Cells were harvested by 
centrifugationn at 4 °C for 10 min at 7500 x g and resuspended in ice-cold phosphate buffered 
salinee (PBS, consisting of 8.0 g NaCl, 0.2 g KC1, 1.81 g Na2HP04 and 0.24 g KH2P04 per 1, 
pHH 7.2). 

5.3.22 Isolation of minicells 
Minicellss were isolated from 10 1 cell culture of LMC1088. All steps were performed at 0 

too 4 °C. After harvesting at an OD450 = 0.2, the cells were resuspended in 20 ml BSG (85 g 
NaCl,, 3 g KH2P04, 7.5 g Na2HP04.2H20, and 1 g gelatin per 1, pH 7.7) per 1 original culture. 
Largee cells were removed by centrifugation at low speed (5 min. at 500 x g) and the 
remainingg cells were subsequently pelleted by centrifugation for 10 min at 15,000 x g. After 
resuspendingg in 10 ml BSG, the cell suspension was split and layered on two sucrose 
gradients,, each consisting of a 3 ml 20% (w/v) layer, a 12 ml 10% (w/v) layer and a 18 ml 
5%% (w/v) top layer. All sucrose solutions were prepared in BSG. The sucrose gradient was 
centrifugedd in a swing out rotor (Beekman JS-13) for 10 min at 2,500 x g. The minicell 
fractionn was collected from the 5% sucrose layer, and was washed with membrane buffer (50 
mMM KH2POVK2HP04, pH 7.2, 5 mM MgS04, 0.5 mM Pefablock (Boehringer Mannheim, 
Germany)).. The purity was checked by phase-contrast microscopy (see below). If the 
minicelll  suspension contained more than 5% DNA-containing cells, the sucrose gradient 
centrifugationn step and wash step were repeated. After collecting the minicells by 
centrifugationn (10 min at 15,000 x g), the minicells were resuspended in a small volume 
(approximatelyy 1 ml) of membrane buffer, quickly frozen in liquid nitrogen, and stored at -
700 °C. 

5.3.33 Photo microscopy 
Cellss were fixed with 0.1% Os04 (final concentration). In order to label the DNA, the 

fixedd cells were incubated with 0.1 ug/ml 4,6-diamino-2-phenylindole (DAPI) for 10 min at 
roomm temperature. Cells were immobilised on agarose slides as described by Van Helvoort 
(vann Helvoort and Woldringh, 1994) and photographed with a cooled Princeton CCD camera 
mountedd on an Olympus BX-60 fluorescence microscope. Images were taken and analysed 
usingg the public domain program 'Object-Image 1.62*  by N. Vischer (University of 
Amsterdam,, http://simon.bio.uva.nl/object-image.html). In all experiments the cells were 

63 3 

http://simon.bio.uva.nl/object-image.html


firstfirst photographed in the phase contrast mode and then with a DAPI fluorescence filter (U-
MWU,, excitation at 330-385 nm). 

5.3.44 Protein determination. 
Proteinn concentration was determined according to the method of Lowry (124), using 

BSAA as a standard. The samples were supplemented with 0.01% SDS (final concentration) to 
disruptt the membranes. 

5.3.55 Phospholipid head group analysis 
Phospholipidss from 3 mg samples (based on protein content) were extracted according to 

thee method of Bligh and Dyer (10) and separated by 2D-thin layer chromatography (TLC) on 
boricc acid impregnated plates (TLC plates, silica gel 60, Merck), as described by Fine and 
Sprecherr (64). The plates were developed in the first direction with 
chloroform/methanol/water/ammoniaa 120/75/6/2 (v/v/v/v) and, after drying for 30 min under 
aa nitrogen stream, in the second direction with chloroform/methanol/acetic acid 65/25/10 
(v/v/v).. The spots were visualised with iodine vapour. Each individual spot was scraped 
fromm the plate, whereafter the content of lipid phosphorus in the spots was determined 
accordingg to the method of Fiske and Subbarow (66). 

5.3.66 ESI-FTICR-M S 
Thesee studies were performed on a modified Bruker APEX 7.0e FTICR-MS equipped 

withh a 7-T superconducting magnet and a novel thermostated capacitively coupled open cell 
(83,, 112). Data acquisition and processing were performed using Bruker Xmass software on 
aa Silicon Graphics Indgio R4000. The external electrospray source has been designed and 
builtt in house. The RF (radio frequency) - only quadrupole was used for external ion 
accumulationn to increase the ion detection efficiency and to prevent ions to leak into the cell 
duringg experiments. This resulted in a 200-fold improvement in signal to noise ratio. Ions 
weree statically trapped in the open cell using Argon collision gas to moderate the kinetic 
energyy of the ions entering the cell. 

5.44 Results 
5.4.11 Isolation of minicells 
Too be able to compare phospholipid compositions of cells derived from different strains, 

cellss should be grown in steady state under identical conditions. Cells grown in steady-state 
wil ll  have a constant age distribution, and the relative frequency of cells in a certain age class 
wil ll  also remain constant, despite the fact that the absolute cell number in the culture 
increases.. Grown under steady state conditions in a glucose minimal medium at 28 °C, the 
wildd type strain LMC500 and the minicell-forming mutant strain LMC1088 had the same 
doublingg time of 80 min (results not shown). 

Minicellss were isolated from a steady state culture of LMC1088 by sucrose gradient 
centrifugation.. The purity of the isolated minicells was estimated by counting the minicells 
andd other cell types on images taken by phase contrast and fluorescence microscopy (Fig. 2). 
Too distinguish between minicells and other cell types, the cell suspension was incubated with 
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Figuree 2. Microscopic images of wild type cells (A) and isolated minicells (B). Left panels show the phase-
contractt microscopic images and the right panels show the corresponding DAPI fluorescence microscopic 
images.. Note that the minicells are DNA-less, and therefore do not show DAPI-fluorescence. Bar = 2.5 urn. 

thee DNA-stain DAPI. Minicells are DNA-less cells and will , therefore, not bind DAPI. It 
wass found that the isolated minicell fraction contained less than 5% DNA-containing cells, 
comparedd to 75% in the original minicell-producing LCM1088 cell culture. Typically, the 
yieldd of minicells isolated from 10 1 culture was 7-10 mg on a protein basis. 

5.4.22 Phospholipid composition of normal cells and minicells 
Afterr chloroform/methanol extraction and separation on 2D-TLC, the phospholipid 

compositionn of the cells was determined by measuring the lipid phosphorus content of the 
individuall  lipid spots. The results are summarised in Fig. 3. The wild type cells contain 81.3 

 3.2% PE, 17.1  3.1% PG and 1.8  0.6 CL, which is in good agreement with the values 
reportedd in literature (30). The phospholipid composition of the cells from the LMC1088 
strain,, which has LMC500 as parental strain, was more or less the same as that from the wild 
typee cells (Fig. 3). However, when the phospholipid composition of the isolated minicells 
wass compared with that of wild type cells, it was found that the amount of CL was increased 
significantlyy (Student's t-test, p < 0.05) from 1.8  0.6% in the wild type cells to 6.5  3.0% 
inn the minicells, while the amount of PG was decreased from 17.1  3.1% in the wild type 
cellss to 12.8  1.9% in the minicells (Fig. 3). There was no significant difference in the 
amountt of PE of the wild type cells and minicells. 
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Figuree 3. Phospholipid headgroup composition of E. coli wild type cells, LMC1088 cells, and minicells. 
Phospholipidss were extracted and separated by TLC, and subsequently the amount of phosphate in each spot 
wass determined as described in Materials and Methods. The amount of each phospholipid is represented as 
percentagee of the total amount of phospholipids in each sample. Values are given as average of at least three 
experimentss measured in duplo, and the error bars represent the standard deviation of the several experiments. 
Notee that a correction has been made for the fact that each CL-molecule contains two phosphate groups. 

5.4.33 Changes in phospholipid composition of cells during growth phases 
Minicellss continue to be formed during steady state growth, which results in a mixture of 

newbornn minicells and older minicells. Because minicells lack DNA, they are limited in their 
growthh potential and they may possibly reach a kind of stationary phase. Therefore, it could 
bee possible that the differences in phospholipid composition between wild type cells and 
minicellss reflect age differences, rather than physiological differences. In order to check this, 
wee determined the phospholipid composition of the wild type cells while allowing them to 
enterr stationary phase. 

Thee phospholipid composition of cells harvested at the late exponential phase (OD450 = 
0.8)) and at the stationary phase (OD450 = 3) appeared not to differ much from the 
phospholipidd composition of cells harvested at steady state conditions (Table 1). The amount 
off  PE and PG remained the same, whereas the amount of CL decreased, though not 
significantlyy (Student's t-test, p < 0.05), from 1.8  0.6 % in the cells which are in steady 
statee (OD450 = 0.2) to 1.1  1.0% and 0.4  0.5% at the late exponential phase (OD450 = 0.8) 
andd the stationary phase (OD450 = 3), respectively. These findings are in contrast with the 
increasingg amount of CL found in minicells, compared with wild type cells. Therefore, we 
inferr that the increase in CL is not due to the possibility that a fraction of the minicells is in 
thee stationary phase. 
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TABLEE 1: Phospholipid composition of LMC500 cells isolated during different stages of growth-
Samplee PE PG CL 
OD4500 = 0.2 81.3 2 17.1 1 1.8 6 
OD4500 =0.8 81.5 9 17.4 4 1.1 0 
OD4500 = 3.0 82.6  1.0 17.0  1.0 0.4  0.5 

Thee data given in the table are mean values  standard deviations calculated from at least three separate data 
sets,, which were measured in duplo. 

5.4.44 ESI-FTICR-M S of normal cells and minicells 
Too facilitate the production of positively charged ions ammonium acetate (10 mM) was 

addedd to the spray solvent (dichloromethane:ethanol, 7:3). As a result, 
phosphatidylethanolaminess (PEs), phosphatide acid (PA) and cardiolipins (CLs) are 
observedd in the ESI-FTMS spectra as protonated pseudo-molecular ions [M+H]+ and 
phosphatidylglycerolss (PGs) are observed both as protonated species and as ammonium 
cationisedd pseudo-molecular ions [M+NH4]+. Fragmentation of PEs and PGs was not 
observedd in the broadband spectra. The absence of strong fragments is attributed to the low 
internall  energy deposition in this particular ion source. High resolution mass spectra taken of 
bothh the wild type and the minicell phospholipid extracts are shown in Fig. 4. A mass 
accuracyy of < 1 ppm was achieved using external calibration on a peptide mixture, which 
allowedd an easy identification based on the elemental composition. Typical mass resolving 
powerr under the current experimental conditions amounted to 26000. 

Thee peaks in the spectra were labelled with the gross acyl chain length (expressed in 
numberr of carbon atoms) and the number of unsaturations occurring in the acyl chains as 
welll  as the symbols describing the corresponding phospholipid type (Fig. 5). Note that high 
resolutionn MS renders the elemental composition of the phospholipid species, but does not 
distinguishh between isomers of phospholipids. The actual acyl chain length distribution can 
bee assessed with tandem mass spectrometric experiments in the negative ion mode (88). 
Thesee experiments were not part of the present study. Several tandem MS experiments on 
thee positive ions of PE and PG were performed to verify the nature of the headgroup and the 
cationisingg species (data not shown). 

Thee first region of interest ranges from mass-to-charge ratio (m/z) = 650 to m/z = 800 
(Fig.. 5A), and predominantly contains the singly charged PE, PG and PA mass spectral 
peaks.. The PE peaks are most abundant as expected from the chemical phospholipid 
compositionn analysis. The PG species were observed chiefly as [M+NFU]"1" ions. In the 
negativee mode electrospray (data not shown) the PG 30:2 [M-H-H2O]" peak at m/z = 671.86 
iss the dominant peak in that region of the spectrum, which confirms the present peak 
assignmentt in positive ion mode. The total acyl chain length of the PE-species and PG-
speciess varies between 30 and 36 carbon atoms, and they contain 0 to 2 unsaturated bonds. 
Onlyy one species of PA (PA 36:0) was found in the mass spectra, which is not surprising 
sincee PA occurs in E. coli only as a minor phospholipid. 
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Figuree 4. Positive ion nanoESI  MS analysis of total phospholipid extract from E. coli cells. Total 
phospholipidd extract from wild type cells (A) or minicells (B) was analysed by nanoESI MS. Broad-band 
spectraa obtained after Fourier transformation are shown. 

Figuree 5: Magnification of regions of interest from nanoESI  MS broad-band spectra of the total 
phospholipidd extract from E. coli cells. All spectra are taken from the wild type cells, unless otherwise 
indicated.. A: region between m/z=680 and m/z=800, containing the mass spectral peaks derived from PE 
[M+H] ++ (black squares), PG [M+H]+ (black triangles), PG [M+NH4J+ (white triangles) and PA [M+H]+ 
(blackk diamonds). B: region between m/z=1350 and m/z=1500, containing the mass spectral peaks derived 
>fromm CL [M+H]+ (black circles). C: region between m/z=900 and m/z=1200, containing unidentified peaks. 
Notee that the scale of the intensity of the spectra is the same in figure A and B, but due to the low intensity of 
thee peaks, the scale of intensity is modified in figure C. 
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Thee second region of interest is the region between m/z - 1350 and m/z =1500, which 
containss the singly charged ions of cardiolipins (CL). The most abundant ion series as 
markedd in Fig. 5B corresponds to the [M+H]+ ions with a gross acyl chain composition 
rangingg from 66 to 72 carbon atoms, containing 0 to 3 unsaturated bonds. In addition to the 
saturatedd and unsaturated CL-species with an even number of carbon atoms, also two species 
withh an odd number of C-atoms were found (CL 67:0 and CL 69:1). These species may 
containn a cyclopropane fatty acid, which can be formed by a post-synthetic methylation of an 
unsaturatedd bond (116). Remarkably, and contrary to the findings of Hoischen et al. (88) we 
didd not observe the negative ions of CL in negative mode ESI-FTICR-MS (results not 
shown). . 

Al ll  peaks derived from phospholipids were found in the spectra of both cell types. Thus, 
aa qualitative comparison between the lipid extracts of the wild type E. coli and the minicell 
extractt indicated no clear-cut differences. The ionisation efficiency of phospholipids is not 
onlyy depending on the phospholipid headgroup composition, but also an the acyl chain 
lengthh and the degree of unsaturation (111). Since we did not use any internal standards, 
quantitativee analysis of the MS data was not possible. 

TABLEE 3:. Elemental composition of the different phospholipid subclasses and the respective ions observed in 

Name e 

PE E 

LPE E 
PG G 

LPG G 
PA A 

Elementall  composition of PL ions 

C7Hi20gPNN + Cn_2H2(n-2>+2-2m 

CgHijOioPP + Cn.2H2(n-2)+2-2m 

C7H14O9PP + Cn-iH2(n-1)+l-2m 
C5H7O8PP + Cn_2H2(„-2)+2-2m 

Observedd Ions 
(n:m) ) 
[M+H] + + 

32:1;; 32:2; 34:1; 34:2; 36:2 

[M+H] + + 
34:1 1 
[M+NH 4f f 
30:0;; 32:0; 32:1; 34:1; 34:2; 36:2 

[M+H] + + 
36:0 0 

LPAA C4HgOgP + Cn.,H2(n.i)+i-2m 
CLL CijHigOi7P2 + CIH«H2(IH»>*«m [M+H]+ 

66:0;; 66:1; 67:0{A); 68:0; 68:1; 68:2 
69:1(A);; 70:1; 70:2; 70:3; 72:2; 72:3 

LCLL C,2H„A8P2 + Cn.3H2(n.3)+3-2m [M+H]+ 

Thee elemental composition of PL ions is given with C(n:m) gross acyl chain composition and without kation 
(n=numberr of carbon atoms, m= number of unsaturations in the acyl chains, and A= cyclopropane fatty acid) 
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5.55 Discussion 
5.5.11 Are minicells enriched in cardiolipin? 
Wee have attempted to get information with respect to the phospholipid composition of the 

divisionn site. As a model for the division site, we used minicells, which are formed by a 
polarr cell division. Therefore, they presumably exist at least to a large extent of cell envelope 
materiall  derived from the division site (Fig. 1). By comparing the phospholipid composition 
off  the minicells and wild type cells, we found that the minicells were enriched in cardiolipin 
ass analysed by 2D-TLC and phosphate determination (Fig. 3). 

Wee have considered the possibility that the increase in cardiolipin might result from the 
isolationn of the minicells from a mutant strain LMC1088. However, the phospholipid 
compositionn from this strain was identical to that of the wild type strain (Table 1). Another 
possiblee reason for the increased amount of cardiolipin found in minicells could be that 
minicellss are relatively old, since they were not able to grow. We, therefore, determined the 
phospholipidd composition of wild type cells isolated during several stages of growth. We 
foundd that the amount of cardiolipin from cells isolated at the steady-state condition, late 
exponentiall  phase, and stationary phase decreased in this order (Table 1). Only when the 
cellss were grown for a long time (i.e. overnight into stationary phase), an increase in 
cardiolipinn was found (result not shown) as was found before by Hiraoka et al. (86). 

Inn fact, the age of minicells is not compatible with overnight stationary phase cells. This 
cann be explained by the rate of minicell formation. Assuming that 10% of all cell divisions 
resultedd in the formation of minicells, than the other 90% of the cells will divide normally. 
Afterr a new cell cycle, again about 10% of the cells will form a minicell. Since the number 
off  normal dividing cells was almost doubled during the first cell division, the number of 
minicellss that will be formed during the second cell division will also be doubled. Thus, 
continuedd cell divisions, result in an exponential increase of both normal cells and minicells. 
Ass a consequence, before harvesting about half of the minicells were formed during the last 
divisionn cycle, and more that three quarter of all minicells were not older than three 
generations.. If the increase of cardiolipin is a result of age, than minicells have to grow "old" 
fasterr than wild type cells. In our opinion there is no reason to assume that this is the case. It 
mayy thus be concluded that minicells are enriched in cardiolipin. 

Byy using the cardiolipin-specific fluorescent dye 10-A/-nonyl acridine orange 
phospholipidd domains have been visualised in E. coli (137). Their polar localisation is 
compatiblee with our biochemical data. However, our data are different from those of Goodell 
ett al. (73), who found a relative increase of PG in minicells. We have no explanation for this 
discrepancy. . 

5.5.22 Mass spectrometry 
Forr further comparison of the phospholipid composition of wild type cells and minicells, 

wee have used high resolution ESI-FTICR-MS to asses the different molecular phospholipid 
speciess occurring in E. coll The added value of these measurements lies in the exact 
determinationn of the elemental composition of the phospholipids. This allows the accurate 
determinationn of the degree of unsaturation, overall acyl chain length and chain length 
distributionn (using tandem MS). From the qualitative comparison of the mass spectra it was 

70 0 



concludedd that there were no differences between the various phospholipid species of wild 
typee and minicells. All major peaks are present in the mass spectra of both cell types. 

5.5.33 Anionic phopholipids and cell growth 
Thee phospholipid composition required for the survival of E. coli cells is extremely 

flexible,, though this varies according to the type of phospholipid species (56). For instance, a 
directt dependence of cell growth on PG and CL was shown by Heacock and Do whan (81). 
Byy placing the pgsA gene encoding phosphoglycerophosphate synthase, which is responsible 
forr the synthesis of PG and therefore also for CL, under the regulation of the lacOP region, it 
wass possible to vary the amount of anionic phospholipids in the cell membranes. It was 
foundd that a minimum of 10% of the wild type level of anionic phospholipids was required 
forr cell growth (81). Very recently Kikuchi et al. (108) have constructed zpgsA null mutant 
byy insertion of the kanamycine resistent gene in a strain that does not synthesise the major 
outerr membrane lipoprotein. In rich medium cells were able to grow and divide, despite the 
factt that PG and CL were not detectable (molar percentage <0.001 in each case). As 
comparedd to wild type cells these phospholipids were replaced by increasing PE, PA and 
CDP-diacylglyceroll  from about 80% to 90%, from <0.001% to 4%, and from 0.1% to 3.2%, 
respectivelyy (108). The highly increased level of PA in the null mutant has been interpreted 
too mean that the absence of the anionic phospholipids PG and CL was functionally 
compensatedd for at least in part by the former (108). This suggests that neither CL nor PG is 
essentiall  for cell growth. However, taken together the results indicate that the presence of 
anionicc phospholipids is necessary for cell viability, although the exact phospholipid 
compositionn may vary (cf. also (164)). 

5.5.44 PE and cell division 
PE-deficientt cells are incapable to divide and the filaments do not show visible 

constrictionss ((138, 173) and references therein). However, in cells containing a pss-93 null 
mutationn (pss encodes phosphatidylserine synthase) essential cell division proteins FtsZ, 
FtsAA and ZipA could still localise to potential division sites (138). This would suggest that 
PEE is needed for the constriction process as such and less so for the positioning of the 
cytokinetic ring. c ring. 

5.5.55 Anionic phospholipids and cell division 
Evidencee from a broad range of organisms and systems supports the involvement of 

anionicc phospholipid head groups in the membrane association of many cytoplasmic proteins 
(seee for review: (135)). 

Onee role of anionic phospholipids could reside in the recruitment of cell division proteins 
byy electrostatic interactions. Such a role has been envisaged for the DnaA protein, which is 
involvedd in the initiation of DNA replication (109). Clearly, to differentiate a DnaA-binding 
sitee from say an FtsZ-binding site will require additional chemical specificity factors. SecA 
protein-dependentt translocation of proteins across the inner membrane has also been shown 
too be dependent on anionic phospholipids (19, 48, 113, 118). Since many membrane-
anchoredd cell division proteins have large periplasmic domains it appears likely that their 
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membranee insertion also requires the presence of anionic phopholipids. However, the 
questionn is whether they are really inserted at the site of division. FtsQ (20) and FtsI (PBP3) 
((214);; our unpublished observations) are already membrane-inserted before they are found 
inn thee divisome. Though anionic phospholipids might be required for the membrane insertion 
off  these proteins, the lateral translocation of the latter to the cell centre might be independent 
off  them. By contrast, cytoplasmic cell division proteins like FtsZ and FtsA are directly 
recruitedd near the membrane at the cell centre. However, it is not known whether they 
interactt with phospholipids. It has been shown recently (77, 139, 170), that FtsZ binds to 
ZipA,, a cytoplasmic cell division protein with a membrane anchor (77). Thus, in the absence 
off  a specific role for CL in cell division one might speculate that the increase in CL in the 
minicellss reflects the requirement of CL of proteins in the cell division complex (divisome) 
too be either stabilised, activated or both. 

AA second role, as mentioned in the Introduction of this chapter, might be related to the 
establishmentt of membrane curvature as required for the initiation of cell constriction. For 
instance,, in the presence of calcium cardiolipin is able to adopt a cone shaped form instead 
off  a cylindrical shape (see for review: (70)). Whether this polymorphic property is relevant 
forr E. coli cell division remains to be established. 
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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-rin g 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). 

OM M 

PG G 

IM M 
subassembly y 

Z-ring g 

ZipA A 

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. 

78 8 



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  II I  IV v 
Figuree 5. Invagination of the inner  membrane durin g cell division. See text for details. 
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7.11 Celdeling in bacteriën 
Hett onderzoek beschreven in dit proefschrift gaat over de celdeling in de Gram-negatieve 

bacteriee Escherichia coli (E. coli). Dit hoofdstuk is vooral bedoelt voor iedereen die niet 
zoveell  afweet van bacteriën en/of biochemisch onderzoek, maar toch graag wil weten wat ik 
hebb onderzocht. Op de volgende pagina is de opbouw van een bacteriecel beschreven, even 
alss een aantal tremen die in dit hoofdstuk voor komen. 

Bacteriënn zijn eencellige organismen, welke zijn omgeven door een celenveloppe. De 
celenveloppee zorgt voor de afscherming van de celinhoud van het milieu waarin de cel leeft. 
Tijdenss de levenscyclus groeien de bacteriën en vermenigvuldigen ze hun genetisch 
materiaal.. De E. coli is een staafvormige bacterie die alleen in de lengte richting groeit. Pas 
alss de cel een bepaalde grootte heeft bereikt, kan de cel gaan delen. 

Tijdenss de celdeling wordt de cel-envelope ingesnoerd, om zo de celpolen van de dochter 
cellenn te vormen. Dit proces is niet zo eenvoudig als het lijkt . Allereerst moet de celdeling op 
hett juiste moment plaats vinden. Om er voor te zorgen dat de dochtercellen identiek zijn, en 
alless bevatten om levensvatbaar te zijn, moet het genetisch materiaal van de moedercel 
volledigg verdubbeld zijn. Bovendien moeten het genetisch materiaal van elkaar gescheiden 
zijn,, zodat elke dochtercel haar eigen deel krijgt. Daarom is het ook belangrijk dat deling 
preciess in het midden van de cel plaatsvindt. 

7.22 Eiwitten betrokken bij  celdeling 
Omm het celdelingsproces in goede banen te leiden, zijn er in E. coli verschillende eiwitten 

aanwezig.. Eén daarvan is het celdelingseiwit FtsZ. FtsZ is, samen met een aantal ander Fts-
eiwittenn gevonden in een zoektocht naar eiwitten die een belangrijke rol spelen bij celdeling, 
doorr onder extreme omstandigheden (in dit geval een hoge groeitemperatuur) cellen te 
kweken.. Fts staat voor filementous temperature sensitive. De cellen die nog wel in lengte 
kondenn blijven groeien, maar niet meer konden delen, vormden lange filamenten (draden). 
Ditt bleek veroorzaakt te zijn door een verandering in een gen, dat codeert voor een specifiek 
eiwit.. Uiteindelijk bleek dat de meeste van deze genen coderen voor eiwitten die een 
essentiëlee rol speelt in het celdelingsproces. Samen vormen ze een ringstructuur op de plaats 
waarr de cel moet gaan deling. Het wordt aangenomen dat deze ringstructuur een belangrijke 
roll  speelt bij de insnoering van de celenveloppe. 

Dee celdelingseiwitten werken niet alleen nauw met elkaar samen, maar ze zijn ook 
afhankelijkk van elkaar. Zo komen ze in een specifieke volgorde naar het midden van de cel. 
FtsZZ is het eerste eiwit dat lokaliseert op de toekomstige celdelingplaats. Als FtsZ niet 
aanwezigg is, of niet helemaal goed functioneert, kunnen de andere celdelingeiwitten niet 
lokaliseren,, en kan er dus ook geen celdeling plaats vinden. 
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cytoplasma: : 

nucleoied: : 

gen: : 

eiwit: : 

lipide: : 
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Opbouww van een E. coli cel: 
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11 celenvelope AAAAAA A _ dubbellaaa rr  mum 

nucleoiedd h P i d e # ' k°Pgr°ep 
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Buitenstee rand van de bacteriecel. De cel envelop bestaat uit drie 
laagjes:: de buitenmembraan, de celwand (die voor de uiteindelijk 
celvormm zorgt) en de binnenmembraan. 

Dee inhoud van de cel (celsap). 

Hett genetisch materiaal (DNA) van de cel, en bestaat uit een lange, 
cirkelvormigee ketting van nucleïnezuren. Deze cirkel is opgevouwen 
tott het nucleoied. Het nucleoïde is omgeven door het cytoplasma. 

Eenn aantal nucleïnezuren samen vormt een gen. Een gen bevat de 
genetischee code voor een specifiek eiwit. 

Belangrijkee bouwsteen voor de cel. Een eiwit bestaat uit een ketting 
vann aminozuren. De volgorde van de aminozuren ligt vast in de 
genetischee code (gen), en is bepalend voor het type eiwit. De vorm van 
eenn eiwit wordt bepaald door de manier waarop de ketting van 
aminozurenn zich opvouwt. 

Belangrijkee bouwsteen voor de cel, komt vnl. voor in de 
celmembranen.. Lipiden bestaan uit twee delen; een kopgroep die 
waterminnendd is (hydrofiel) en twee staarten die waterafstotend 
(hydrofoob)) zijn. 

Doorr deze unieke opbouw kunnen lipiden in een waterige omgeving 
spontaann dubbellagen (membranen) vormen. In zo'n dubbellaag zitten 
dee kopgroepen aan de buitenkant, waardoor de waterafstotende staarten 
inn het midden afgeschermd worden van de omgeving. 
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7.33 FtsZ 
FtsZZ is een eiwit dat in een niet-delende cel voornamelijk in het cytosol (celsap) 

voorkomt.. Echter, de meeste andere celdelingeiwitten zijn verankerd in de binnenmembraan. 
Omm samen een ringstructuur te kunnen vormen die tot celdeling kan leiden, verplaatst FtsZ 
zichh vanuit het cytosol naar de binnenmembraan, precies in het midden van de cel. Hoe dit 
middenn van de cel gevonden wordt, zal hier verder niet besproken worden (zie evt. 
hoofdstukk 1.5.5 van dit proefschrift). In dit proefschrift is onderzoek beschreven naar de 
interactiee tussen FtsZ en de binnenmembraan. 

Omm te onderzoeken hoe het eiwit FtsZ aan de binnen membraan vastzit, zijn er eerst 
binnenn membraan blaasjes geïsoleerd. Door de E. coli cellen onder hoge druk door een klein 
gaatjee te persen, gaat de cel kapot en worden er blaasjes gevormd van de binnen- of 
buitenmembraan.. De blaasjes afkomstig van de binnenmembranen zijn geïsoleerd en 
bestudeerd.. Het bleek dat een klein deel (4,5 %) van al het FtsZ dat in de cel voorkomt, vast 
zitt aan de binnenmembraan. Deze moleculen zijn stevig gebonden aan de membraan, en 
kondenn niet doormiddel van 'wasstappen' met diverse 'oplossingen' van de membraan 
verwijderdd worden. 

Vervolgenss is er gekeken welk deel van het FtsZ molecuul betrokken is bij de interactie 
mett de membraan. Dit is gedaan met behulp van een protease, een enzym dat eiwitten op 
specifiekee plaatsen in kleine stukjes kan knippen. Als deze knipplaatsen worden 
afgeschermd,, bijvoorbeeld doordat het eiwit aan iets anders vastzit, kan de protease daar niet 
knippenn en ontstaan er minder/andere brokstukken. Door nu de brokstukken van geknipt 
FtsZZ (dat niet aan de membraangebonden is) te vergelijken met de brokstukken van het 
membraan-gebondenn FtsZ, kan er iets gezegd worden over het deel van FtsZ dat betrokken is 
bijj  een interactie met een membraan component. Uit het onderzoek dat beschreven staat in 
hoofdstukk 3, volgde dat één specifiek brokstuk niet ontstond in het geval van membraan 
gebondenn FtsZ. Door de volgorde van aminozuren in dit brokstuk te vergelijken met dat van 
hett hele eiwit, kon precies worden vastgesteld welk deel van FtsZ door binding met de 
membraann was beschermd tegen de protease. 

Omm te kijken of dit stukje van FtsZ belangrijk is voor de functie van het eiwit, hebben we 
opp exact die plaats een kleine verandering (mutatie) aangebracht door een positief geladen 
aminozuurr te vervangen door een negatief geladen aminozuur. Dit is gedaan door het stukje 
DNAA dat voor FtsZ codeert op een specifieke plaats te wijzigen. Vervolgens is dit stukje 
DNAA in de E. coli cel geplaatst. De cel kon ondanks dit extra DNA volledig functioneren. 
Doordatt het normale (wild type) FtsZ nog steeds gemaakt wordt, kan de cel normaal groeien 
enn delen. Pas na toevoeging van een extra stofje wordt het extra DNA in de cel gelezen en 
wordtt het veranderde FtsZ (FtsZ*) ook geproduceerd. Er zijn een aantal eigenschappen van 
ditt veranderde FtsZ in de cel bestudeerd. Allereerst werd er gekeken of dit FtsZ*  in staat was 
omm te lokaliseren in het midden van de cel. Hiervoor werd er in het extra DNA dat in de cel 
gebrachtt werd, naast het gen voor FtsZ ook het gen voor een fluorescerend eiwit geplaatst. 
Hierdoorr werd niet alleen een verandering in FtsZ geïntroduceerd, maar kan het veranderde 
FtsZZ ook fluoresceren wanneer het met UV licht bestraald wordt. Met behulp van een 
fluorescentiemicroscoopp is vervolgens vast gesteld dat het FtsZ*  een ringstructuur kan 
vormenn in het midden van de cel, net zoals dat eerder was aangetoond voor het normale 
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FtsZ.. Vervolgens is het FtsZ dat normaal in de cel voorkomt inactief gemaakt, door gebruik 
tee maken van een stam die geen functioneel FtsZ maakt wanneer de cellen bij een hogere 
temperatuurr dan normaal gegroeid worden. Ook in deze cellen was het FtsZ*  instaat om te 
lokaliserenn op de juiste plaats. Echter, ondanks de productie van het FtsZ*, waren de cellen 
niett meer instaat om te delen. Dit is in tegen stelling met wat we vonden toen onveranderd 
FtsZZ vanaf extra DNA in de cel geproduceerd werd in cellen met non-actief FtsZ. Dit 
betekentt dat de verandering die we hebben aangebracht in FtsZ door een positief geladen 
aminozuurr in een negatief geladen aminozuur te veranderen, fataal is voor het volledig 
functionerenn van FtsZ. 

Naastt het bestuderen van het FtsZ*  in de cel, hebben we ook een aantal experimenten 
uitgevoerdd met gezuiverd materiaal. Het is namelijk mogelijk om buiten de cel (In 
reageerbuisjes)) ketens te vormen van FtsZ moleculen. Deze ketens kunnen onder andere met 
behulpp van een elektronen microscoop bestudeerd worden. Uit onze experimenten volgde dat 
hett FtsZ*  ook ketens kan vormen, maar dat deze ketens toch een klein beetje anders zijn dan 
diee van het normale FtsZ. Ketens van normaal FtsZ kunnen namelijk (als er voldoende 
calciumm aanwezig is) bundels vormen, maar de ketens van het FtsZ*  kunnen dit niet. Het zou 
kunnenn zijn dat de bundeling van FtsZ ketens belangrijk is voor de celdeling, maar dit is nog 
niett zeker. 

7.44 De rol van lipiden tijdens celdeling 
Inn het laatste experimentele hoofdstuk is er gekeken of er op de celdelingsplaats andere 

lipidenn voorkomen dan in de rest van de cel. Hiervoor is gebruik gemaakt van zogenaamde 
minicellen.. Minicellen ontstaan doordat de cel vlak bij de celpool deelt in plaats van in het 
midden.. Hierdoor bevat de celenveloppe van de minicel relatief veel materiaal dat betrokken 
iss geweest bij een celdeling. In E. coli komen drie verschillende soorten lipiden voor, te 
weten:: phosphatidylethanolamine (75-80%), phosphatidylglycerol (15%) en cardiolipine 
(5%).. Door de lipidensamenstelling van normale cellen te vergelijken met die van 
minicellen,, bleek dat de minicellen veel meer cardiolipine bevatten dan de normale cellen. 
Ditt zou kunnen betekenen dat cardiolipine een belangrijke rol speelt bij celdeling. Een 
mogelijkee rol zou te maken kunnen hebben met de negatieve lading van dit lipide. Hierdoor 
zoudenn bijvoorbeeld positief geladen eiwitten makkelijker aan de membraan gebonden 
kunnenn worden. Een andere rol zou te maken kunnen hebben met de vormverandering die 
cardiolipinee kan ondergaan. Tijdens de insnoering van de celenvelop en de vorming van de 
nieuwee celpolen vinden er heel veel structurele veranderingen plaats in de membraan. Onder 
invloedd van calcium kan cardiolipine van vorm veranderen. Dit zou nuttig kunnen zijn 
tijdenss het celdelingsproces. 
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7.55 Tot slot 
Dee resultaten van dit onderzoek dragen bij aan de algemene kennis over celdeling in E. 

coli,coli, en het celdelingseiwit FtsZ in het bijzonder. Echter, zoals dat zo vaak gaat in het 
wetenschappelijkk onderzoek, levert elke beantwoorde vraag weer meer vragen op. Zo is het 
bijvoorbeeldd nog niet precies duidelijk waarom het FtsZ*  niet meer functioneel is. Komt dit 
doordatt een interactie met een ander (celdelings) eiwit verstoord is? Zo ja, met welk eiwit? 
Ookk is nog steeds niet duidelijk hoe FtsZ precies de goede locatie vindt om een ring te 
vormen.. Gaat het een binding aan met een nog onbekend membraan eiwit? Gaat het een 
bindingg aan met de lipiden van de membraan? Zo ja, is cardiolipine hier dan bij betrokken? 
Zoo blijf t er (gelukkig) nog werk over voor mijn collega's. All e resultaten van dit onderzoek 
dragenn bij aan de totale kennis van celdeling van bacteriën. Doordat dit proces steeds beter 
begrepenn wordt, is het op den duur wellicht mogelijk om celdeling op een andere manier te 
remmenn dan tot nu toe met bijvoorbeeld penicilline gedaan wordt. Dit is belangrijk omdat 
steedss meer bacteriën resistent worden tegen de antibiotica die nu beschikbaar zijn. 

88 8 



References s 
1.. Addinal, S. G., E. Bi, and J. Lutkenhaus 1996. FtsZ ring formation in fis mutants. J. Bacterid. 

178:3877-3884. . 
2.. Addinal, S. G., C. Cao, and J. Lutkenhaus 1997. FtsN, a late recruit to the septum in Escherichia 

colicoli Mol. Microbiol. 25:303-309. 
3.. Addinal, S. G., and J. Lutkenhaus 1996. FtsA is localized to the septum in an FtsZ-dependent 

manner.. J. Bacterid. 178:7167-7172. 
4.. Adler, H. I., W. D. Fisher, A. Cohen, and A. Hardigree 1967. Miniature Escherichia coli cells 

deficientt in DNA. Proc. Natl. Acad. Sci. USA. 57:321-326. 
5.. Aldea, M., T. Garrido , J. Pla, and M. Vicente 1990. Division genes in Escherichia coli are 

expressedd coordinately to cell septum requirements by gearbox promoters. EMBO J. 9:3787-3794. 
6.. Beech, P. L., T. Nheu, T. Schultz, S. Herbert, T. Lithgow, and P. R. Gilson 2000. Mitochondrial 

FtsZZ in a Chromophyte Alga. Science. 287:1276-1279. 
7.. Bi, E., and J. Lutkenhaus 1993. Cell division inhibitors SulA and MinCD prevent formation of the 

FtsZZ ring. J. Bacteriol. 175:118-1125. 
8.. Bi, E., and J. Lutkenhaus 1991. FtsZ ring structure associated with division in Escherichia coli. 

Nature.. 354:161-164. 
9.. Bi, E., and J. Lutkenhaus 1990. Interaction between the min locus andftsZ. J. Bacteriol. 172:5610-

5616. . 
10.. Bligh, E. G., and W. J. Dyer  1959. A rapid method of total lipid extraction and purification. Can. J. 

Biochem.. Physiol. 37:911-917. 
11.. Bloch, K., P. Baronowsky, H. Goldfine, W. J. Lennarz, R. Light , A. T. Norris, and G. 

Scheuerbrandtt  1961. Biosynthesis and metabolism of unsaturated fatty acids. Fed. Proc. 20:921-927. 
12.. Bork, P., C. Sander, and A. Valencia 1992. An ATPase domain common to prokaryotic cell cycle 

proteins,, sugar kinases, actin and hsp70 heat shock proteins. Proc. Natl. Acad. Sci. USA. 89:7290-
7294. . 

13.. Bowler, L. D., and B. G. Spratt 1989. Membrane topology of penicillin-binding protein 3 of 
EscherichiaEscherichia coli. Mol. Microbiol. 3:1277-1286. 

14.. Boyle, D. S., M. M. Khattar , S. G. Addinall , J. Lutkenhaus, and W. D. Donachie 1997. ftsW is an 
essentiall  cell-division gene in Escherichia coli. Mol. Microbiol. 24:1263-73. 

15.. Brade, H., C. Galanos, and O. Lüderit z 1983. Differential determination of the 3-Deoxy-d-
mannooctulosonicc ccid residues in lipopolysaccharides of Salmonella minnesota rough mutants. Eur. 
J.. Biochem. 131:195-200. 

16.. Bramhill , D. 1997. Bacterial cell division. Ann. Rev. Cell & Dev. Biol. 13:395-424. 
17.. Bramhill , D., and C. M. Thompson 1994. GTP-dependent polymerization of Escherichia coli FtsZ 

proteinn to form tubules. Proc. Natl. Acad. Sci. USA. 91:5813-5817. 
18.. Braun, V., H. Gnirke, Lt. Henning, and K. Rehn 1973. Model for the structure of the shape-

maintainingg layer of the Escherichia coli cell envelope. J. Bacteriol. 114:1264-1270. 
19.. Breukink , E., R. A. Demel, G. Korte-Kool , and B. de Kruijf f 1992. SecA insertion into 

phospholipidss is stimulated by negatively charged lipids and inhibited by ATP: a monolayer study. 
Biochemistry.. 31:1119-1124. 

20.. Buddelmeijer, N., M. E. G. Aarsman, A. H. J. Kolk,  M. Vicente, and N. Nanninga 1998. 
Localizationn of cell division protein FtsQ by immunofluorescence microscopy in dividing and non-
dividingg cells of Escherichia coli. J. Bacteriol. 180:6107-6116. 

21.. Carson, M. J., J. Barondess, and J. Beckwith 1991. The FtsQ protein of Escherichia coli: 
membranee topology, abundance, and cell division phenotypes due to overproduction and insertion 
mutations.. J. Bacteriol. 173:2187-2195. 

22.. Carty, C. E., and L. O. Ingram 1981. Lipid synthesis during the Escherichia coli cell cycle J. 
Bacteriol.. 145:472-478. 

23.. Chen, J. C , and J. Beckwith 2001. FtsQ, FtsL and FtsI require FtsK but not FtsN, for co-localization 
withh FtsZ during Echerichia coli cell division. Mol. Microbiol. 42:395-413. 

24.. Chernomordik, L. V., M. M. Kozlov, G. B. Melikyan, I. G. Abidor , V. S. Markin , and Y. A. 
Chizmadzhevv 1985. The shape of lipid molecules and monolayer membrane fusion. Biochem. 
Biophys.. Acta. 812:643-655. 

25.. Churchward, G. G., and I. B. Holland 1976. Envelope synthesis during the cell cycle in Escherichia 
colii  B/r. J. Mol. Biol. 105:245-261. 

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

89 9 



27.. Crameri, A., E. A. Whitehorn, E. Tata, and W. P. C. Stemmer  1996. Improved green fluorescent 
proteinn by molecular evolution using DNA shuffling. Nat. Biotech. 14:315-319. 

28.. Cronan, J. E., R. B. Gen nis, and S. Maloy 1987. Cytoplasmic membrane., p. 31-55. In F. C. 
Neidhardt,, J. L. Ingraham, K. Brooks Low, B. Maganasik, M. Schaechter, and H. E. Umbarger (eds), 
EscherichiaEscherichia coli and Salmonella typhimurium cellular and molecular biology. American Society For 
Microbiology,, Washington D. C. 

29.. Cronan, J. E., and C. O. Rock 1996. Biosynthesis of membrane lipids., p. 612-636. In F. C. 
Neidhardt,, R. Curtiss, J. L. Ingraham, C. C. Lin, K. Brooks Low, B. Maganasik, W. S. Reznikoff, M. 
Riley,, M. Schaechter, and H. E. Umbarger (eds), Escherichia coli and Salmonella cellular and 
molecularmolecular biology. American Society For Microbiology, Washington D. C. 

30.. Cronan, J. E., and C O. Rock 1987. Biosynthesis of membrane lipids., p. 474-497. In F. C. 
Neidhardt,, J. L. Ingraham, K. Brooks Low, B. Maganasik, M. Schaechter, and H. E. Umbarger (eds), 
EscherichiaEscherichia coli and Salmonella typhimurium cellular and molecular biology. American Society For 
Microbiology,, Washington D. C. 

31.. Cuius, P. R„  and B. de Kruijf f 1978. The polymorphic phase behaviour of 
phosphatidylethanolaminess of natural and synthetic origin. A 31P NMR study. Biochim. Biophys. 
Acta.. 513:31-42. 

32.. Cullis, P. R., M. J. Hope, and C. P. S. Tilcock 1986. Lipid polymorphism and the role of lipids in 
membranes.. Chem. Phys. Lipids. 40:127-144. 

33.. Cunningham, K„  R. Lill , E. Crooke, M. Rice, K. Moore, W. Wickner, and D. Oliver  1989. SecA 
protein,, a peripheral protein of the Escherichia coli plasma membrane, is essential for the functional 
bindingg and translocation of proOmpA. EMBO J. 8:955-959. 

34.. Dai, K., and J. Lutkenhaus 3992. The proper ratio of FtsZ and FtsA is required for cell division to 
occurr in Escherichia coli, J, Bacteriol. 174:6145-6151. 

35.. Dai, K., Y. Xu, and J. Lutkenhaus 1993. Cloning and characterization of ftsN, an essential cell 
divisiondivision gene in Escherichia coli isolated as a multicopy suppressor of ftsA I2(ts) J. Bacteriol. 
175:3790-3797. . 

36.. De Boer, P. A. J., R. E. Crossley, and L. I. Rothfield 1990. Central role for the Escherichia coli 
minCminC gene product in two different cell division-inhibition systems. Proc. Natl. Acad. Sci. 87:1129-
1133. . 

37.. De Boer, P. A. J., R. E. Crossley, and L. I. Rothfield 1989. A division inhibitor and a topological 
specificityy factor coded for by the minicell locus determine proper placement of the division septum in 
EscherichiaEscherichia coli. Cell. 56:641-649. 

38.. De Boer, P. A. J., R. E. Crossley, and L. I. Rothfield 1992. The essential bacterial cell division 
proteinn FtsZ is a GTPase. Nature. 359:254-256. 

39.. De Boer, P. A. J., R. E. Crossley, and L. I. Rothfield 1988. Isolation and properties of minB, a 
complexx genetic locus involved in correct placement of the division site in Escherichia coli. J. 
Bacteriol.. 170:2106-2112. 

40.. De Boer, P. A. J., R. E. Crossley, and L. I. Rothfield 1992. Roles of MinC and MinD in the site-
specificc septation block mediated by the MinCDE system of Escherichia coli. J. Bacteriol. 174:63-70. 

41.. de Kruijff , B., J. A. Killian , A. G. Rietveld, and R. Kusters 1997. Phospholipid structure and 
EscherichiaEscherichia coli membranes. Current Topics Membranes. 44:477-515. 

42.. de Vrije , T., J. Tommassen, and B. de Kruijf f 1987. Optimal posttranslocational of the precursor of 
PhoEE protein accross Escherichia coli membrane vesicles requires both ATP and the protonmotive 
force.. Biochim. Biophys. Acta. 900:63-72. 

43.. Decad, G. M., and H. Nikaido 1976. Outer membrane of Gram-negative bacteria. Molecular-sieving 
functionn of cell walls. J. Bacteriol. 128:325-336. 

44.. DeChavingy, A., P. N. Heacock, and W. Dowhan 1991. Phosphatidylethanolamine may not be 
essentiall  for the viabillity of Escherichia coli. J. Bio. Chem. 266:5323-5332. 

45.. Demchick, P., and A. L. Koch 1996. The pearmeability of the wall fabric of Escherichia coli and 
BacillusBacillus subtilis. J. Bacteriol. 178:768-773. 

46.. Den Blaauwen, T., N. Buddelmeijer, M. E. G. Aarsman, C. M. Hameete, and N. Nanninga 1999. 
Timingg of the FtsZ assembly in Escherichia coli. J. Bacteriol. 181:5167-5175. 

47.. Den Blaauwen, T., A. Lindqvist , J. Löwe, and N. Nanninga 2001. Distribution of the Escherichia 
colicoli structural maintenance of chromosomes (SMS)-like protein MukB in the cell. Mol. Microbiol. 
42:1179-1188. . 

48.. Den Blaauwen, T., J. P. W. Van der  Wolk, C. Van der  Does, K. H. M. Van Wely, and A. J. M. 
Driessenn 1999. Thermodynamics of nucleotide binding to NBS-I of the Bacillus subtillis preprotein 
translocasee subunit SecA. FEBS Lett. 458:145-150. 

90 0 



49.. Dewar, S. J., K. J. Begg, and W. D. Donachie 1992. Inhibition of cell division initiation by an 
imbalancee in the ration of FtsA to FtsZ. J. Bacterid. 174:6314-6316. 

50.. Dewar, S. J., and R. Dorazi 2000. Control of division gene expression in Escherichia coli. FEMS 
Microbiol.. Lett. 187:1-7. 

51.. Di Lallo, G., D. Anderluzzi, P. Ghelardini , and L. Paolozzi 1999. FtsZ dimerization in vivo. Mol. 
Microbiol.. 32:265-274. 

51a.. Dmitriev , B.A., S. Ehlers, and E.T. Rietschel 1999. Layered murein revisited: a fundamentally new 
conceptt of bacterial cell wall structure, biogenesis and function. Med. Micobiol. Immunol. (Berl) 187: 
173-181. . 

52.. Din, N., E. M. Quardokus, M. J. Sackett, and Y. V. Brun 1998. Dominant C-terminal deletions of 
FtsZZ that affect its ability to localize in Caulobacter and its interaction with FtsA. Mol. Microbiol. 
27:1051-1063. . 

53.. Doi, M., M. Wachi, F. Ishino, S. Tomioka, M. Ito, Y. Sakagami, A. Suzuki, and M. matsuhashi 
1988.. Determination of the DNA sequence of the mreB gene and of the geneproducts of the mre 
regionn that function in formation of the rod shape of Escherichia coli cells. J. bacteriol. 170:4619-
4624. . 

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

55.. Dougherty, T. J., K. Kennedy, R. E. Kessler, and M. J. Pucci 1996. Direct quantitation of the 
numberr of individual penicillin-binding proteins per cell in Escherichia coli. J. Bacteriol. 178:6110-
6115. . 

56.. Dowhan, W. 1997. Molecular basis for membrane phospholipid diversity: Why are there so many 
lipids?? Annu. Rev. Biochem. 66:199-232. 

57.. Duong, F., J. Eichler, A. Price, M. R. Leonard, and W. Wickner  1997. Biogenesis of the Gram-
negativee bacterial envelope. Cell. 91:567-573. 

58.. Erickson, H. P. 1998. Atomic structures of tubulin and FtsZ. Trends in Cell Biology. 8:133-137. 
59.. Erickson, H. P. 1995. FtsZ, a prokaryotic homolog of tubulin? Cell. 80:367-370. 
60.. Erickson, H. P. 1997. FtsZ, a tubulin homologue in prokaryote cell division. Trends in Cell Biology. 

7:362-367. . 
61.. Erickson, H. P. 2001. The FtsZ protofilament and attachment of ZipA - structural constraints on the 

FtsZZ power stroke. Current Opinion in Cell Biology. 13:55-60. 
62.. Erickson, H. P., and D. Stoffer  1996. Protofilaments and rings, two conformations of the tubulin 

familyy conserved from bacterial FtsZ to alpha/beta and gamma tubulin. J. Cell Biol. 135:5-8. 
63.. Erickson, H. P., D. W. Taylor, K. A. Taylor, and D. Bramhil l 1996. Bacterial cell division protein 

FtsZZ assembles into protofilament sheets and minirings, structural homologs of tubulin polymers. 
Proc.. Natl. Acad. Sci. USA. 93:519-523. 

64.. Fine, J. B., and H. Sprecher  1982. Unidimensional thin-layer chromatography of phospholipids on 
boricc acid-impregnated plates. J. Lipid Res. 23:660-663. 

65.. Fishov, L, A. Zaritsky , and N. B. Grover  1995. On microbial states of growth. Mol. Microbiol. 
15:789-794. . 

66.. Fiske, L. M., and Y. Subbarow 1925. The colorimetric determination of phosphorus. J. Biol. Chem. 
66:375-389. . 

67.. Fu, X., Y.-L . Shih, Y. Zhang, and L. I . Rothfield 2001. The MinE ring required for proper 
placementt of the division site is a mobile structure that changes its cellular location during the 
EscherichiaEscherichia coli division cycle. Proc. Natl. Acad. Sci. USA. 98:980-985. 

68.. Fujiki , Y., A. L. Hubbard, S. Fowler, and P. B. Lazarow 1982. Isolation of intracellular membranes 
byy means of sodium carbonate treatment: Application to endoplasmic reticulum. J. Cell Biol. 93:97-
102. . 

69.. Gaily, D., K. Bray, and S. Cooper  1993. Synthesis of peptidoglycan and membrane during the 
divisionn cycle of rod-sheaped, Gram-negative bacteria. J. Bacteriol. 175:3121-3130. 

70.. Gennis, R. B. 1989. Biomembranes, molecular structure and function. Springer-Verlag New York, 
Inc. . 

71.. Ghigo, J.-M., D. S. Weiss, J. C. Chen, J. G. Yanow, and J. Beckwith 1999. Localization of FtsL to 
thee Escherichia coli septal ring. Mol. Microbiol. 31:725-738. 

72.. Gilson, P. R., and P. L. Beech 2001. Cell division protein FtsZ: running rings around bacteria, 
chloroplastss and mitochondria. Res. Microbiol. 152:3-10. 

73.. Goodell, E. W., and U. Schwarz 1974. Cell envelope composition of Escherichia coli K12: A 
comparisonn of the cell poles and the lateral wall. Eur. J. Biochem. 47:567-572. 

74.. Guzmen, L., J. Barondess, and J. Beckwith 1992. FtsL, an essential cytoplasmic membrane protein 
involvedd in cell division in Escherichia coli J. Bacteriol. 174:7716-7728. 

91 1 



75.. Hakenbeck, R., and W. Messer  1977. Activity of murein hydrolyses in synchronyzed cultures of 
EscherichiaEscherichia coli. J. Bacteriol. 129:1239-1244. 

76.. Hakenbeck, R., and W. Messer  1977. Oscilliations in the synthesis of cell wall components in 
synchronizedd cultures of Escherichia coli. J. Bacteriol. 129:1234-1238. 

77.. Hale, C. A., and P. A. J. de Boer  1997. Direct binding of FtsZ to Zip A, an essential component of the 
septall  ring structure that mediates cell division in Escherichia coli. Cell. 88:1-20. 

78.. Hale, C. A., and P. A. J. De Boer  1999. Recruitment of Zip A to the septal ring of Escherichia coli is 
dependentt on FtsZ and independent of FtsA J. Bacteriol. 181:167-176. 

79.. Hale, C. A., A. C. Rhee, and P. A. J. de Boer  2000. ZipA-induced bundling of FtsZ polymers 
mediatedd by an interaction between C-terminal domains. J. Bacteriol. 182:5153-5166. 

80.. Haney, S. A., E. Glasfeld, C. Hale, D. Keeney, Z. Z. He, and P. de Boer  2001. Genetic analysis of 
thee Escherichia coli FtsZ center dot ZipA interaction in the yeast two-hybrid system - Characterization 
off  FtsZ residues essential for the interactions with ZipA and with FtsA. J. Biol. Chem. 276:11980-
11987. . 

81.. Heacock, P. N., and W. Dowban 1989. Alteration of the phospholipid composition of Escherichia 
colicoli through genetic manipulation. J. Biol. Chem. 264:14972-14977. 

82.. Heacock, P. N., and W. Do whan 1987. Construction of a lethal mutation in the synthesis of the major 
acidicc phospholipids of Escherichia coli. J. Biol. Chem. 262:13044-13049. 

83.. Heeren, R. M. A., and J. J. Boon 1996. Rapid microscale analyses with an external ion source 
Fourierr transform ion cyclotron resonance mass spectrometer. Int. J. Mass Spect. Ion Processes. 
157/158:391-403. . 

84.. Helmstetter, C. E., and S. Cooper 1968. DNA synthesis during the division cycle of repisly growing 
EscherichiaEscherichia coli B/r. J. Mol. Biol. 31:507-518. 

85.. Higashitani, A., N. Higashitani, and K. Horiuchi 1995. A cell division inhibitor SulA of 
EscherichiaEscherichia coli directly interacts with FtsZ through GTP hydrolysis. Biochem. Biophys. Res. Comm. 
209:198-204. . 

86.. Hiraoka, S„  H. Matsuzaki, and I. Shibuya 1993. Active increase in cardiolipin synthesis in the 
stationaryy growth phase and its physiological significance in Escherichia coli FEBS Lett. 336:221-
224. . 

87.. Hobot, J. A., E. Carlemalm, W. Villiger , and E. Keilen berger  1984. Periplasmic gel: New concept 
resultingg from the reinvestigation of bacterial cell envelope ultrastructure by new methods. J. 
Bacteriol.. 160:143-152. 

88.. Hoischen, C , W. Ihn, K. Gura, and J. Gumpert 1997. Structural characterization of molecular 
phospholipidd species in cytoplasmic membranes of the cell wall-less Streptomyces hygroscopicus L 
formm by use of electron spray ionization coupled with collision-induced dissociation mass 
spectroscopyy J. Bacteriol. 179:3437-3442. 

89.. Höltje, J.-V. 1998. Growth of the stress-bearing and shape-maintaining murein sacculus of 
EscherichiaEscherichia coli. Microbiol. Mol. Biol. Rev. 62:181-203. 

90.. Höltje, J.-V. 1996. A hypothetical holoenzyme involved in the replication of the murein sacculus of 
EscherichiaEscherichia coli. Microbiol. 142:1911-1918. 

91.. Holtje, J. V. 1996. Molecular interplay of murein synthases and murein hydrolases in Escherichia 
coli.coli. Microbiol. Drug Resistance-Mechanisms Epidemiology and Disease. 2:99-103. 

92.. Hu, Z., and J. Lutkenhaus 2000. Analysis of MinC reveals two independent domains involved in 
interactionn with MinD and FtsZ. J. Bacteriol. 182:3965-3971. 

93.. Hu, Z., and J. Lutkenhaus 1999. Topological regulation of celt division in Escherichia coli involves 
rapidd pole to pole oscillation of the division inhibitor MinC under control of MinD and MinE. Mol. 
Microbiol.. 34:82-90. 

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

95.. Huang, J., C. Cao, and J. Lutkenhaus 1996. Interaction between FtsZ and inhibitors of cell division. 
J.. Bacteriol. 178:5080-5085. 

96.. Ikeda, M., T. Sato, M. Wachi, H. K. Jung, F. Ishino, Y. Kobayashi, and M. Matsuhashi 1989. 
Structurall  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. . 

97.. Ingraham, J. L., O. Maalee, and F. C. Neidhardt 1983. Growth of the bacterial cell. Sinauer 
Associates,, Inc., Sunderland, MA. 

98.. Ishino, F., W. Park, S. Tomioka, S. Tamaki, I. Takase, K. Kunugita, H. Matsuzawa, S. Asoh, T. 
Ohta,, B. G. Spratt, and M. Matsuhashi 1986. Peptidoglycan synthetic activities in membranes of 

92 2 



EscherichiaEscherichia coli caused by overproduction of penicillin-binding protein 2 and RodA protein. J. Biol. 
Chem.. 261:7024-7031. 

99.. Jones, L. J. F., R. Carbadillo-Lopez, and J. Erringto n 2001. Control of cell shape in bacteria: 
helica,, actin-like filamnets in Bacillus subtilis. Cell. 104:913-922. 

100.. Joseleau-Petit, D., F. Kepes, and A. Kepes 1984. Cyclic changes of the rate of phospolipid synthesis 
duringg synchronous growth of Escherichia coli. Eur. J. Biochem. 139:605-611. 

101.. Joseleau-Petit, D., D. Vinella, and R. D'Ar i 1999. Metaboloic alarms and cell division in 
EscherichiaEscherichia coli. J. Bacteriol. 181:9-14. 

102.. Justice, S. S., J. Garcia-Lara, and L. I. Rothfield 2000. Cell division inhibitors SulA and 
MinC/MinDD block septum formation at different steps in the assembly of the Escherichia coli division 
machinery.. Mol. Microbiol. 37:410-423. 

103.. Kadner, R. J. 1996. Cytoplasmic membrane., p. 58-87. In F. C. Neidhardt (ed.), Escherichia coli and 
Salmonella:: cellular and molecular biology. ASM Press, Washington, D.C. 

104.. Kennedy, E. P. 1996. Membrane-derived oligosaccharides (periplasmic Beta-D- glucans) of 
EscherichiaEscherichia coli., p. 1064-1071. In F. C. Neidhardt (ed.), Escherichia coli and Salmonella: cellular and 
molecularr biology. ASM Press, Washington, D.C. 

105.. Kennedy, E. P., M. K. Rnmley, H. Schulman, and L. M. G. van Golde 1976. Identification oisn-
glycero-11 -phosphate and phosphoethanolamine residues linked to the membrane -derived 
oligosaccharidess of Escherichia coli. J. Biol. Chem. 251:4208-4213. 

106.. Khattar , M. M., S. G. Addinall , K. H. Stedul, D. S. Boyle, J. Lutkenhaus, and W. D. Donachie 
1997.. Two polypeptide products of the Escherichia coli cell division gene ftsW and a possible role for 
FtsWW in FtsZ function J Bacteriol. 179:784-93. 

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

108.. Kikuchi , S., I. Shibuya, and K. Matsumoto 2000. Viability of an Escherichia coli pgsA null mutant 
lackinglacking detectable phosphatidylglycerol and cardiolipin. J. Bacteriol. 182:371-376. 

109.. Kitchen, J. L., Z. Li , and E. Crooke 1999. Electrostatic interactions during acidic phospholipid 
reactivationn of dnaA protein, the Escherichia coli initiator of chromosomal replication. Biochemistry. 
38:6213-6221. . 

110.. Koch, A. L. 1983. The surface stress theory of microbial morphogenesis. Adv. Microbiol. Physiol. 
24:301-366. . 

111.. Koivusalo, M., P. Haimi, L. Heikinheimo, R. Kostiainen, and P. Somerharju 2001. Quantitative 
determinationn of phospholipid compositions by electrospray mass-spectrometry. J. Lipid Res. 42:663-
672. . 

112.. Koster, S„  M. C. Duursma, J. J. Boon, M. W. F. Nielen, C. G. de Koster, and R. M. A. Heeren 
2000.. Structural analysis of synthetic homo- and copolyesters by electrospray ionization on a fourier 
transformm cyclotron resonance mass spectrometer. J. Mass Spect. 35. 

113.. Kusters, R., W. Dowhan, and B. de Kruijf f 1991. Negatively charged phospholipids restore 
prePhoEE translocation across phosphatidylglycerol-depleted Escherichia coli inner membranes. J. 
Biol.. Chem. 266:8659-8662. 

114.. Kyte, J., and R. F. Doolittl e 1982. A simple method for displaying the hydropathic character of a 
protein.. J. Mol. Biol. 157:105-132. 

115.. Labischinski, H. 1985. High state of order of isolated bacterial lippolysaccharide and its possible 
contributionn to the permeation barrier property of the outer membrane. J. Bacteriol. 162:9-20. 

116.. Law, J. H. 1971. Biosynthesis of cyclopropane rings. Ace. Chem. Res. 4:199-203. 
117.. Lazzaroni, J. C, P. Germon, M.-C. Ray, and A. Vianny 1999. The Tol proteins of Escherichia coli 

andd their involvement in the uptake of biomolecules and outer membrane stability. FEMS Microbiol, 
tett.. 177:191-197. 

118.. Lill , R^ W. Dowhan, and W. Wickner  1990. The ATPase activity of SecA is regulated by acidic 
phospholipids,, SecY, and the leader and mature domains of precursor proteins. Cell. 60:271-280. 

119.. Liu , Z., A. Mukherjee, and J. Lutkenhaus 1999. Recruitment of ZipA to the division site by 
interactionn with FtsZ. Mol. Microbiol. 31:1853-1861. 

120.. Lockhardt , A., and J. Kendrick-Jones 1998. Interaction of the N-terminal domain of MukB with the 
bacteriall  tubulin homologue FtsZ FEBS Lett. 430:278-282. 

121.. Löwe, J. 1998. Crystal structure determination of FtsZ from Methanococcus jannaschii. J. Struct. 
Biol.. 124:235-243. 

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

123.. Löwe, J., and L. A. Amos 1999. Tubilin-like proteofilaments in Ca2+ -induced FtsZ sheets. EMBO J. 
18:2364-2371. . 

93 3 



124.. Lowry , O. H., N. J. Rosenbrough, A. L. Farr , and R. J. Randall 1951. Protein measurement with 
thee Fohn phenol reagent. J. Biol. Chem. 193:265-275. 

125.. Lu, C, M. Reedy, and H. P. Erickson 2000. Straight and curved conformations of FtsZ are regulated 
byy GTP hydrolysis. J. Bacteriol. 182:164-170. 

126.. Lutkenhaus, J., and A. Mukherje e 1996. Cell division., p. 1615-1626. In F. C. Neidhardt (ed.)( 
EscherichiaEscherichia coli and Salmonella: cellular and molecular biology, 2nd ed. American Society for 
Microbiology,, Washington, D.C. 

127.. Ma, X., D. W. Ehrhardt , and W. Margoli n 1996. Colocalization of cell division proteins FtsZ and 
FtsAA to cytoskeletal structures in living Escherichia coli cells by using green fluorescent protein Proc 
Natl.. Acad. Sci. USA. 93:12998-13003. 

128.. Ma, X., and W. Margoli n 1999. Genetic and functional analysis of the concerved C-terminal core 
domainn of Escherichia coli FtsZ J. Bacteriol. 181:7531-7544. 

129.. MacGregor, C. H., and C. A. Schnaitman 1971. Alterations in the cytoplasmic membrane proteins 
off  various chlorate-resistant mutants of Escherichia coli. J. Bacteriol. 108:564-570. 

130.. Magnuson, K., S. Jackowski, C. O. Rock, and J. Cronan, J.E. 1993. Regulation of fatty acid 
biosynthesiss in Escherichia coli. microbiol. Rev. 57:522-542. 

131.. Manting, E. H., and A. J. Driessen 2000. Escherichia coli translocase: the unravelling of a molecular 
machine.. Mol Microbiol. 37:226-238. 

132.. Margolin , W. 2000. Themes and variations in prokaryotic cell division. FEMS Microbiol Rev 
24:531-548. . 

133.. Matsuhashi, M. 1994. Utilization of lipid-linked precursors and the formation of peptidoglycan in the 
processs of cell growth and division: membrane enzymes involved in the final steps of peptidoglycan 
synthesiss and the mechanism of their regulation., vol. 27. 

134.. Matsumoto, K. 2001. Dispensable nature of phosphatidylglycerol in Escherichia colt dual roles of 
anionicc phospholipids. Mol. Microbiol. 39:1427-1433. 

135.. McAuley, K. E„  P. K. Fyfe, J. P. Ridge, N. W. Isaac, R. J. Codgell, and M. R. Jones 1999. 
Structurall  details of an interaction between cardiolipin and an integral membrane protein Proc Natl 
Acad.. Sci. USA. 96:4706-14711. 

136.. Mercer, K. L., and D. S. Weiss 2002. The Escherichia coli cell civision protein FtsW is required to 
recruitt its cognate transpeptidase, FtsI (PBP3), to the division site. J. Bacteriol. 184:904-912. 

137.. Mileykovskaya, E., and W. Dowhan 2000. Visualization of phospholipid domains in Escherichia 
colicoli by using the cardiolipin-specific fluorescent dye 10-N-nonyl acridine orange J Bacteriol 
182:1172-1175. . 

138.. Mileykovskaya, E., Q. Sun, W. Margolin , and W. Dowhan 1998. Localization and function of early 
celll  division proteins in filamentous Escherichia coli cells lacking phosphatidylethanolamine J 
Bacteriol.. 180:4252-4257. 

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

140.. Mukherjee, A., C. Cao, and J. Lutkenhaus 1998. Inhibition of FtsZ polymerization by SulA, an 
inhibitorr of septation in Escherichia coli. Proc. Natl. Acad. Sci. USA, 95:2885-2890. 

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

142.. Mukherjee, A., and J. Lutkenhaus 1998. Dynamic assembly of FtsZ regulated by GTP hvdrolvsis 
EMBOO J. 17:462-469. 

143.. Mukherjee, A., and J. Lutkenhaus 1994. Guanine nucleotide-dependent assembly of FtsZ into 
filaments.filaments. J. Bacteriol. 176:2754-2758. 

144.. Mulder , E. 1991. University of Amsterdam. 
145.. Mulder , E., and C. L. Woldring h 1989. Actively replicating nucleoids influence the positioning of 

divisiondivision sites in DNA-less cell forming filaments of Escherichia coli J. bacteriol. 171:4303-4314. 
146.. Mulder , E., and C. L. Woldring h 1991. Autoradiographic analysis of diaminopimelic acid 

incorporationn in filamentous cells of Escherichia coli: repression of peptidoglycan synthesis around 
thee nucleoid. J. Bacteriol. 173:4751-4756. 

147.. Nanninga, N. 1991. Cell division and peptidoglycan assembly in Escherichia coli. Mol Microbiol 
5:791-795. . 

148.. Nanninga, N. 2001. Cytokinesis in prokaryotes and eukaryotes: common principles and different 
solutions.. Mier. Mol. Biol. rev. 65:319-333. 

149.. Nanninga, N. 1998. Morphogenesis of Escherichia coli. Microbiol. Mol. Biol. Rev. 62:110-129. 
150.. Nikaido, H. 1996. Outer membrane., p. 29-47. In F. C. Neidhardt (ed.), Escherichia coli and 

Salmonella:: cellular and molecular biology. ASM Press, Washington, D.C. 

94 4 



151.. Nikaido, H. 1992. Porins and specific channels of bacterial outer membranes. Mol. Microbiol. 6:435-
442. . 

152.. Nikaido, H., and M. Vaara 1985. Molecular basis of bacterial outer membrane permeability. 
Microbiol.. Rev. 49:1-32. 

153.. Niki , H., and S. Hiraga 1998. Polar localization of the replication origin and terminus in Escherichia 
colicoli nucleoids during chromosome partitioning. Genes Dev. 12:1036-1045. 

154.. Nogales, E., K. H. Downing, L. A. Amos, and J. Lowe 1998. Tubulin and FtsZ form a distinct 
familyy of GTPases. Nat. Struct. Biol. 5:451-458. 

155.. Oliver, D. B. 1996. Periplasm, p. 88-103. In F. C. Neidhardt (ed.), Escherichia coli and Salmonella: 
cellularr and molecular biology. ASM Press, Washington, D.C. 

156.. Osborn, M. J., J. E. Gander, E. Parisi, and J. Garson 1972. Mechanism of assembly of the outer 
membranee of Salmonella typhimurium. J. Biol. Chem. 247:3962-3972. 

157.. Osborn, M. J., and R. Munson 1979. Separation of the inner (cytoplasmic) and outer membranes of 
Gram-negativee bacteria. Methods in enzymology. 56:372-378. 

158.. Osteryoung, K. W,, K. D. Stokes, S. M. Rutherford , A. L. Percival, and W. Y. Lee 1998. 
Chloroplastt division in higher plants requires members of two functionally divergent gene families 
withh homology to bacterial ftsZ. Plant Cell. 10:1991-2004. 

159.. Pantazatos, D. P., and R. C. MacDonald 1999. Directly observed membrane fusion between 
oppositelyy charged phospholipid bilayers. J. Membr. Biol. 170:27-38. 

160.. Pichoff, S., and J. Lutkenhaus 2002. Unique and overlapping roles for ZipA and FtsA in septal ring 
assemblyy in Escherichia coli. EMBO J. 21:685-693. 

161.. Pierucci, O. 1979. Phospholipid synthesis during the cell division cycle of Escherichia coli. J. 
Bacteriol.. 138:453-460. 

162.. Pierucci, O., M. Melzer, C. Querini, M. Rickert, and C. Krajewski 1981. Comparison among 
patternss of macromolecular synthesis in Escherichia coli B/r at growth rates of less and more than one 
doublingg per hour at 37°C. J. Bacteriol. 148. 

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

164.. Pluschke, G., Y. Hirota , and P. Overath 1978. Function of phospholipids in Escherichia coli. J. 
Biol.. Chem. 253:5048-5055. 

165.. Raetz, C. R., and W. Dowhan 1990. Biosynthesis and function of phospholipids in Escherichia coli. 
J.. Biol. Chem. 265. 

166.. Raetz, C. R. H. 1996. Bacterial lipopolysaccharides: a remarkable family of macroamphiphiles., p. 
1035-1063.. In F. C. Neidhardt (ed.), Escherichia coli and Salmonella: cellular and molecular biology. 
ASMM Press, Washington, D.C. 

167.. Raetz, C. R. H. 1978. Enzymology, genetics, and regulation of membrane phospholipid synthesis in 
EscherichiaEscherichia coli. Microbiol. Rev. 42:614-659. 

168.. Raetz, C. R. H. 1986. Molecular genetics of membrane phospholipid synthesis. Ann. Rev. Genet. 
20:253-295. . 

169.. Raskin, D. M., and P. A. J. De Boer  1999. Rapid pole-to-pole oscillation of a protein required for 
directingg division to the middle of Escherichia coli. Proc. Natl. Acad. Sci. USA. 96:4971-4976. 

170.. RayChaudhuri, D. 1999. ZipA is a MAP-Tau homolog and is essential for the structural integrity of 
thee cytokinetic FtsZ ring during bacterial growth. EMBO J. 18:2372-2383. 

171.. RayChaudhuri, D., and J. T. Park 1992. Escherichia coli cell division geneftsZ encodes a novel 
GTP-bindingg protein. Nature. 359:251-254. 

172.. Rietveld, A. G., J. A. Killian , W. Dowhan, and B. de Kruijf f 1993. Polymorphic regulation of 
membranee phospholipid composition in Escherichia coli. J. Biol. Chem. 268:12427-12433. 

173.. Rietveld, A. G., A. J. Verkieij , and B. de Kruijf f 1997. A freeze-fracture study of membrane 
morphologyy of phosphatidylethanolamine-deficient Escherichia coli cells. Biochim. Biophys. Acta. 
1324:263-272. . 

174.. Romberg, L., M. Simon, and H. P. Erickson 2001. Polymerization of FtsZ, a bacterial homolog of 
tubulin.. Is assembly cooperative? J. Biol. Chem. 276:11743-11987. 

175.. Roos, M., A. B. M. Van geel, M. E. G. Aarsman, J. T. M. Veuskens, C. L. Woldringh , and N. 
Nanningaa 1999. Cellular localization of the oriC during the cell cycle of Escherichia coli as analyzed 
buu fluorescent in situ hybridization. Biochimie. 81:797-802. 

176.. Rossmann, M. G., D. Moras, and K. W. Olsen 1974. Chemical and and biological evolution of 
nucleotide-bindingg protein. Nature. 250:194-199. 

177.. Rothfield, L., S. Justice, and J. Garcia-Lar a 1999. Bacterial cell division. Annu. Rev. Genet. 
33:423-448. . 

95 5 



180. . 

178.. Rowland, S. L., X. Fu, M. A. Sayed, Y. Zhang, W. R. Cook, and L. I. Rothfield 2000. Membrane 
redistributionn of the Escherichia coli MinD protein induced by MinE. J. Bacteriol. 182:613-619. 

179.. Sambrook, J., E. F. Fritsch, and T. Maniati s 1989. Molecular cloning. A laboratory manual., 2nd 
ed.. Cold Spring Harbor Laboratory Press. 
Scheffers,, D.-J., T. Den Blaauwen, and A. J. M. Driessen 2000. Non-hydrolyzable GTP-g-S 
stabilizess the FtsZ polymer in a GDP-bound state. Mol. Microbiol. 35:1211-1219. 

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

182.. Scheffers, D. J., J. G. de Wit , T. den Blaauwen, and A. J. M. Driessen 2002. GTP-hydrolysis of 
celll  division protein FtsZ: Evidence that the cctive site is formed by the association of monomers. 
Biochemistry.. 41:521-529. 

183.. Schmidt, A., M. Wolde, C. Thiele, W. Fest, H. Kratzin , A. V. Podtelejnikov, W. Witke, W. B. 
Huttner ,, and H.-D. Söling 1999. Endophilin I mediates synaptic vesicle formation by transfer of 
arachidonatee to lysophophatidic acid. Nature. 401:133-141. 

184.. Shechter, E., and L. Y. Letellier  1985. Structural dynamics of the cell membrane., p. 121-160. In N. 
Nanningaa (ed.), Molecular cytology of Escherichia coli. Academic Press, London. 

185.. Shibuya, I. 1992. Metabolic regulations and biological functions of phospholipids in Escherichia coli 
Prog.Prog. Lipid Res. 31:245-299. 

186.. Siegel, D. P. 1986. Inverted micellar intermediates and the transitions between lamelar, cubic, and 
invertedd hexagonal lipid phases. Biophys. J. 49:1155-1170. 

187.. Silbert, D. F., and P. R. Vagelos 1967. Fatty acid mutant of Escherichia coli lacking a b-
hydroxydecanoyll  thioester dehydrase. Proc. Nat. Acad. Sci. USA. 58:1579-1586. 

188.. Singer, S. J., and G. J. Nicolson 1972. The fluid mosaic model of the structure of cell membranes. 
Celll  membranes are viewed as two-dimensional solutions of oriented globular proteins and lipids 
Science.. 175:720-731. 

189.. Steck, T. L. 1974. The organization of proteins in the human red blood cell membrane. J. Cell Biol 
62:1-19. . 

190.. Steiner, W., G. Liu , W. D. Donachie, and P. Kuempel 1999. The cytolpasmic domain of FtsK 
proteinn is required for resolution of chromosome dimers. Mol. Microbiol. 31:579-583. 

191.. Strieker, J., P. Maddox, E. D. Salmon, and H. P. Erickson 2002. Rapid assembly dynamics of the 
EscherichiaEscherichia coli FtsZ-ring demonstrated by fluorescence recovery after photobleaching. Proc. Natl. 
Acad.. Sci. USA. 99:3171-3175. 

192.. Sun, Q., and W. Margoli n 1998. FtsZ dynamics during the division cycle of live Escherichia coli 
cells.. J. Bacteriol. 180:2050-2056. 

193.. Sun, Q., and W. Margoli n 2001. Influence of the nucleoid on the placement of FtsZ and MinE rings 
inn Escherichia coli. J. Bacteriol. 183:1413-1422. 

194.. Sun, Q., X.-C. Yu, and W. Margoli n 1998. Assembly of the FtsZ ring at the central division site in 
thee absence of the chromosome. Mol. Microbiol. 29:491-503. 

195.. Tamaki, S., H. Matsuzawa, and M. Matshuhashi 1980. Cluster of mrdA and mrdB genes 
responsiblee for the rod shape and mecillinam sensivity of Escheirchia coli. J. Bacteriol. 141:52-57. 

196.. Taschner, P. E. M., P. G. Huls, E. Pas, and C. L. Woldring h 1988. Division behaviour and shape 
changess in isogenic ftsZ, fisQ, ftsA, pbpB, mdftsE cell division mutants of Escherichia coli during 
temperaturee shift experiments. J. Bacteriol. 170:1533-1540. 

197.. Van den Ent, F., L. A. Amos, and J. Löwe 2001. Prokaryotic origin of actin cytoskeleton. Nature. 
413:39-44. . 

198.. van Golde, L. M. G., H. Schulman, and E. P. Kennedy 1973. Metabloism of membrane 
phospholipidss and its relation to a novel class of oligosaccharides in Escherichia coli. Proc. Natl 
Acad.. Sci. USA. 70:1368-1372. 

199.. van Helvoort, J. M. L. M., and C. L. Woldring h 1994. Nucleoid partitioning in Escherichia coli 
duringg steady-state growth and upon recovery from chloramphenicol treatment. Mol. Microbiol 
13:577-583. . 

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

201.. Wachi, M., M. Doi, S. Tamaki, W. Par, S. Nakajima-lijima , and M. Matsuhashi 1987. Mutant 
isolationn and molecular cloning of mre genes, which determine cell shape, sensitivity to mecillinam, 
andd amount of penicillin-binding proteins in Escherichia coli. J. Bacteriol. 169:4935-4940. 

202.. Wang, H., and R. C. Gayda 1990. High-level expression of the FtsA protein inhibits cell septation in 
EscherichiaEscherichia coli K-12. J. Bacteriol. 172:4736-4740. 

96 6 



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

204.. Wang, 1., M. K. Khattar , W. D. Donachie, and J. Lutkenhaus 1998. FtsI and FtsW are localized to 
thee septum in Escherichia coli J. Bacteriol. 180:2810-2816. 

205.. Wang, L., and J. Lutkenhaus 1998. FtsK is an essential cell division protein that is localized to the 
septumm and induced as part of the SOS response. Mol. Microbiol. 29:731-740. 

206.. Wang, X., J. Huang, A. Mukherjee, C. Cao, and J. Lutkenhaus 1997. Analysis of the interaction of 
FtsZZ with itself, GTP, and FtsA. J. Bacteriol. 179:5551-5559. 

207.. Wang, Y., B. D. Jones, and Y. V. Brun 2001. A set of FtsZ mutants blocked at different stages of 
celll  division in Caulobacter. Mol. Microbiol. 40:347-360. 

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

209.. Weigert, R., M. G. SiUetta, S. Spanó, G. Turacchio, C. Cericola, A. Colanzi, S. Senatore, R. 
Mancini ,, E. V. Polishchuk, M. Salmona, F. Facchiano, K. N. J. Burger, A. Mironov , A. Luini , 
andd D. Corda 1999. CtBP/BARS induces fission of Golgi membranes by acylating lysophosphatidic 
acid.. Nature. 402:429-433. 

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

211.. Wickner, W. 1989. Secretion and membrane assembly. Trends Bio. Sci. 14:280-283. 
212.. Wickner, W„  and M. R. Leonard 1996. Escherichia coli preprotein translocase. J. Biol. Chem. 

271:29514-29516. . 
213.. Wientjes, F. B., and N. Nanninga 1989. Rate and topography of peptidoglycan synthesis during cell 

divisionn in Escherichia coli: concept of a leading edge. J. Bacteriol. 171:3412-3419. 
214.. Wientjes, F. B., A. J. M. Olijhoek, U. Schwarz, and N. Nanninga 1983. Landing patterns of major 

penicillin-bindingg proteins of Escherichia coli during the cell division cycle. J. Bacteriol. 153:1287-
1293. . 

215.. Woldringh , C. L., P. G. Huls, E. Pas, G. J. Brakenhof, and N. Nanninga 1987. Topography of 
peptidoglycann synthesis during elongation and polar cap formation in a cell division mutant of 
EscherichiaEscherichia coli MC4100. J. Gen. Microbiol. 133:575-586. 

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

217.. Woldringh , C. L., E. Mulder , J. A. Valkenburg, F. B. Wientjes, A. Zaritsky , and N. Nanninga 
1990.. Role of the nucleoid in the toporegulation of division. Res. Microbiol. 141:39-49. 

218.. Yu, X., A. H. Tran, Q. Sun, and W. Margoli n 1998. Localization of cell division protein FtsK to the 
EscherichiaEscherichia coli septum and identification of a potential N-terminal targeting domain. J, Bacteriol. 
180:1296-1304. . 

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

97 7 



98 8 



Nawoord d 
Hett is gelukt, het is af, en dit boekje is daar het resultaat van! Gelukkigheb ik de 

afgelopenn tijd veel steun gehad van de mensen om mij heen. Dit is eenmooi moment om 
iedereenn daarvoor te bedanken. Ondanks dat ik niet iedereen met naam ga noemen (wie wel 
persoonlijkk bedankt had willen worden, verwijs ik naar de volgende pagina), zijn er 
natuurlijkk toch een aantal personen zonder wie dit boekje niet geworden zou zijn wat het nu 
is. . 

Allereerstt wil ik Jan-Willem bedanken. Lieverd, ji j bent waarschijnlijk de enige die echt 
weett wat er de afgelopen jaren allemaal is gebeurd, en hoe moeilijk het soms was. Gelukkig 
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anderss overdacht, dat het uiteindelijk allemaal wel goed zou komen (en dat is dus ook 
gebeurd!).. Verder dank ik jevoor de vrijheid die ik heb gekregen om het onderzoek naar 
eigenn inzicht uit te voeren, maar vooral ook om mezelf te ontplooien. 

Tanneke,, zonder jouw vele praktische tips was ik nooit zover gekomen. Jouw 
optimistischee tijdsplanning om toch nog een mutantje te maken (kost ongeveer een week), en 
datt vervolgens ook nog "even" te zuiveren voor een "paar" in vitro proefjes (een middagje 
werk),, hebben ervoor gezorgd dat het onderzoek op een hele mooie manier kon worden 
afgerondd (al zijn we eigenlijk nog niet echt klaar). 

Ronn Heeren en Mare Duursma wil ik bedanken voor hun enthousiasme om de massa-
spectrometriee experimenten te doen. Ron, bedankt voor de tijd die je altijd wel even vrij wist 
tee maken om mij een en ander uit te leggen en om de identificatie van de pieken in orde te 
krijgen.. Het heeft geresulteerd in een mooie publicatie. 

Mirjam,, door jouw geduld zijn een aantal experimenten waar een vloek op leek te rusten 
tochh nog tot een goed einde gekomen (en hebben mooie plaatjes opgeleverd). Jammer dat het 
(nog)) niet gelukt is om het divisoom te isoleren, maar wie weet lukt dat ook nog eens. 
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Wanneerr is het volgende koorweekend? 

Lievee Jan-Willem, we zijn nu echt aan het einde gekomen van mijn promotietijd. Ik weet 
niett of het nu allemaal rustiger wordt, maar het gaat allemaal andersworden, en we gaan een 
helee mooie tijd tegemoet! 
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