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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. 

60 0 



5.22 Introduction 
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 during 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 Materials 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 
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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-MS 
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-MS 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) 

69 9 



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 
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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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