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Chapterr 4 

FtsZ-R174DD mutant of Escherichia coli can still localise 

andd polymerise, but is not able to function in cell division 
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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 Introduction 
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. 
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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 purification 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. 

48 8 



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. 

00 5 10 15 20 
Celll  length (um) 

Figuree 3. Distribution 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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