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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. . 

32 2 



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. 
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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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--
--
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--
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xx recognised; - not recognised. 

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. 

39 9 



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. 
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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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