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Chapter 3 
 

Interaction of ZapA and FtsZ in the cell  

 
 
 

Ginette Ploeger, Jolanda Verheul, Svetlana Alexeeva and Tanneke den Blaauwen 

 

Abstract 
Immunolabelling and GFP fusion protein analysis showed that ZapA and 

FtsZ not only localize at the midcell, but also as foci positioned off midcell. The foci 
are predominantly present in young cells and FtsZ and ZapA appeared not to co-
localize in the cytosol. As ZapA and FtsZ do co-localize at midcell, we assume that 
this is where they interact. Analysis of data provided by time-lapse microscopy 
revealed that the ZapA foci are immobile, but (dis)appear in time suggesting 
(dis)assembly of large protein structures. The average number of endogenous ZapA 
molecules per cell was found to be 6000, which is approximately the same as the 
average number of FtsZ molecules per cell. The number of ZapA molecules present 
in a focus was estimated to be in the order of 10-100. With one or two foci per cell 
this amounts to a large number of GFP-ZapA molecules per focus. We propose that 
the accumulation of ZapA in foci in young cells helps prevent premature Z-ring 
formation. 
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Introduction 
The divisome, a protein complex comprised of at least 14 proteins, ensures 

that cell division can occur in E. coli. The divisome is present at the midcell where 
the cell poles of the future daughter cells are synthesized and it localizes in two, in 
time separated steps. The early localizing proteins are FtsZ, FtsA, ZipA, ZapA and 
FtsE/X (Aarsman et al., 2005; Corbin et al., 2007; Errington et al., 2003). The late 
localizing proteins FtsK, FtsQ, FtsL/YgbQ (FtsB), FtsW, FtsI, FtsN and AmiC 
localize after a delay of approximately 20% of the generation time (Aarsman et al., 
2005; Corbin et al., 2007; den Blaauwen et al., 2008).  

Upon binding GTP, FtsZ polymerizes at midcell into protofilaments which 
form the so-called Z-ring to which all other divisomal proteins localize (den 
Blaauwen et al., 2008; Margolin, 2005). These protofilaments disassemble upon 
hydrolysis of GTP. Presumably the Z-ring consists of several small FtsZ 
protofilaments (Anderson et al., 2004; Li et al., 2007). FtsZ was found to localize in 
dynamic helical structures in the cytosol which move towards midcell position in a 
wave-like motion (Peters et al., 2007; Thanedar and Margolin, 2004).  

Several divisomal proteins are believed to stabilize and anchor the Z-ring to 
the membrane. One such protein is ZapA, which has been shown to stabilize FtsZ 
protofilaments in vitro by bundling them and lowering the FtsZ GTPase activity 
(Gueiros-Filho and Losick, 2002; Low et al., 2004; Small et al., 2007). Our data 
indicate that the stabilization only occurs under protofilament stabilizing conditions 
such as during Z-ring assembly (see Chapters 4 and 5). 

ZapA is a small protein that has been shown to interact with FtsZ in vitro at 
different ratios depending on the species (Gueiros-Filho and Losick, 2002; Low et 
al., 2004; Small et al., 2007). Pseudomonas aeruginosa His-ZapA and FtsZ were 
found to interact in a 1:1 ratio, whereas the E. coli versions of these proteins interact 
in a 1:2 ratio, indicating different functions or mechanisms across different species 
(Low et al., 2004; Small et al., 2007). In Bacillus subtilis ZapA was found to be 
present at 5% of the total FtsZ pool. 

The crystal structure of P. aeruginosa His-ZapA showed two ZapA dimers 
associating via an extensive C-terminal coiled-coil protrusion to form an anti-
parallel tetramer (Low et al., 2004). Based on sedimentation velocity analytic 
ultracentrifugation of His-ZapA over a range of His-ZapA concentrations it was 
found that the E. coli ZapA orthologue YgfE is present as a mixture of dimer and 
tetramer (Small et al., 2007). Much higher concentrations were required to obtain 
similar results for P. aeruginosa His-ZapA (Low et al., 2004). 
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The previous chapter has shown that ZapA localizes to the midcell during 
cell division. In the current chapter it is shown that ZapA also localizes as foci in the 
cytosol, especially in young cells that had not yet initiated the formation of a Z-ring 
at midcell. Similar observations were made for FtsZ. Using (immuno)fluorescence 
microscopy, the localization patterns of both proteins are investigated in more detail, 
revealing that both proteins do indeed have similar localization patterns, but, 
surprisingly, do not co-localize in the cytosol. By means of time-lapse microscopy, 
it is also established that the foci are immobile, but do (dis)appear in time, indicating 
(dis)assembly of larger structures of unknown function.  

 

Materials and Methods 
Materials 

All materials used were of the highest grade available. ZapA was purified as 
described in chapter 2. FtsZ was overproduced in E. coli BL21 (DE3) transformed 
with plasmid pRRE6 and purified as described previously (Scheffers et al., 2000).  

 

Bacterial strains and plasmids 

Escherichia coli cells were grown at 28 °C in rich medium (TY) or glucose 
minimal medium (GB1) as described before (Aarsman et al., 2005). The strains and 
plasmids used are described in Table 3-1. Primer sequences are listed in Table 3-2. 

Growth was monitored by the measurement of the optical density of a culture 
at either 450 nm (minimal medium) or 600 nm (rich medium). In order to validate 
steady state growth, cell numbers were determined with an electronic particle 
counter (orifice 30 µm).  

To create a GFPmut2-ZapA fusion protein, the zapA gene was amplified 
from genomic DNA of LMC500 using the polymerase chain reaction (PCR) and 
oligo ZapAoRIFw as the sense and ZapAHindIIIRv as the antisense primers (see 
Table 3-2). The resulting fragment was digested with EcoRI/HindIII and ligated into 
vector pTHV038, cleaved with the same enzymes, resulting in plasmid pEP001. 
This plasmid has a weakened trc promoter (den Blaauwen et al., 2003). 

All other plasmids were kindly provided by Svetlana Alexeeva and their 
cloning strategies will be published elsewhere. 
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Table 3-1. Bacterial strains and plasmids. 

Strain or plasmid Genotype and/or features Source 

E. coli strain   
LMC500 (MC4100 lysA) F-, araD139, ∆(argF-

lac)U169, deoC1, flbB5301, 
ptsF25, rbsR, relA1, rpsL 
150, lysA1 

(Taschner et al., 1988) 

Plasmids   
pEP001 pTHV038 digested with 

EcoRI/HindIII ligated with 
EcoRI/HindIII zapA PCR-
fragment. Expresses 
GFPmut2-ZapA 

This work 

pMC209 pBadMycHisA plasmid 
expressing FtsZ-C3GFP 

(Koppelman et al., 2004) 

pSAV047 pTHV037 expressing 
mCherry 

Svetlana Alexeeva
*
  

pSAV050 pGEM®-T expressing 
mCherry-mKO 

Svetlana Alexeeva
*
 

pSAV057 pMCL210∆NcoItrcDown with 
a transcription terminator 
from pBADMycHisA, empty 
plasmid 

Svetlana Alexeeva*, 
(Aarsman et al., 2005) 

pSAV058 Expresses mKO Svetlana Alexeeva
*
 

pSAV072 pSAV058 expressing mKO-
FtsZ 

Svetlana Alexeeva
*
 

pSAV073 pSAV047 expressing 
mCherry-FtsZ 

Svetlana Alexeeva
*
 

pSAV076 pSAV058 expressing mKO-
ZapA 

Svetlana Alexeeva
*
 

pSAV077 pSAV047 expressing 
mCherry-ZapA 

Svetlana Alexeeva
*
 

pTVH037 pTRC99A with a weakened 
trc promoter, empty plasmid. 

(den Blaauwen et al., 
2003) 

pTHV038 pTRC99A with a weakened 
trc promoter, gfpmut2, 
AmpR 

(den Blaauwen et al., 
2003) 

* 
Will be published elsewhere. 

 
Table 3-2. Primer sequences. 

Primer name Direction Sequence 5’  3’ 

ZapAoRIFw Sense AGCGCAGTCA ATCAGCAGGA AGGTGGCCAA 
TTTCACACAG GAAACAG 

ZapAHindIIIRv Antisense CCACACGTAA ACCGAAAAGT GGCTAGCCGA 
CCTGCAG 
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Immunolocalization experiments 

Immunolocalization of ZapA and FtsZ in various E. coli strains was 
performed as described previously (den Blaauwen et al., 2001). Fixed and 
permeabilized cells were incubated for 1 hour at 37 °C with western blot affinity 
purified polyclonal antibodies directed against ZapA, monoclonal antibodies or 
polyclonal antibodies directed against FtsZ, diluted in blocking buffer. Donkey anti-
rabbit conjugated to Cy3 or goat anti-mouse conjugated to Oregon Green 488 
(Jackson Immunochemistry, USA) diluted in blocking buffer was used as a 
secondary antibody and incubated for 30 minutes at 37 °C.  
 

Microscopy and image analysis - Immunolabelling 

For immunolocalization, the immunolabelled cells were immobilized on 1% 
agarose in water slabs coated object glasses as described (Koppelman et al., 2004) 
and photographed with a Coolsnap fx static (Photometrics) CCD camera mounted 
on an Olympus BX-60 fluorescence microscope through a 100x/N.A. 1.35 oil 
objective. Images were taken using the public domain program ‘Object-Image 2.18’ 
by Norbert Vischer (University of Amsterdam,  http://simon.bio.uva.nl/object-
image.html), which is based on NIH image by Wayne Rasband as described in (den 
Blaauwen et al., 2003).  

 

Microscopy and image analysis – Time-lapse 

Time-lapse experiments were performed using the same microscope setup 
except for a heating element on the 100x/N.A. 1.3 oil objective to grow the cells at 
30 °C. In an environment of 37 °C, an object glass was prepared with a GB1 agar 
slab of approximately 5x5 mm. A small drop of a culture at OD450 between 0.1-0.4 
was applied on the slab. Placing a regular cover slip of 1x1 cm on top of the slab and 
sealing its borders with silicone gel created an airchamber surrounding the slab. 
Time-lapse pictures of living and fixed cells from the same culture were taken at an 
interval of 3 seconds for a maximum of 6 minutes. The images obtained were 
analyzed using the program ImageJ (http://rsb.info.nih.gov/ij/) and the kymograph 
plug-in (http://www.embl.de/eamnet/html/bodykymograph.html). 

 

Quantification of ZapA in the cell 

LMC500 cells were grown to steady state in GB1 at 28 °C. At an OD450 of 
0.2, the cells were harvested and the number of cells per ml was determined using an 
electronic particle counter (orifice 30 μm). To determine the amount of endogenous 
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ZapA or FtsZ per cell, 40 µl of ZapA cell lysate was applied in duplicate on a 15% 
SDS-PAGE and  67 μl of FtsZ cell lysate was applied in triplicate on a 12% SDS-
PAGE. Purified FtsZ or ZapA, of which the exact concentration was determined by 
amino acid quantification (Eurosequence, The Netherlands), was used to make a 
calibration curve and applied in duplicate on the corresponding SDS-PAGE. The gel 
was blotted on nitrocellulose and the blot was incubated with a polyclonal antibody 
against ZapA or monoclonal antibody F168-12 against FtsZ (Voskuil et al., 1994) as 
the primary antibodies and horseradish peroxidase-conjugated goat anti-rabbit and 
anti-mouse (Biorad) as the secondary antibodies, respectively. The blot was then 
developed with a chemiluminescence kit (ECL plus, Amersham, Germany), 
followed by quantitative detection of the chemiluminescence signal with a phosphor 
imager (Storm 840, Amersham, Germany). Because purified proteins of known 
concentrations were compared with cell extract with almost the same concentration 
of the protein of interest, the effect of putative differences in transfer efficiency were 
negligible.  

 

Quantification of FtsZ and ZapA in the ring 

LMC500 cells and LMC500 cells expressing GFP-ZapA or FtsZ-GFP were 
grown to steady state in GB1 at 28 °C, harvested and fixed. LMC500 cells not 
expressing a GFP fused protein were labelled with polyclonal antibodies against 
FtsZ or ZapA as described above. Cells were photographed with fixed contrast and 
illumination settings for each sample, to allow for comparison of cells within 
samples. The program Metamorph (Version 6.1r0, Universal Imaging Corporation, 
USA) was used to estimate the number of molecules present in foci by comparing 
the fluorescence of the foci with the total fluorescence of the cell containing the foci. 
Cells containing a ring at the midcell position were selected and the fluorescence 
intensity plotted against the normalized cell length using the program Object Image. 
The amount of FtsZ and ZapA in the ring was quantified according to the method 
outlined in Appendix I.  

 

FRET experiments 

LMC500 E. coli cells were transformed with two compatible low copy 
number plasmids for all cases to be studied. The first based on a p15A replication 
origin and chloramphenicol resistance (pSAV057 which is identical to 

pMCL210NcoItrcDown (Aarsman et al., 2005) apart from the introduction of the  

transcription terminator from pBAD/myc-HisA). The second based on the pBR322 
origin of replication and ampicillin resistance (pTHV037 (den Blaauwen et al., 
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2003)). Descriptions of the plasmids used are found above in the subsection 
Bacterial strains and plasmids and Table 3-1. When only donor or only acceptor was 
expressed, pSAV057 or pTHV037 (“empty” plasmids) were co-transformed. All 

fusion proteins were expressed from an inefficient isopropyl -D-thiogalactoside 

(IPTG) inducible promoter based on a weakened pTRC99A promoter (Weiss et al., 
1999). LMC500 cells, transformed with two plasmids, were grown exponentially in 
GB1 at 28 °C or in rich LB medium (10 g/l bacto tryptone, 5 g/l yeast extract, 5 g/l 
NaCl) when indicated. Cultures were supplemented with 25 µg/ml chloramphenicol 
and 100 µg/ml ampicillin. The cells were grown for approximately 20 generations 
while their optical density at 450 nm (OD450) was kept below 0.2 by regular dilution 
in pre-warmed medium (pseudo-steady state). Subsequently, IPTG was added to a 

final concentration of 50 M (strains expressing only mKO or mCherry or the 

mKO-mCherry fusion) or 15 M (all other strains) and growth was continued for an 

additional 6 hours. To analyze fixed cells FAGA (2.8% formaldehyde and 0.04% 
glutaraldehyde) was added directly to growing cultures and cells were collected after 
15 min at 8000 × g, for 5 min, washed twice in PBS and finally resuspended in PBS 
to an OD450 of exactly 1.00. The fixed cells were stored at 4 °C. Cells were analyzed 
after 7 days incubation at 4 °C. This period allowed the maturation of the 
fluorophore of mKO without affecting the fluorescence of mCherry. 

Spectra were recorded with a QuantaMaster 2000-4/PTI. To allow for 
comparison of the spectra, all samples were adjusted exactly to OD450 = 1.00. 
Sensitized emission was derived from the total spectrum essentially as described by 
Clegg and co-workers (Clegg, 1992; Clegg et al., 1992; Murchie et al., 1989). The 
apparent FRET efficiency was calculated as described in Appendix II. 

 

Results 
Off midcell foci of ZapA and FtsZ 

Apart from the midcell localization, endogenous ZapA was also found to 
localize in foci at the cell poles and at the cylindrical part of the cell in most cells 
(Figure 3-1). Usually a cell contained at least one focus where a focus is defined as 
having a fluorescence intensity of 60 or higher as measured in the program ImageJ 
with the ObjectJ plugin. ZapA or FtsZ rings (midcell localization) were not 
considered foci in this analysis. FtsZ immunolabelling always shows cytosolic foci 
in addition to the Z-ring (e.g. Figure 2 in Aarsman et al., 2005). To determine 
whether these foci displayed a similar localization pattern in the cells as the ZapA 
foci, the position of ZapA and FtsZ off midcell foci was analyzed. A striking 
similarity between the localization patterns of the two proteins was found 
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Figure 3-1. LMC500 cells grown in TY at 28 °C labelled with antibodies against ZapA. Apart 
from localizing as a ring at the midcell, ZapA also localizes as off midcell foci (arrow heads). 
Fluorescence signals were considered to be foci when their intensities were 60 or higher as 
measured in ImageJ with the ObjectJ plugin. In the image all foci have been marked with 
arrowheads. Midcell localization and fluorescence signal below the threshold has not been 
marked. On the left a phase contrast image is depicted and on the right a fluorescence image. 
Scale bar equals 1 µm. 

 
(Figure 3-3A and B). In order to be able to follow the fate of these foci in living 
cells, an N-terminal GFPmut2 fusion to ZapA was made (pEP001) as well as a C-
terminal C3-GFP fusion to FtsZ (pMC209), further referred to as GFP for both 
fusions. In Chapter 5 it is shown that GFP-ZapA is not able to complement the 
filamentous phenotype of a zapA deletion strain, despite normal midcell localization 
of GFP-ZapA in this strain. Because the timing of midcell localization of GFP-ZapA 
is identical to that of ZapA and because off mid cell were observed both in cells that 
express wild type ZapA as well as in cells that express GFP-ZapA (see below, 
Figure 3-1 and Figure 3-2), we assume that GFP-ZapA can be used to study the 
dynamics of ZapA off midcell foci in living cells. In addition, the presence of 
endogenous ZapA makes it likely that any ZapA oligomers formed would be 
comprised of a mixture of ZapA and GFP-ZapA, thus enabling GFP-ZapA to mimic 
the localization pattern of ZapA. 

These fusion proteins were expressed without induction. To test whether 
GFP-ZapA and FtsZ-GFP show a localization pattern similar to endogenous ZapA 
and FtsZ, LMC500 and LMC500 cells transformed with pEP001 (GFP-ZapA) or 
pMC209 (FtsZ-GFP) were grown to steady state in GB1 at 28 °C, fixed and 
photographed. Analysis of the data showed that the localization pattern of the GFP 
fusion proteins was the same as that of endogenous ZapA and FtsZ in that they 
localized as a ring at midcell at the same cell age as the endogenous proteins (Figure 
3-2 and data not shown). Off midcell foci were also found, but in a smaller number 
of cells (Figure 3-2 and Table 3-3) than with the immunolabelling procedure on 
endogenous protein in wild type cells. For the GFP-fusion proteins as well as for the 
endogenous proteins that were visualized with antibodies it was found that newborn
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Figure 3-2. GFP-ZapA localizes in patterns similar to those of ZapA. The loose arrowheads 
indicate midcell localization. The arrowheads on the ellipse indicate three foci with a 
fluorescence intensity of 60 or higher (as measured in ImageJ with the ObjectJ plugin). LMC500 
cells transformed with plasmid pEP001 were grown in GB1 at 28 °C. The scalebar equals 1 µm. 

 
Table 3-3. Number of FtsZ and ZapA cells with 0 up to 4 foci. All 
samples were comprised of 424 cells. A fluorescent signal was 
considered a focus when its intensity was 60 or higher as 
measured in ImageJ with the ObjectJ plugin. 

# spots/cell Sample 

0 1 2 3 4 

Average SD 

ZapA 182 140 77 19 3 0.86 0.91 
FtsZ 270 101 41 11 1 0.52 0.79 
GFP-ZapA 291 103 27 4 0 0.40 0.65 
FtsZ-GFP 320 72 27 5 0 0.33 0.65 

 
 

cells contained more off midcell foci than cells that had nearly completed division 
(Figure 3-3). A significant number of older cells containing foci was only found 
when endogenous ZapA was visualized (Figure 3-3A). Overall the cells contained 
0.40 ± 0.65 foci per cell when GFP-ZapA was expressed and  0.33 ± 0.65 foci per 
cell when FtsZ-GFP was expressed. In comparison, 0.86 ± 0.91 and 0.52 ± 0.79 foci 
per cell were found for endogenous ZapA and FtsZ respectively (Table 3-3). 

The presence of the foci raises the question whether they represent the natural 
localization pattern of the protein or whether they are artefacts. The foci are not 
synthesis hotspots as GFPmut2 has been found to mature in 5.7 minutes 
(Adiciptaningrum, 2009) during which time the protein could diffuse well away 
from the polyribosomes  as its synthesis would take about 14 s. Even though 
GFPmut2 fused proteins are present as a dimer, the observed foci are far too bright 
to consist of only two molecules (see below for the quantification of the number of 
molecules per focus).  
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Quantification of ZapA in the cell 

The fluorescence intensities of the endogenous FtsZ and ZapA labelling 
appeared to be very similar, which did not concur with the observation of Gueiros-
Filho and Losick that the concentration of Bacillus subtilis ZapA (ZapABS) was
about 5% of that of the FtsZ concentration in this organism (Gueiros-Filho and 
Losick, 2002). Therefore, the number of endogenous molecules in the average E. 
coli cell was determined for ZapA. In addition, we quantified the number of GFP-
ZapA molecules expressed under our growth conditions. To this purpose, LMC500 
cells and LMC500 cells transformed with plasmid pEP001 (GFP-ZapA) were grown 
to steady state in GB1 at 28 °C. At an OD450 of 0.2, cells were harvested and 
samples were taken for the electronic particle counter to measure the number of cells 
present per ml of culture. A cell lysate and a purified ZapA concentration range (1-4 
ng) were applied in duplicate on SDS-PAGE and subsequently transferred to 
nitrocellulose (Figure 3-4). To be able to get a good signal for both the endogenous 
and the GFP-ZapA, the GFP-ZapA lysate was applied on SDS-PAGE in two 
different  amounts. The  protein  bands  were  visualized  using  antibodies  against 
ZapA and their intensities were determined by chemiluminescence density analysis. 
By comparing the total signal of the ZapA bands from the cell lysates to that of the 
standards, the average amount of ZapA was calculated to be 6100 ± 1000 per 
average cell (which equals 5.38 μM or 67.76 μg/ml per cell) as an average of 3 
separate experiments (Figure 3-4). This is clearly different from B. subtilis ZapA for 
which the number of molecules per cell was estimated to be 250 (Gueiros-Filho and 
Losick, 2002). In an experiment in which the same strain was grown under the same 
growth conditions, the number of FtsZ molecules per average E coli cell was 
previously found to be 4800 ± 1300 (Koppelman et al., 2004). This suggests that in 
E. coli at least during growth in minimal medium, ZapA and FtsZ are present in 
approximately 1:1 stoichiometry. 
 
 

 
Figure 3-3. Number of (GFP-)ZapA (A) and FtsZ (B) foci found at a certain cell length in 
LMC500  and LMC500 cells transformed with plasmids pEP001 (GFP-ZapA, C) or pMC209 
(FtsZ-GFP, D) cells. Cells were grown to steady state in GB1 at 28 °C, harvested and fixed. 
Endogenous ZapA and FtsZ were labelled with polyclonal antibodies. The solid lines show the 
number of foci, whereas the dashed lines show the number of cells found at a certain length. In 
all cases the shorter (younger) cells contain the most foci. Cells close to dividing show hardly 
any foci at all except in the case of endogenous ZapA (A). This is most likely due to the use of 
polyclonal antibodies, which increases the fluorescence signal per ZapA molecule (see also in 
the text). Rings were not considered foci in this analysis. All samples contained 424 cells. 
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Figure 3-4. Example of an immunoblot used for ZapA and GFP-ZapA quantification. 
Endogenous ZapA was found to be present at 6100 ± 1000 molecules per average cell and 
GFP-ZapA was present at twice the level of endogenous ZapA. Cell lysates of known cell 
number and known amounts of purified ZapA were run on gel, immunoblotted and stained with 
antibodies against ZapA. Using a phosphorimager, the amount of ZapA and GFP-ZapA in each 
cell lysate sample could be quantified. WT is LMC500 cell lysate. LMC500 transformed with 
pEP001 (GFP-ZapA) cell lysates were applied in two different concentrations to allow for the 
quantification of the endogenous ZapA in these lysates. 
 
 

LMC500 cells transformed with plasmid pEP001 (GFP-ZapA) were found to 
contain 13349 ± 1388 GFP-ZapA molecules compared to 8563 ± 1512 endogenous  
ZapA molecules. GFP-ZapA is therefore present at a 1.6 fold higher level than 
endogenous ZapA in the same sample. Furthermore, the amount of endogenous by 
ZapA is 1.4 times higher in the GFP-ZapA expressing strain than in the wild type 
strain. This could be caused by cleavage of GFP-ZapA into GFP and ZapA or 
overexpression of endogenous ZapA as a consequence of the limited functionality of 
GFP-ZapA (see Chapter 5). 
 

ZapA foci dynamics in living cells 

To follow the fate of GFP-ZapA foci in living cells, LMC500 cells were 
transformed with GFP-ZapA expressing pEP001 and grown in GB1 at 28 °C. Cells 
were applied on a small GB1 agar slab surrounded by an air chamber (see Materials 
and Methods) and the sample was kept at 30 °C by a heated objective. Phase 
contrast and fluorescence images were taken directly after each other, followed by a 
3 second interval before the next set of images was taken. 

Young cells that had not yet developed a midcell ring showed the largest 
number of ZapA foci. Once a ring was formed, the number of foci decreased and 
they were virtually absent at the onset of cell constriction. The lifetime of the ZapA 

foci was found to be between 15 and 72 seconds (Figure 3-5) whereas the foci in 
fixed cells were visible until the cells were bleached (>99 seconds, data not shown). 
Just before separation of the daughter cells, ZapA would dissociate from midcell in a 
clearly visible cloud. Using confocal microscopy, it was found that the foci are 
present in the cytosol as well as near the membrane (data not shown).  
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Figure 3-5. Part of a time-lapse series from 0 to 210 s of a young LMC500 cell producing GFP-
ZapA. The arrows indicate the foci and the disappearance and appearance of the arrows 
indicate approximately the disappearance and appearance of the foci. 

 
To determine whether the (dis)appearance of the foci was a result of moving 

in and out of the focal plane due to instability of the microscope setup, a time-lapse 
series was made of fixed cells. As expected the foci were still visible, but no new 
foci appeared (data not shown). As was anticipated foci disappeared after some time 
due to bleaching. In conclusion, the (dis)appearance of the foci in live cells could 
not be caused by focal or stage drift. 

Subsequently, we determined whether the foci were mobile. The time-lapse 
images of living cells were converted to a stack and a linear region of interest (ROI) 
was selected covering the path along which the foci appeared to move. The pixels in 
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the ROI of each slide were copied into a new image (kymograph) showing the 
position of the fluorescence signal in time (Figure 3-6A and B). Figure 3-6A shows 
a kymograph of a few foci in time, whereas Figure 3-6B shows a control kymograph 
of a midcell ring of a cell from the same time-lapse series. If the source of the 
fluorescence signal is immobile, the kymograph is expected to show a horizontal 
line in time, as is the case of the control (Figure 3-6B). The results obtained for the 
control also indicate the absence of stage drift. The kymograph of the foci (Figure 3-
6A) shows several horizontal lines of various length, representing immobile foci that 
appear and disappear in time. 

A different approach to establishing whether the foci are mobile was by 
determining the position of the foci in each fluorescence image superimposed on the 
phase contrast image. Using the program Object Image, the diffusion coefficient of 
the foci was determined using mean square displacement analysis (Elmore et al., 
2005). The diffusion coefficient of the foci was found to be in the order of 10-5 μm2 
s-1. For comparison, the diffusion coefficient of GFP in the E. coli cytosol is 9 μm2 s-

1 and membrane bound GFP has a diffusion coefficient of 0.13 μm2 s-1 (Mullineaux 
et al., 2006). The ZapA foci moved approximately 10,000 times slower than a 
membrane bound GFP. Even if the foci consisted of more than 1000 ZapA 

molecules a higher diffusion coefficient was expected. We conclude therefore that
  

 
 

Figure 3-6. ZapA foci are immobile and (dis)assemble in time. Cells were grown for 2-3 days in 
GB1 at 28 °C. A droplet of a culture was taken at an OD450 of at least 0.2 and placed on a GB1 
agar slab. Every three seconds a phase contrast and fluorescence image were taken right after 
each other. The figures on the left are the kymographs taken along the white line in the figures 
on the right, which show a fluorescent image of the cell measured. A, Kymograph of a cell 
containing ZapA foci. As can be seen in the image, several foci appear and disappear. The 
diffusion coefficient of the foci is 10-5 μm2 s-1. B, kymograph of a cell with a stable ZapA ring. As 
the ring is immobile, a more or less straight line is visible in the kymograph, indicating the 
absence of stage drift during the recording of the time-lapse series. Timescale is 366 seconds 
(6.1 minutes). 
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the foci are immobile and that their appearance and disappearance represented in 
fact their assembly and disassembly. 
 

Estimation of the amount of ZapA present in foci and in rings 

The fluorescence intensity of the foci suggested an assembly of ZapA 

molecules rather than a single molecule or a ZapA dimer or tetramer. To get a rough 
idea of how many molecules were present in the foci, LMC500 cells transformed 
with plasmid pEP001 (GFP-ZapA) were grown to steady state in GB1 at 28 °C, 
harvested and fixed. Fluorescence images were taken of the cells using an Olympus 
BX fluorescence microscope and the images analysed using the program 
Metamorph. 

In 11 cells, the total fluorescence intensity was measured as well as that of a 
ZapA focus. By assuming that the amount of fluorescence is directly proportional to 
the number of GFP-ZapA molecules and knowing that a cell contained 13349 GFP-
ZapA molecules on average, the number of ZapA molecules in a focus could be 
calculated. As a wide field microscope was used, the whole cell is imaged without 
exact knowledge of the focal plane. If we assume that a fifth of the cell was in focus, 
then a focus contained on average 123 ± 43.2 ZapA molecules (0.9 ± 0.3% of the 
total ZapA pool). The actual number of molecules in a focus is most likely much 
lower as the method used is very inaccurate. We estimate that at least dozens of 
molecules are present in the foci. 

To get an idea how the amount of ZapA or FtsZ in foci relates to the amount 
of protein present in the ring, LMC500 cells expressing GFP-ZapA or FtsZ-GFP 
from plasmids pEP001 and pMC209, respectively, were grown under the same 
conditions. Using the program Object Image, average length normalized 
fluorescence profiles of cells showing GFP-ZapA or FtsZ-GFP localization at the 
midcell were created of 277 and 334 cells, respectively (Figure 3-7). The amount of 
fluorescence was calculated as described in Appendix I and, again assuming that a 
fifth of the cell was in focus, it was found that 5.4 ± 0.1% of the total GFP-ZapA 
pool is incorporated into the ring compared to 4.5 ± 0.04% for FtsZ-GFP. The 
complete ZapA and FtsZ ring would then contain about 27% of the total ZapA pool 
and 22% of the total FtsZ pool. The percentage of FtsZ found in the ring 
corresponds fairly well with the previously published result of 30% (Anderson et al., 
2004). ZapA and FtsZ appear to be present in the ring at approximately equal levels. 
These results imply that approximately 75% of the ZapA is present in the cytosol 
and allows for the formation of about 15 foci in a cell. However, no foci were 
observed in ring containing cells whereas an average of 0.8 foci per cell was found 
for the cell population analyzed. Furthermore, only 11% of the cells were found to
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Figure 3-7. Average length normalized fluorescence profiles of GFP-ZapA and FtsZ-GFP 
expressed in LMC500 cells. The solid line represents the profile for GFP-ZapA and the dashed 
line the profile for FtsZ-GFP. 

 
 

 
Figure 3-8. FtsZ and ZapA co-localize in the ring, but not in the foci. LMC500 cells were grown 
to steady state in GB1 at 28 °C, fixed and labelled with polyclonal antibodies against ZapA (red 
signal) and monoclonal antibodies against FtsZ (green signal). Images were taken of both 
signals and an overlay was made (right column). A and B show different cells of the same 
sample. A large number of cells showed better staining of FtsZ in the rings than of ZapA or vice 
versa (white arrowheads). No co-localization of the foci was observed (blue arrowheads). 
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contain more than 1 GFP-ZapA focus. Apparently, not all cytosolic ZapA assembles 
in these foci. It is possible that ZapA is organized into large structures by another 
protein which could be FtsZ or a yet unidentified protein. 

 

Off midcell foci of ZapA and FtsZ do not co-localize 

Association with FtsZ polymers seemed to be the most straightforward 
explanation for the presence of multiple ZapA molecules in the foci. To establish 
whether FtsZ and ZapA were both present in the observed foci, LMC500 cells were 
grown to steady state in GB1 at 28 °C. The cells were fixed and labelled with 
monoclonal antibodies against FtsZ and polyclonal antibodies against ZapA, 
followed by labelling with secondary antibodies conjugated to Oregon Green or Cy3 
to visualize ZapA and FtsZ respectively. Fluorescence images were taken of both 
signals and an overlay of the fluorescence images showed that the midcell ring 
contained both proteins (Figure 3-8) and that the foci did not co-localize (Figure 3-
8). However, a significant number of cells showed a clear FtsZ ring, but a faint, or 
even no ZapA signal (Figure 3-8). In a very small number of cells the reverse 
situation was observed (Figure 3-8). It is possible that due to the double labelling 
with ZapA and FtsZ antibodies, the ZapA epitope in FtsZ bound ZapA may not be 
easily accessible when FtsZ antibodies have bound in close proximity of the ZapA 
epitope. 

To check whether the double labelling with antibodies gave reliable results, 
LMC500 cells expressing FtsZ-GFP or GFP-ZapA were grown to steady state in 
GB1 at 28 °C. Cells were fixed and labelled with polyclonal antibodies against 
ZapA in the case of FtsZ-GFP and with polyclonal antibodies against FtsZ in the 
case of GFP- ZapA. After labelling with secondary antibodies conjugated to Cy3, 
fluorescence images of both the GFP signal and the Cy3 signal were taken and an 
overlay was made of the two signals, which showed results similar to those of the

double labelling with antibodies (data not shown). Taken together, it can be 
concluded that ZapA and FtsZ co-localize in the Z-ring but not in the off midcell 
foci. 

 

Interaction of ZapA and FtsZ in the cell 

Since no co-localization of ZapA and FtsZ in the off midcell foci was 
observed, the question was raised whether FtsZ and ZapA do interact at all in the 
cell. So far, FtsZ and ZapA have been shown to interact in vitro but no in vivo data 
are yet available. Since in vitro experiments do not always reflect the in vivo 
situation accurately, Fluorescence Resonance Energy Transfer (FRET) was used on 
intact cells to establish whether ZapA and FtsZ are able to directly interact within 
the cell. For this purpose cells transformed with two appropriate plasmids were 
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grown as described in the Materials and Methods section. In total, ten strains were 
grown, among which one positive control, five negative controls and the four 
combinations of FtsZ and ZapA plasmid as the actual samples (i.e. mKO-ZapA + 
mCherry-ZapA, mKOZapA + mCherry-FtsZ, mKO-FtsZ + mCherry ZapA and 
mKO-FtsZ + mCherry-FtsZ). Fluorescence signals were measured and the amount 
of FRET was calculated as described in Appendix II. The calculated FRET values 
and their standard deviations are presented in Table 3-4. In order to get an estimate 
of what values to expect for interacting and non-interacting samples, a positive 
control, comprised of a tandem fusion of mKO and mCherry, was measured as well 
as a sample with the two unfused fluorophores and each unfused fluorophore 
combined with an FtsZ or ZapA fused counterpart. Even though mKO-ZapA and 
mCherry-ZapA did not complement the filamentous phenotype of the ZapA deletion 
strain (data not shown), it is likely that the presence of wild type ZapA in the cells 
allowed for the formation of ZapA tetramers that consist of both ZapA and a 
fluorescing ZapA fusion protein, thus allowing these fusion proteins to mimic the 
localization pattern of ZapA. As a consequence, mKO-ZapA and mCherry-ZapA 
would be able to interact with FtsZ or other proteins. All combinations of FtsZ and 
ZapA were found to interact (Table 3-4) and we can therefore conclude that ZapA 
and FtsZ directly interact in the cell. Whether these interactions only occur in the 
ring or also in the cytoplasm requires further investigation.  

 

Discussion 
In vivo ZapA concentration and possible oligomeric states 

For both E. coli ZapA (ZapAEC) and P. aeruginosa ZapA (ZapAPA) the 
oligomeric state of the purified protein was investigated previously (Low et al., 
2004; Small et al., 2007) in the form of His-tagged ZapA versions. In the case of 
His-ZapAPA it was found that a concentration of 212 μM His-ZapAPA was required 
to obtain a 1:1 ratio of dimer to tetramer. A concentration of 1 μM resulted in a 1:3 
ratio of dimer to tetramer in the case of His-ZapAEC (Small et al., 2007), showing 
that ZapA is more likely to form tetramers. With a cellular ZapA concentration of 
5.38 μM, as was found in this study, ZapA is expected to be predominantly present 
as a tetramer in the cytosol. The number of B. subtilis ZapA (ZapBS) molecules has 
been estimated to be about 250 per cell (Gueiros-Filho and Losick, 2002), which is 
approximately 25-fold lower than that of ZapAEC. This difference might be due to 
the method used to estimate the amount of ZapA in B. subtilis: GFP-ZapA and GFP- 
FtsZ cell lysates were immunoblotted and detected with antibodies against GFP and 
the amount of ZapA was determined by comparison with the amount of FtsZ. It is
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Table 3-4. ZapA and FtsZ interact in the cell. Apparent FRET 
efficiency values of FtsZ and ZapA fusion protein and controls.  

EA
a 

 
 

n 
Average SD 

Positive 
control 

mCherry-mKO 
tandem fusion 

6 31.1 9.1 

mKO + mCherry 6 -0.9 1.7 
mKO-FtsZ + 
mCherry 

2 1.8 3.2 

mKO +    
mCherry-ZapA  

5 1.6 2.7 

mKO +  
mCherry-FtsZ 

3 0.6 4.0 

Negative 
controls 

mKO-ZapA + 
mCherry 

2 5.9 4.7 

mKO-ZapA + 
mCherry-ZapA 

4 7.3 2.7 

mKO-FtsZ + 
mCherry-FtsZ 

3 4.9 0.4 

mKO-FtsZ + 
mCherry-ZapA 

4 6.1 2.1 
Samples 

mKO-ZapA + 
mCherry-FtsZ 

3 12.4 2.2 

a
 Apparent FRET efficiency 

 
 

possible that there was a difference in transfer efficiency to the blot. It is not known 
whether ZapABS is able to form oligomers, but the structure prediction based on the 
sequence of ZapA indicates that ZapABS likely has a coiled-coil structure and thus 
would be able to at least form a dimer (Gueiros-Filho and Losick, 2002). Although 
the observed differences in the number of ZapA molecules per cell and in its 
oligomeric state for the different ZapA specimens indicate that ZapA may have 
different functions or work through different mechanisms in each species, it is more 
likely that the use of His-tagged versions of ZapA in previous studies resulted in 
data that does not reflect the natural behaviour of ZapA as closely as previously 
assumed. 

The quantification of GFP-ZapA showed that this fusion protein was present 
at a 1.6 fold higher level than endogenous ZapA in the same cells, meaning that 
GFP-ZapA is not present at extremely high levels. In addition, the timing of the 
midcell localization of GFP-ZapA was identical to that of wild type ZapA and the 
protein also localizes at midcell in a ZapA deletion strain (Chapter 5). Therefore, the 
observations made in experiments in which this fusion protein was used most likely 
reflect the actual localization of ZapA in the cell. An interesting observation in the 
quantification of GFP-ZapA was that the endogenous ZapA levels were increased 
1.4 fold compared to endogenous ZapA in LMC500 cells not harbouring any 
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plasmids. The most straightforward explanation for this phenomenon is that GFP-
ZapA is cleaved into GFP and ZapA, which can be tested by staining a similar 
immunoblot (Figure 3-4) with primary antibodies directed against GFP. Another 
explanation is that GFP-ZapA is not fully functional, as it cannot compensate for the 
mild filamentous phenotype of a ZapA deletion strain (Chapter 5). The expression of 
endogenous ZapA is increased to compensate for the lack of functionality of GFP-
ZapA and thus the chance that a fully functional ZapA is incorporated into the ring. 
In addition, when both ZapA and GFP-ZapA are present, it is likely that tetramers 
are formed that consist of both ZapA and GFP-ZapA, thus allowing GFP-ZapA to 
mimic the localization pattern of ZapA. 

 

Interaction between ZapA and FtsZ in the cytosol 

As was shown by immunolabelling and the use of GFP fusion proteins, ZapA 
and FtsZ form off midcell foci, particularly in young cells. When the cells initiate 
the assembly of the Z-ring, the number of foci decreased as the proteins are 
incorporated into the ring. In young cells, the foci appear and eventually disappear 
on a timescale of 15 to 72 seconds. However, these foci were found to be immobile 
and the (dis)appearance of the foci might therefore reflect the assembly and 
disassembly of ZapA complexes.  

Approximately 23-27% of ZapA and FtsZ are present in the ring, leaving a 
pool of roughly 75% in the cytosol. Each ZapA focus consists of approximately 5% 
of the total ZapA present in the cell. One would expect each cell to contain 15-20 
foci, depending on cell age, yet very few cells contain more than 1 focus. This might 
imply that the formation of ZapA foci is not a property of the protein itself, but 
rather that ZapA is organized into foci by another protein that is less abundantly 
present. Also, inclusion bodies were not observed in the microscopy data, making it 
unlikely that the foci are artefacts. As the topography of the ZapA and FtsZ foci was 
found to be similar and since the two proteins have been found to interact in in vitro 
studies (Addinall et al., 2005; Gueiros-Filho and Losick, 2002; Low et al., 2004), 
we expected them to co-localize in the foci as well, thus explaining the presence of 
the foci. Surprisingly, this was not the case. Yet, FRET experiments showed that 
FtsZ and ZapA do interact within the cell. Whether these interactions are in the ring 
and/or the cytosol requires further study (see also Chapter 4 and 5). 

As the cellular concentration of FtsZ is above the critical concentration for 
polymerization, it is to be expected that FtsZ will form small protofilaments which 
eventually disassemble due to the nucleoid occlusion system or the MinCDE system 
(Errington et al., 2003; Shih and Rothfield, 2006). The low number of FtsZ foci per 
cell shows how effectively these systems prevent premature Z-ring formation. 



Interaction of ZapA and FtsZ in the cell 

 79 

The purpose and composition of the ZapA foci remains as of yet unclear. As 
the ZapA foci did not localize with those of FtsZ and as no experimental evidence 
exists that ZapA is able to form oligomers, we speculate that a yet unknown protein 
is responsible for the aggregation of ZapA molecules. Recently, a new cell division 
protein, ZapB was discovered, which is slightly smaller than ZapA (ZapA and ZapB 
are 109 and 81 amino acids, respectively. ZapB is able to polymerize through self-
association and localizes in an FtsZ dependent manner (Ebersbach et al., 2008)). 
Interestingly, the crystal structure of this protein is somewhat similar to that of ZapA 
in that it shows a protein that forms a dimer through a coiled coil motif (Ebersbach 
et al., 2008; Low et al., 2004). Furthermore, a null mutant of ZapB displays a 
morphology similar to that of a ZapA deletion strain (see Chapter 5): the cell lengths 
vary from normal to short filaments (Ebersbach et al., 2008). Since ZapB is able to 
self-assemble, perhaps it is the protein that organizes ZapA into larger assemblies. 
Further study is required to establish whether this is the case or, if not, to identify the 
protein that organizes ZapA into large structures. 

 

FtsZ foci in previous publications are immobile 

FtsZ-GFP foci have been observed in other studies (Peters et al., 2007; 
Thanedar and Margolin, 2004) and these foci were described to be part of a helix. 
When viewing the movies of the time-lapse series presented in these reports, the 
impression arises that these foci are moving in the cells and have been described as 
such. However, analysis of the Thanedar movies by the kymograph method shows 
that the foci are in fact completely immobile (Figure 3-9). The time interval of the 
Peters et al., movies is too large to allow for analysis by the kymograph method. We 
think that our foci are the same as the foci discussed in both papers and that they are 
not as dynamic as suggested by their authors. The reason that these authors have 
mistaken dynamic structures with (dis)assembling structures may be that they have 
only looked at the time-lapse data and did not further analyse their data. When 
looking at a movie of time-lapse data, it is not possible to distinguish between 
mobile structures and immobile, (dis)assembling structures. Whether the foci 
observed by these authors are part of the described dynamic helix remains to be 
investigated. 
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Figure 3-9. Kymographs of two cells from supplementary movie 6 show immobile foci 
(Thanedar and Margolin, 2004). A, shows a kymograph of foci in a cell pole. The segmented 
line has been measured in all images and straightened before pasting in a new figure, resulting 
in a kymograph and B, a control kymograph of a stable ring in a cell. This kymograph clearly 
shows stage drift occurred during the recording of the time-lapse images. 
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