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Chapter 5 
 

Morphology of the zapA deletion strain  

 
 
 

Ginette Ploeger and Tanneke den Blaauwen 

 

Abstract 
The zapA strain was found to have a minor phenotype under conditions that 

allowed fast growth. Through timing and immunolocalization experiments it was 
found that under these conditions early division proteins localize timely but late 
division proteins displayed a delay in localization that was 1.4 times their normal 
delay. Chromosome segregation was found to be normal and the Z-ring dynamics 
were not affected as was found in FRAP experiments. Overexpression of FtsZ did 
not compensate for the loss of ZapA. We conclude that the primary role of ZapA is 
the stabilization of the Z-ring in its status nascendi. 
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Introduction 
E. coli divides by binary fission and the protein complex involved in this 

process is called the divisome, which consists of at least 14 proteins. These proteins 
localize in an interdependent order, starting with FtsZ, which polymerizes at midcell 
to form a ring that forms the platform to which all other divisomal proteins localize. 
Next, FtsA, ZipA and ZapA localize simultaneously and, presumably, independently 
of each other. This is followed by the localization of FtsE/X, FtsK and FtsQ. The 
latter localizes as a trimeric complex with FtsB and FtsL (Buddelmeijer and 
Beckwith, 2004). Finally, FtsW, FtsI, FtsN and AmiC localize (see for a review: den 
Blaauwen et al., 2008; Errington et al., 2003).  

Timing studies on the localization of the divisomal proteins showed that the 
divisome maturates in two stages separated by a delay (Aarsman et al., 2005). 
During the first stage the early localizing proteins FtsZ through ZipA (Aarsman et 
al., 2005) localize and during the second stage the late localizing proteins FtsK 
(Wang et al., 2005) through FtsN localize (Aarsman et al., 2005). FtsE/X likely 
belongs to the early localizing proteins because these two proteins could be co-
purified with FtsZ in the absence of FtsA and ZipA (Corbin et al., 2007). The 
duration of the delay varies from 14 to 21 minutes depending on the growth 
conditions applied (Aarsman et al., 2005).  

Even though most of the divisomal proteins are vital for cell viability, ZapA 
has been shown to be non essential and deletion of this protein did not result into a 
noticeable phenotype (Anderson et al., 2004; Johnson et al., 2004). ZapA has been 
shown to stabilize FtsZ protofilaments in vitro (Gueiros-Filho and Losick, 2002; 
Low et al., 2004; Small et al., 2007) and is assumed to stabilize the Z-ring in vivo.  
Z-ring or FtsZ polymer stabilization would be due to a reduction of GTPase activity 
of FtsZ in the presence of ZapA (which we could not reproduce, see Chapter 4), as 
well as the organization of several protofilaments into bundles (Gueiros-Filho and 
Losick, 2002; Low et al., 2004; Small et al., 2007).  However, fluorescence recovery 
after photobleaching (FRAP) experiments on FtsZ in a ZapA deletion strain showed 
no significant difference in Z-ring turnover compared to a wild type strain 
(Anderson et al., 2004).  

Other Z-ring stabilizing factors are FtsA and ZipA (Jensen et al., 2005; 
Pichoff and Lutkenhaus, 2002; RayChaudhuri, 1999). FtsA and FtsZ have to be 
present at a particular ratio in order for Z-ring assembly to occur (Dai and 
Lutkenhaus, 1992) and ZipA is able to organize FtsZ protofilaments into bundles 
(RayChaudhuri, 1999). Furthermore, it has been shown that bundling of FtsZ 
polymers by divalent cations, such as Mg2+ or Ca2+, or crowding reagents 
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contributes to stabilization of the FtsZ protofilaments as well (González et al., 2003; 
Mukherjee and Lutkenhaus, 1999). 

To prevent premature cell division, Z-ring assembly is prevented by the Min  
system and nucleoid occlusion protein (Lutkenhaus, 2007; Woldringh et al., 1991). 
The Min system consists of the proteins MinC, MinD and MinE and prevents Z-ring 
formation at the cell poles. MinD is a membrane bound protein that localizes in the 
cell poles. It forms a dimer upon association with the membrane and binding of ATP 
(Lutkenhaus, 2007). MinD then recruits MinC, which also forms a dimer and is the 
actual FtsZ polymer destabilizer (Hu et al., 1999; Hu et al., 2002). MinE, which 
forms a ring near the edge of the MinD zone (Raskin and de Boer, 1997), enhances 
the ATPase activity of MinD, which causes the MinD dimer to dissociate and as a 
consequence MinD is released from the membrane and its interaction with MinC is 
disrupted (Hu and Lutkenhaus, 2001). MinD and MinC then diffuse to the opposite 
cell pole, where the process of MinD dimerization and association to the membrane, 
followed by the recruitment of MinC, begins anew. As a consequence, MinE also 
moves to the opposite cell pole after it has destabilized all MinD at the first cell 
pole.  

The nucleoid occupies a large portion of the cell volume, leaving little space 
between the lateral inner membrane and the nucleoid (Woldringh et al., 1991). 
Recently, SlmA has been identified to be a nucleoid occlusion protein (Bernhardt 
and de Boer, 2005). This protein covers the nucleoid and has been shown to interact 
with FtsZ. Possibly the nucleoid bound SlmA competes with FtsA and ZipA for 
binding FtsZ. This would reduce the amount of membrane localized FtsZ in the 
vicinity of the nucleoid. Segregation of the nucleoids would create an area at midcell 
where SlmA competition would not be sufficient to prevent formation of the Z-ring. 

In this chapter, it is shown that a ZapA null mutant has a mild filamentous 
morphology under conditions that allow fast growth. Under the same conditions, the 
localization of the late division proteins is delayed compared to a wild type strain. 
No difference in Z-ring turnover was found between the wild type and deletion 
strains when FRAP experiments were performed. We propose that ZapA contributes 
significantly to the formation of a stable Z-ring, but that its stabilizing effect on a 
mature ring is negligible.  

 

Materials and Methods 
Bacterial strains and growth conditions 

Escherichia coli cells were grown at 28 °C, 37 °C or 42 °C in rich medium 
(TY) or glucose minimal medium (GB1) as described before (Aarsman et al., 2005). 
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The strains and plasmids used are described in Table 5-1. LMC500 zapA::cam was 
created using the one-step gene inactivation method as described (Datsenko and 
Wanner, 2000; Johnson et al., 2004), followed by a P1 phage transduction from the 
resulting mutated BW25113 strain to LMC500. As the zapA gene is not part of an 
operon, genes downstream of the zapA locus should not be affected by this deletion. 
The resulting strain was named LMC3143 and the zapA deletion was verified by 
PCR testing, as well as immunolocalization. The medium was supplemented with 
100 µg/ml ampicillin when required. LMC3143 was grown in medium 
supplemented with 25 µg/ml chloramphenicol when inoculated from agar plate in 
liquid culture medium. All subsequent growth of this strain was in medium without 
antibiotic. 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 of growth (only for GB1 cultures), cell numbers were 
determined with an electronic particle counter (orifice 30 µm). When the ratio 
between optical density and number of cells remained constant, the culture was 
considered to be in steady state of growth (Fishov et al., 1995). Overexpression 
experiments of ZapA (pGP021) or FtsZ (pMC209stop) in LMC3143 were carried 
out at 28 °C in TY supplemented with 100 µM IPTG and 0.002% up to 0.01% 
arabinose, respectively.  

 

Plasmid construction 

The oligos used for the creation of the plasmids described below are listed in 
Table 5-2. 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 ZapAEcoRIFw as the sense and ZapAHindIIIRv as the antisense primers. The 
resulting fragment was digested with EcoRI/HindIII and cloned into to the 
corresponding sites of vector pTHV038, resulting in plasmid pEP001. This plasmid 
has a weakened trc promoter (den Blaauwen et al., 2003).  

Plasmid pEP001 was used as a template to PCR-amplify the zapA gene with 
the sense primer ZapANcoIFw and the antisense primer ZapASalIRv. The PCR 
fragment was digested with NcoI and SalI and cloned into the corresponding sites of 
vector pET302 (van der Does et al., 1998), resulting into plasmid pPG016, which 
encoded a C-terminal 6 histidine tag fused to the zapA gene.  

pGP021 was created by ligation of the NcoI/SalI zapA gene from pGP016 
into the restricted vector pTHV037. 

Amplification of pEP001 with primers pTrc99AseqFw and 
O/ChEcXbHiXhRv resulted into a PCR fragment coding for the C-terminal part of 
GFPmut2. This fragment was digested with NcoI and XbaI and cloned into the
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Table 5-1. Bacterial strains and plasmids. 

Strain or 
plasmid 

Genotype and/or features Source 

E. coli strain   
LMC500 
(MC4100lysA) 

F-, araD139, ∆(argF-lac)U169, deoC1, 
flbB5301, ptsF25, rbsR, relA1, rpsL 150, lysA1 

(Peters et al., 2003; 
Taschner et al., 1988)  

LMC3143 LMC500 zapA::camR This work 
Plasmids   
 pEP001 pTHV038 ligated with EcoRI/HindIII zapA PCR-

fragment. Expresses GFPmut2-ZapA 
This work 

pGP016 pET302 ligated with NcoI/SalI zapA PCR-
fragment. Expresses H6D3KA-ZapA 

This work 

pGP021 pTHV037 ligated with NcoI/SalI zapA fragment 
from pGP016. Expresses wt-ZapA 

This work 

pGP024 pSACT001 digested with NcoI/XbaI ligated with 
NcoI/XbaI C-terminal GFPmut2 PCR-fragment 

This work 

pGP025 SphI/NcoI restricted fragment from pEP001 
ligated with SphI/NcoI digested pSACT001. 
Expresses GFPmut2-FtsZ. 

This work 

pMC209stop pBadMycHisA plasmid expressing FtsZ (Koppelman et al., 
2004) 

pSACT001 pTHV037 expressing SYFP2-FtsZ Svetlana Alexeeva 
pTHV037 pTRC99A with a weakened trc promoter, 

AmpR 
(den Blaauwen et al., 
2003) 

pTHV038 pTRC99A with a weakened trc promoter, 
gfpmut2, AmpR 

(den Blaauwen et al., 
2003) 

 
 
 

Table 5-2. Oligos used in DNA manipulations. 

Oligo Direction Sequence 

O/ChExXbHiXhRv Antisense 
GGCATGGACG AGCTGTACAA GGAATTCTCT 
AGATAAGCTT CTCGAGA 

pTrc99AFw Sense GCACTCCCGT TCTGGATAAT 

ZapAEcoRIFw Sense 
AGCGCAGTCA ATCAGCAGGA AGGTGGCCAA 
TTTCACACAG GAAACAG 

ZapAHindIIIRv Antisense 
CCACACGTAA ACCGAAAAGT GGCTAGCCGAC 
CTGCAG 

ZapANcoIFw Sense CATGCCATGG GGTCTGCACA ACCCGTCGAT ATCC 

ZapASalIRv Antisense 
ACGCGTCGAC CATCATTCAA AGTTTTGGTT 
AGTTTTTTC 

ZapASeqFw Sense TAGCTATAGT GTCGCCCCTT CGCAG 
ZapASeqRv Antisense GGGACTGGCC CGCTTGCGAA CATCT 
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corresponding sites of vector pSACT001 to obtain plasmid pGP024. The N-terminal 
part of GFPmut2 was restricted from plasmid pEP001 with ApaI/NcoI and cloned 
into the corresponding sites of vector pGP024 to create plasmid pGP025 that 
expressed GFPmut2-FtsZ. 

 

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 (Aarsman et al., 2005; Voskuil et al., 
1994), polyclonal antibodies directed against FtsN (Aarsman et al., 2005), 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.  The chromosome was visualized by adding 4',6-diamidino-2-phenylindole 

(DAPI) to a final concentration of 15 g/ml. 

 

Microscopy and image analysis 

For immunolocalization, 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). The average cell age at which divisomal proteins arrive at the division site 
was determined as published before (Aarsman et al., 2005). All experiments were 
performed at least twice. 

 

Fluorescence recovery after photobleaching 

For fluorescence recovery after photobleaching (FRAP) experiments with 
GFP-ZapA and GFP-FtsZ (pEP001 and pGP025 respectively), transformed cells of 
LMC500 or LMC3143 were grown overnight in TY at 28 °C. Three hours prior to 
the FRAP experiment, the cells were diluted 1:100 in TY and grown at 28 °C to the 
exponential phase. A Zeiss LSM510 confocal laser-scanning microscope (Carl-
Zeiss, Gmbh, Germany) with a Plan Neofluar100x/N.A. 1.3 oil (Carl-Zeiss) 
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objective was used and the zoom was set to 20. Samples were excited with a 488 nm 
and 514 argon laser line controlled by an acousto-optical tuneable filter (AOTF). 
The whole ring or one half of a ring was bleached using the 488 and 514 nm argon 
laser lines set at maximum output (AOTF at 100%) with a duration of 800 ms, after 
which the recovery of fluorescence was measured every 400 ms with a very low 
laser output (AOTF at 5%). The obtained data were corrected for bleaching. The half 

time of recovery, , was calculated for each single measurement after which the 

average of   and its standard deviation were calculated.  

 

Results 
Morphology of a ZapA null mutant 

It was shown that ZapA is not vital for cell viability in B. subtilis or in E. coli 
as the zapA gene could be deleted (Gueiros-Filho and Losick, 2002; Johnson et al., 
2004). In B. subtilis, the zapA null mutant did not have a divergent phenotype when 
grown in rich or minimal medium nor when the temperature was varied (Gueiros-
Filho and Losick, 2002). The ZapA deletion strain was created by the one-step gene 
inactivation method (Datsenko and Wanner, 2000). The ZapA deletion on the 
resulting BW25113 strain was then transferred by P1 phage transduction to 
LMC500, resulting into strain LMC3143. Both the BW25113 strain carrying the 
ZapA deletion and LMC3143 were tested for the proper deletion of ZapA and the 
insertion of the chloramphenicol cassette by colony PCR testing. For this purpose, a 
sense primer was chosen to match a locus close to and upstream of the position of 
the zapA gene on the genome (ZapASeqFw, see Table 5-2). Similarly, an antisense 
primer was chosen close to and downstream of the zapA gene (ZapASeqRv, see 
Table 5-2). Several colonies were tested for the deletion of zapA and insertion of the 
chloramphenicol cassette by determining the size of the PCR product on an agarose 
gel. This was possible because the difference in size between positive and negative 
transformants was 703 bp. The PCR products of two positively tested colonies were 
sent for DNA sequencing (using ZapASeqFw and ZapASeqRv as sequencing 
primers) to further confirm the correct insertion of the chloramphenicol cassette and 
the sequences of both colonies were as expected (data not shown). These results 
show that the zapA gene had indeed been deleted and that the chloramphenicol 
cassette is present at the correct site. 

Unexpectedly, we found an abnormal morphology when the zapA null mutant 
was grown in TY at 28 °C. The ΔzapA cultures contained a mixture of filaments 
(11% of the cells) and normal sized cells (Figure 5-1) and had a significantly 
reduced number of Z-rings (0.13 rings/µm cell length compared to 0.21 rings/µm 
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cell length for LMC500, Table 5-3). Those Z-rings present in filaments were often 
positioned at the very end of the cells (data not shown). As some of the ΔzapA 
filaments also had a constriction at their very end (Figure 5-1), the large number of 
normally sized cells is probably a result of the division of the filaments into a 

 
 

 
Figure 5-1. Morphology of the wild-type strain LMC500 and the ZapA null mutant (LMC3143). A 
wild-type cells and B cells from the deletion strain. The ZapA null mutant grows as a mixture of 
normal sized and filamentous cells. Scale bar equals 1 μm. 

 
Table 5-3. Timing of FtsZ and FtsN arrival and morphological parameters of E. coli LMC500 and 
LMC3143 (∆zapA) at 28 °C in TY or GB1. 

Strain Medium  TD Length 
(SD) 

Diameter 
(SD) 

C
a
 

(%) 

M
b
 (%) A

c
 n

d
 ring/µm 

LMC500 GB1 84 2.3 
(0.4) 

1.0 
(0.06) 

20 64.7 FtsZ 
40.2 FtsN 

28 
51 

570 
470 

0.29 
0.16 

LMC3143 GB1 84 2.7 
(0.6) 

1.0 
(0.05) 

23 64.1 FtsZ 
37.5 FtsN 

29 
54 

529 
512 

0.23 
0.15 

LMC500e TY 53 3.9 
(0.8) 

1.2 
(0.06) 

47 81.7  FtsZ 
42.5 FtsN 

14 
49 

448 
485 

0.21 
0.11 

LMC3143e TY 53 5.7 
(3.0) 

1.3 
(0.08) 

47 76.7 FtsZ 
26.5 FtsN 

18 
66 

424 
461 

0.13 
0.05 

TD, mass doubling time in minutes. 
Length and diameter are given in μm. 
a
 C is percentage of cells that have a constriction. 

b
 M is percentage of cells with FtsZ or FtsN rings. 

c
 A is the percentage of the cell cycle after which the protein localizes 

d
 n is cell number. 
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Figure 5-2. The ∆zapA cells become more filamentous at higher temperatures. zapA cells 
were grown exponentially in TY at 28 °C (solid line) and 37 °C (dashed line) for 6 hours, 
harvested, fixed and imaged. For comparison a curve of LMC500 (wild type, dotted line) cells 
grown in TY at 28 °C is shown as well. Cell lengths were measured using Object Image. 
 
normal sized and a filamentous cell as well as the majority of cells being able to 
divide normally. Cells grown in TY at 37 °C showed the same morphology of a 
mixture of normal sized cells and filaments as cells grown in TY at 28 °C, but with 
an increased average length compared to that of wild type cells grown under the 
same conditions (Figure 5-2). In contrast, when grown in GB1 either at 28 °C or at 
37 °C, the deletion strain showed no change in morphology compared to the wild-
type strain (see Table 5-3 and data not shown). Apparently, the morphological defect 
of the ΔzapA strain is growth medium dependent. 
 

Localization of late localizing proteins appears to be delayed in fast growing 
ΔzapA cells 

As ZapA is thought to stabilize the Z-ring, its absence could make it more 
arduous to assemble the Z-ring, which might in turn affect the timing of the early 
localizing divisomal proteins as well as increase the delay (~20% of the cell cycle) 
after which the late localizing divisomal proteins, such as FtsN, localize. Therefore, 
the timing of FtsZ and FtsN localization was determined in the ΔzapA strain 
LMC3143 and in the wild type strain LMC500, both grown in GB1 and TY at 28 
°C. As expected, because the ZapA deletion strain does not display a phenotype 
when grown in GB1, no difference in the localization timing was found in the ZapA 
deletion strain compared to the wild-type strain grown in this medium (Table 5-3). 
However, under filament-inducing conditions, i.e. growth in TY, the time between 
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FtsZ localization and FtsN localization was about 1.4 fold longer in the ZapA 
deletion strain than in the wild type strain (Table 5-3). The number of Z-rings per 

m cell length was reduced by approximately 50% in the deletion strain under 

filament inducing conditions (Table 5-3). Furthermore, rings were mostly present 
near the ends of the cells, so that a successful division would result into a filament 
and a cell of near normal cell length (data not shown). Interestingly, Z-rings were 
not present at all potential division sites. In FtsA(ts) strains, it was found that FtsZ is 
able to localize normally and at all potential division sites (Addinall et al., 1996; 
Pichoff and Lutkenhaus, 2002). It could be that due to the absence of the stabilizing 

effect of ZapA, Z-ring formation in the ZapA strain is occasionally unsuccessful 

(see also below and discussion).  
Because the TY cultures were not grown to steady state, it is not certain 

whether the difference between the TY cultures is significant. However, it is 
conceivable that when Z-ring formation is affected, the early division proteins may 
take longer to stabilize the Z-ring and as a consequence, the late division proteins 
would localize later.  
 

Chromosome segregation 

Due to the nucleoid occlusion system, Z-rings cannot be formed at the 
division site unless the nucleoids have sufficiently segregated to create a local 
minimum of SlmA protein (Bernhardt and de Boer, 2005; Woldringh et al., 1991). 
Therefore we wondered whether the mild filamentous phenotype of the ZapA null 
mutant was a consequence of defective chromosome segregation. To test this 
hypothesis, the ΔzapA strain and LMC500 were grown in TY and in GB1 at 28 °C 
and stained with DAPI. Phase contrast and fluorescence images were taken and the 
images were analyzed using the program Object Image. The number of nucleoids 
per cell was counted as well as the number of segregated and non segregated 
chromosomes. A nucleoid was considered not segregated if no clear DAPI free 
space between two (or more) nucleoids was observed. As can be seen in Table 5-4, 
no differences in chromosome segregation were observed when the strains were 
grown in GB1. No significant differences were observed when the cells were grown 
in TY either, nor was there a significant difference in chromosome segregation when 
only the filaments were selected for analysis. Obviously, the filaments contained 
more nucleoids per cell. Based on these results and the fact that not all potential 
division sites are occupied by a Z-ring, we conclude that Z-ring formation is affected 
by Z-ring destabilizing factors in the absence of ZapA, causing the cell to skip a 
division and thus resulting into filamentation (see also Discussion). 
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Table 5-4. Chromosome segregation in LMC500 and the zapA strain. Cells were grown at 28 
°C in either GB1 or TY. The nucleoids were visualized with DAPI and the amount of 
unsegregated nucleoids was counted. In GB1 no difference between the two strains was found. 

In TY, the ZapA filaments contained more nucleoids per cell. 

Strain Medium n
a 

Nucleoids Nucleoid/cell Nucleoids/µm 

LMC500 GB1 462 861 1.86 ± 0.36 0.74 

ZapA (LMC3143) GB1 470 826 1.76 ± 0.53 0.65 

LMC500 TY 469 1232 2.63 ± 0.93 0.68 

ZapA (LMC3143) TY 474 1355 2.86 ± 1.35 0.61 

ZapA Filaments 

(LMC3143) TY 39 215 5.51  ± 2.00 0.61 

a
 n is number of cells analyzed. 

 

Complementation of the ΔZapA phenotype by wild-type ZapA but not by ZapA 
fusion proteins 

Because of the clear phenotype of the ΔzapA strain when grown in TY at 28 
°C , it was possible to test whether the GFP-ZapA fusion protein was able to 
compensate for the loss of ZapA in these cells. As positive and negative controls, a 
wt-ZapA containing plasmid and an empty plasmid were used, respectively. ΔzapA 
cells were transformed with pGP021, pEP001 or pTHV037 (wild-type-ZapA, GFP-
ZapA and empty plasmid, respectively) and grown in TY at 28 °C. Cells were fixed 
and photographed to allow for a length distribution analysis. As can be seen in Table 
5-5 and Figure 5-3, cells expressing GFP-ZapA from pEP001 have an average 
length of 4.9 μm, compared to 4.6 μm for the negative control. In the case of wt-
ZapA expressing cells, the average length was 3.1 μm, which is actually shorter than 
that of the wild-type strain grown under the same conditions (3.7 μm, Table 5-5). It 
can be concluded that despite its ability to localize at midcell and at the same time as 
endogenous ZapA protein (see Chapters 2 and 3), the GFP-ZapA cannot be fully 
functional as it cannot prevent filamentation of the ΔzapA strain, whereas expression 
of the wild type ZapA can. 

 

Overexpression of FtsZ does not compensate for the loss of ZapA 

We argued that overexpression of FtsZ might compensate for the loss of 
ZapA. For this purpose, ΔzapA cells were transformed with pMC209stop, which 
expresses FtsZ under control of an arabinose inducible promoter (Koppelman et al., 
2004). The resulting strain was grown at 28 °C in TY supplemented with 0.002% up 
to 0.01% arabinose for 6 hours. Cells were fixed and phase contrast images were 
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taken to allow for analysis of the length distribution. Although the cells started to 
produce minicells (Ward and Lutkenhaus, 1985) at the highest arabinose 
concentration, overproduction of FtsZ was not able to restore the cells to a normal 
length distribution (data not shown). As division occurs as in wild type cells in the 
majority of the cell population, these cells are able to form minicells due to the 
elevated FtsZ levels. In the filamentous portion of the cell population, the elevated 
FtsZ levels are apparently not sufficient to overcome the inhibition of Z-ring 
formation at midcell by SlmA in the absence of ZapA, causing the cell to skip a 
division and thus become filamentous. Hence it is possible to have both minicells 
and filaments in one culture. 

 
Table 5-5. Wt-ZapA is able to complement the ZapA deletion phenotype. Morphological 
parameters of the zapA null mutant transformed with various plasmids and grown in TY at 28 
°C. pTHV037 is an empty plasmid whereas pGP016, pGP021 and pEP001 express His6-ZapA, 
wt-ZapA and GFP-ZapA, respectively. 

Plasmid Expresses Length (SD) Diameter (SD) % filamentous cells N
a 

pEP001 GFP-ZapA 4.9 (1.9) 1.0 (0.08) 11.3 451 

pGP016 His6-ZapA 4.6 (1.7) 1.1 (0.07) 7.0 502 

pGP021 wt-ZapA 3.1 (0.7) 1.0 (0.04) 0.2 477 

pTHV037 - 4.6 (2.8) 1.0 (0.08) 9.6 448 

LMC500 - 3.7 (0.8) 1.2 (0.05) 0.2 455 

Length and diameter are given in μm. 
a
 number of cells analyzed. 

 

 
Figure 5-3. Wt-ZapA is able to complement the null mutant, but GFP-ZapA is not. Length 
distributions of the ∆zapA strain transformed with an empty plasmid (pTHV037, dashed line), a 
wt-ZapA expressing plasmid (pGP021, solid line) and a GFP-ZapA expressing plasmid 
(pEP001, dotted line). Cells expressing no ZapA or GFP-ZapA have an average length of about 
5 μm due to the presence of 11% filamentous cells, which is longer than an average LMC500 
cell (3.7 μm). Cells expressing wt-ZapA have an average length of 3.1 μm. 
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Stability of the Z-ring in the ΔzapA strain 

As ZapA is believed to stabilize the Z-ring, we wondered whether 
overproduction of ZapA would result into a phenotype similar to that of FtsZ 
overproduction, namely the formation of minicells (Ward and Lutkenhaus, 1985). 
Overexpression of wt-ZapA (pGP021) in ΔzapA cells, grown at 28 °C in TY 
supplemented with 100 µM IPTG resulted in slightly shorter cells, but no minicell 
formation was observed (data not shown). It should be kept in mind that no addition 
of IPTG is required to compensate for the filamentous phenotype of the ΔzapA 
strain. Apparently, ZapA is not able to induce extra cell divisions. 

Subsequently, it was investigated whether the dynamics of the ring in the 
ΔzapA strain was different from that in the wild-type strain using Fluorescence 
Recovery After Photobleaching (FRAP) of half of the FtsZ-ring. LMC500 cells 
transformed with either pGP025 (GFP-FtsZ) or pEP001 (GFP-ZapA) and ∆zapA 
cells transformed with pGP025 were diluted 1:100 in TY from an overnight culture. 
After 3 hours of growth at 28ºC, a droplet of culture was placed on an agar slab and 
FRAP experiments were performed at room temperature as described in the 
Experimental procedures. The half time of recovery in LMC500 for GFP-FtsZ was 
5.1 ± 2.5 s (n = 13, Figure 5-4), which is shorter than the 9 s found by Anderson et 
al., (Anderson et al., 2004) and for GFP-ZapA approximately 5.3 ± 3.9 s (n = 7). 
The average fluorescence intensity of the GFP-FtsZ signal in the ring of the wild-
type cells and the ∆zapA cells was very similar (130 a.u. and 150 a.u., respectively). 
The average half time of recovery of GFP-FtsZ in the ∆zapA strain was found to be 

6.1 ± 2.8 s (n = 7). Even though this is slightly higher than the  found for GFP-FtsZ 

in the wild type strain, a Student’s t-test showed that this difference is not significant 
(data not shown), which was also found for B. subtilis ZapA (Anderson et al., 2004). 
Apparently, the absence of ZapA does not affect the dynamics of the Z-ring once it 
is established at midcell. 

 

Discussion 
Although ZapA stimulates lateral association of FtsZ protofilaments under 

conditions that stabilize FtsZ polymers in vitro (see Chapter 4), no indications exist 
that it does the same in vivo. Our FRAP experiments performed with ZapA did not 
show a significant difference between the dynamics of the FtsZ ring in the wild-type 
strain and the ∆zapA strain. The same results were published previously for ZapA 
from B. subtilis (Anderson et al., 2004). Since no indication exists that ZapA 
stabilizes the FtsZ-ring once it is a mature-ring in vivo, its dominant role might be 
stabilization of the Z-ring during its status nascendi. 
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Figure 5-4. Typical fluorescence recovery after bleaching trace of GFP-FtsZ in strain LMC500 
grown in TY at 28ºC. One half of the ring was bleached. The traces represent the uncorrected 
FRAP (red line), the bleaching that occurred during the experiment (blue line), the corrected 
FRAP (black line) and the fit of the corrected FRAP (green line). The half-time of recovery for 
GFP-FtsZ and for GFP- ZapA was 5.1 ± 2.5 s and 5.3 ± 3.9 s, respectively. 

 
DivIVA is a protein in B. subtilis that localizes to the cell poles where it 

anchors MinD, which recruits MinC, an FtsZ inhibitor, to the membrane. Together, 
these three proteins prevent Z-ring formation in the cell poles, but not at the midcell 
(see for a review Howard, 2004 and references therein). A DivIVA ZapA deletion in 
B. subtilis is not viable and a ZapA deletion in combination with DivIVA depletion 
in B. subtilis causes exacerbation of the filamentous phenotype of the DivIVA 
deletion strain (Gueiros-Filho and Losick, 2002). This suggests that B. subtilis ZapA 
is able to partially counteract the inhibitory activity of the FtsZ polymerization 
inhibitor MinC that is freely diffusing in the cytoplasm in the absence of its 
recruitment to the cell poles by DivIVA. Recently, in the presence of 10 mM MgCl2, 
B. subtilis His-ZapA was shown to counteract FtsZ polymerization inhibition by 
MinC in vitro (Scheffers, 2008). In E. coli, MinC oscillates between the two cell 
poles, where it will have, on average, its highest concentration. Assuming ZapA has 
a similar effect in E. coli as in B. subtilis, one would expect that overexpression of 
ZapA would induce off midcell ring formation (minicells) as is the case for FtsZ 
overproduction (Ward and Lutkenhaus, 1985). However, no minicells were observed 
when ZapA was overproduced. Based on the results obtained with B. subtilis His-
ZapA, it is conceivable that MinC and ZapA compete for the same binding site on 
FtsZ with the difference that MinC may have a higher affinity for FtsZ 
protofilaments whereas ZapA appears to have a higher affinity for double FtsZ 
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polymers that are already somewhat stabilized (Chapter 4). Although ZapA is 
overproduced, FtsZ polymers that form in the cell poles are still destabilized by the 
Min system before ZapA has a chance of binding to two protofilaments that are in 
close proximity. As a consequence, off midcell Z-ring formation and thus the 
formation of minicell does not occur.  

In the ZapA cells, the number of FtsZ and FtsN rings was reduced, the 

localization of late division proteins was delayed and it was observed that Z-rings 
were not present at all potential division sites as is the case in FtsA(ts)  and other 
temperature sensitive strains (Addinall et al., 1996; Pichoff and Lutkenhaus, 2002). 
These observations indicate that ZapA has a significant role in Z-ring formation. 
The following model could explain the morphology of the ZapA deletion strain: 
under normal conditions, when the cells have obtained a length where the MinC 
activity and the nucleoid occlusion mechanism are sufficiently minimal to allow 
FtsZ protofilaments to assemble at the midcell and become tethered to the 
cytoplasmic membrane by FtsA and ZipA. This will stabilize the filaments to such 
an extent that ZapA is able to interact with and cross-link two adjacent FtsZ 
filaments, which will stimulate further association of the filaments. As a 
consequence, the FtsZ polymers are stabilized and the Z-ring can be formed. Under 
conditions of fast growth the time available for FtsZ to assemble into a Z-ring is 
much shorter than during slow growth as illustrated by the observation that 82% and 
65% of the cells have a Z-ring at 53 and 84 min mass doubling time (Table 5-3), 
respectively and the observation that the assembly of the divisome takes longer in 
fast growing cells (34 min vs 20 min at growth rates of 53 and 84 min, respectively, 
Aarsman et al., 2005). As a consequence enhancement of the probability of Z-ring 
formation by ZapA is not very beneficial to the cells at slow growth conditions. 
However during fast growth the presence of ZapA tips the balance in favour of Z-
ring assembly. Therefore in the absence of ZapA under conditions of fast growth, 
when the cell attempts to form a Z-ring it occasionally fails to form because the Z-
ring is not well stabilized in time. In this case, the destabilizing effect of the 
nucleoid occlusion system and the Min system cannot be overcome. As a 
consequence, the cell becomes a smooth filament that lacks preseptal peptidoglycan 
synthesis, a morphology indicative of a block early in the division process. In 
conclusion, the morphology of the ZapA deletion strain suggests that ZapA has been 
evolved to support efficient fast growth, which is undoubtedly an advantage for the 
survival of bacteria that compete for food in the gut such as E. coli.  
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