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General introduction and thesis outline
Life cycle of Bacillus subtilis
Bacillus subtilis is a saprophytic rod-shaped Gram-positive endospore
forming bacterium of the phylum Firmicutes that is commonly found in
soil, water, and air, but also resides in the gastrointestinal tract of insects,
animals and humans (Nicholson, 2002). B. subtilis has developed
sophisticated strategies to survive in the extreme conditions it may live
in. These strategies are tightly connected to the cell cycle of B. subtilis
(Fig. 1), in which the B. subtilis cell undergoes replication and duplication
of its genetic content, divides and ensures that both daughter cells
harbour a full copy of the replicated and duplicated genetic information
prior to cell division. The life cycle of B. subtilis comprises of vegetative
growth and sporulation (Fig. 1). The striking phenotypic difference of the
vegetative and sporulation life cycles of B. subtilis is that during
vegetative growth cell division occurs symmetrical, producing two
daughter cells of equal geometry, while sporulating cells divide
asymmetrically, producing two cells of unequal sizes; a large mother cell
and a smaller prespore (Fig. 1). Both cells will harbour a full copy of the
ancestral genome and the smaller cell (prespore) will develop into a
mature spore after which the larger cell will lyse. Sporulation is generally
triggered by starvation that leads to cell death but survival of spores. This
overview will mainly focus on cell division, the possible relation with
chromosome replication and segregation in the Gram-positive model
organism B. subtilis. However, where information is limited, and when
10

possible, a comparison will be made with the well characterized Gramnegative bacterium Escherichia coli.

Fig. 1. The cell cycle of B. subtilis
The left side represents the vegetative cell cycle of B. subtilis where a daughter cell first
elongates (growth in length), while the chromosome is replicated, duplicated and
segregated. The FtsZ then forms a ring like structure (Z-ring) between the segregated
chromosomes and marks the nascent division site. The Z-ring then recruits an array of
proteins that are required to form the cell division machinery that hereafter synthesizes
the new septum to split the cell in two daughter cells of identical size and the divisome
machinery dissolves and reassembles at the next cell division site. In nutrient poor
conditions B. subtilis undergoes sporulation in which two Z-rings are formed adjacent
to each cell poles. Only one of these Z-rings will form a septum over the chromosome
that results in asymmetrical cell division. Completion of this division results in a large
mother cell and a small prespore or fore spore. Specific transcriptional regulations of
gene expression in the mother cell (sE) and the prespore (sF) ensure engulfment and
maturation of the fore spore. Once matured, the mother cell lyses and releases a highly
resistant and dormant spore that will enter the vegetative cell cycle again when
nutrient conditions are favourable. The figure is adapted from (Jeff Errington and Wu,
2017).

Assembly of the divisome
Generally, the rod-shaped model organisms Bacillus subtilis and
Escherichia coli divide symmetrically to produce two daughter cells of
equal geometry each with a complete copy of the mother chromosome.
11

To ensure success of this critical process, both B. subtilis and E. coli must
tightly regulate and link together chromosome replication, chromosome
segregation, cell growth and cell division.
Cell division is orchestrated by the multi protein complex
collectively known as the divisome. From the assembly of the divisome
to the synthesis of the nascent inward growing septum, the process can
be divided into three stages and each stage is tightly controlled (Aarsman
et al., 2005; Adams and Jeff Errington, 2009; Egan and Vollmer, 2013).
The first step of divisome assembly is the polymerization of the bacterial
tubulin homologue FtsZ (Fig. 2) (Lutkenhaus et al., 1980). FtsZ uses GTP
to polymerize in a head-to-tail orientation (Bi and Lutkenhaus, 1991;
RayChaudhuri and James T Park, 1992; de Boer et al., 1992; Mukherjee
et al., 1993; Ma et al., 1996), and subsequently FtsZ polymers form a ringlike structure called the FtsZ-ring (or Z-ring) that is positioned at the
middle of the cell and marks the new cell division site (Bi and Lutkenhaus,
1991). Biochemical studies have shown that FtsZ polymer formation is a
cooperative process (Romberg et al., 2001; Miraldi et al., 2008), and
many proteins regulate this process. The widely conserved and
regulatory protein ZapA (FtsZ ring associated protein A) consists of two
alpha/beta domains and exists as dimers and tetramers in solution (Low
et al., 2004). ZapA interacts with FtsZ, to drive FtsZ polymerization and
to promote FtsZ polymers bundling (Gueiros-Filho and Losick, 2002),
thereby contributing to the spatio-temporal tuning of the Z-ring. In E.
coli, there are more functionally redundant Zap proteins (ZapA, ZapB,
ZapC, ZapD and ZapE) that regulate Z-ring formation (Gueiros-Filho and
12

Losick, 2002; Ebersbach et al., 2008; Durand-Heredia et al., 2011; Hale et
al., 2011; Durand-Heredia et al., 2012). ZapA recruits ZapB to the Z-ring
where it enhances ZapA-FtsZ polymer interactions, thereby creating a
ring-like ZapB structure inside the FtsZ-ring (Galli and Gerdes, 2010). The
ZapA-ZapB complex connects Z-ring with chromosome replication and
segregation via interaction with the terminus binding macro domain
positioning protein MatP (Mercier et al., 2008; Espéli et al., 2012; Buss
et al., 2015; Buss et al., 2017). The function of the ATPase ZapE in cell
division is unclear, however, genetic and biochemical experiments
showed that the requirement of ZapE for cell division becomes apparent
at higher ZapE levels, in the absence of oxygen and at temperatures over
37 ˚C (Marteyn et al., 2014).
The Z-ring is tethered to the membrane by the structural proteins
FtsA and SepF in B. subtilis, and FtsA and ZipA in E. coli (Pichoff and
Lutkenhaus, 2002; Jensen et al., 2005; Duman et al., 2013). The
conserved cell division protein FtsA belongs to the actin family of
ATPases (Kabsch and Holmes, 1995) and utilises a conserved
amphipathic helix at its C-terminus to tether to the cytoplasmic
membrane (PLA et al., 1990). FtsA directly interacts with the conserved
C-terminal domain of FtsZ through residues at its extreme C-terminus
that are essential for its biological functions (Yim et al., 2000). Both E. coli
and B. subtilis FtsA polymerizes to form polymers in vitro and in vivo, and
this polymerization of FtsA is important for its function in cell division
(Szwedziak et al., 2012; Krupka et al., 2017; Conti et al., 2017). In both
bacteria, the cellular localization of FtsA is FtsZ dependent (Addinall and
13

Lutkenhaus, 1996; Ma et al., 1996; Feucht et al., 2001) and the deletion
of ftsA severely affects cell division and blocks sporulation in B. subtilis
while deletion is lethal in E. coli (Beall and Lutkenhaus, 1992; Kemp et al.,
2002). For a long time, it was unclear how the FtsA and FtsZ filaments
affect each other. Recent work has shown that, at least in vitro, aside
from recruiting FtsZ to the cell membrane, FtsA also regulates the
dynamics of the Z-ring (Loose and Mitchison, 2014).
In E. coli, FtsA shares some functions with the transmembrane
protein ZipA (Pichoff and Lutkenhaus, 2002). Both proteins are
interacting with FtsZ independently of each other, and interact with the
conserved C-terminus of FtsZ (Hale and de Boer, 1997). Both FtsA and
ZipA promote and stabilize FtsZ filaments in vitro (Hale et al., 2000) and
organize

these

FtsZ

filaments

into

higher

order

structures

(RayChaudhuri, 1999). However, a recent report concluded that at
physiological concentrations ZipA promotes FtsZ filamentation but not
bundling of FtsZ filaments (Krupka et al., 2018). The first six residues of
ZipA are sticking into the periplasmic space, followed by a
transmembrane domain that anchors the protein to the cytoplasmic
membrane. Unlike the membrane targeting sequence of FtsA, the
transmembrane anchor of ZipA is irreplaceable, and both the
transmembrane and the soluble cytoplasmic C-terminus domain are
important for the interaction with FtsZ (Hale et al., 2000). Either FtsA or
ZipA is required to form a membrane-anchored Z-ring, but completion of
septation requires both proteins (Pichoff and Lutkenhaus, 2002), even
though, ZipA alone is sufficient to recruit the late cell division proteins
14

FtsQ, FtsL, and FtsN to the cell division site (Hale and de Boer, 2002). A
gain of function mutant of FtsA (FtsA-R286W) or a mutation in FtsZ (FtsZL169R) (Haeusser et al., 2015) have been shown to abolish the necessity
of ZipA for cell division suggesting that the FtsZ ring complex is sufficient
for recruiting the other cell division proteins in E. coli (Geissler et al.,
2003).
In B. subtilis the protein SepF has a comparable function as FtsA
and directly interacts with the conserved C-terminus of FtsZ, stimulating
bundling FtsZ polymers by reducing the GTPase activity of FtsZ (Singh et
al., 2008). Furthermore, overexpression of SepF overcomes the severe
cell division defect of the ftsA deletion mutant, and deletion of sepF in B.
subtilis cells depleted for FtsA causes a complete block in Z-ring
formation and cell division (Hamoen et al., 2006; Shu Ishikawa et al.,
2006). Additionally, genetic experiments showed that a sepF null mutant
is severely defective in septum synthesis supporting its importance for
divisome formation (Hamoen et al., 2006). These findings illustrate the
overlapping functions of FtsA and SepF, however, it was argued that the
main function of SepF is to form a proper septum and not the initiation
of divisome assembly (Hamoen et al., 2006). SepF is a highly conserved
cell division protein in Gram-positive bacteria including Bacilli and
cyanobacteria (Marston et al., 1998; Duman et al., 2013; Gola et al.,
2015). In vitro, purified B. subtilis SepF forms rings of about 50 nm in
width that align FtsZ polymers into tubules (Gündoğdu et al., 2011). Indepth structural and genetic analyses of B. subtilis SepF, showed that (i)
SepF has an amphipathic helix at its N-terminus to target it to the lipid
15

membrane, and (ii) SepF possesses a globular domain at its C-terminus
through which it interacts with FtsZ, and (iii) SepF can serve as a sole
membrane anchor of the Z-ring (Duman et al., 2013). Based on this work,
a model was postulated in which SepF forms arcs onto the nascent septa,
leading the inward growing septa by assembling FtsZ polymers on top of
these arcs (Duman et al., 2013).
Another key cell division protein that regulates the Z-ring in B.
subtilis is EzrA (Levin et al., 1999). EzrA has a transmembrane anchor at
its N-terminus (Haeusser et al., 2007) and its cytoplasmic domain binds
to FtsZ. However, genetic studies showed that EzrA cannot take over the
Z-ring anchoring role from either FtsA or SepF (Levin et al., 1999).
Similarly to FtsA and SepF, EzrA directly interacts with the conserved Cterminus tail of FtsZ (Singh et al., 2007) to modulate Z-ring formation
(Levin et al., 1999; Haeusser et al., 2004; Haeusser et al., 2007). EzrA
comprises of five linear repeats of an unusual triple helical bundle,
homologous to eukaryotic spectrin (Cleverley et al., 2013). Spectrin
connects actin filaments to the membrane. EzrA forms a head-to-tail
dimer that is bent into a semicircle (arc) (Cleverley et al., 2013). It is
thought that such arcs cover membrane-attached FtsZ polymers, thereby
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Fig. 2. Core components of the divisomes of E. coli and B. subtilis
The key components of the divisome complex in E. coli and B. subtilis are depicted. (A)
In E. coli, FtsZ filaments are tethered to the inner membrane by FtsA and ZipA via
interaction at the conserved C-terminus of FtsZ. ZapA stimulates FtsZ filamentation to
form the FtsZ ring. Subsequently, the regulator of septal peptidoglycan (PG) synthesis
and hydrolysis FtsX and FtsE are recruited. The midcell DNA translocase FtsK is also
recruited early to the cell division site, followed by the FtsQLB complex (regulator of
divisome activation). Hereafter, the septal PG synthases FtsW and FtsI are recruited and
finally FtsN is recruited to trigger septal PG synthesis. (B) In B. subtilis, FtsZ polymers
are bound to the cell membrane by the early cell division proteins SepF and FtsA. ZapA
stimulates FtsZ bundling. The spectrin homologue EzrA forms a dimeric arc on the
inward growing septum and modulates Z-ring formation. After formation of the Z-ring,
a second group of proteins including Pbp2B, FtsL, DivIB, DivIC and FtsW are recruited to
the Z-ring. This complex then synthesizes and guide the formation of the new inward
growing septum and finalizes cell division.

restricting the formation of multiple Z-rings (Haeusser et al., 2004; Land
et al., 2014).
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Recruitment of the late cell division proteins and synthesis of the
nascent septum
When the Z-ring is formed and positioned at midcell, after a temporal
delay by an unknown mechanism, a second group of essential proteins
are recruited to the divisome to complete the divisome complex and to
initiate septum synthesis, the so called late cell division proteins
(Aarsman et al., 2005; Gamba et al., 2009). In E. coli, after formation and
placement of the Z-ring, the cell division proteins FtsEX, FtsK, FtsQLB,
FtsW, FtsI and FtsN are sequentially localized to the Z-ring, and the
preceding protein is required for the next recruit (Fig. 2A) (Buddelmeijer
and Beckwith, 2002). FtsK is a motor protein that uses ATP hydrolysis to
push away chromosomes trapped by the nascent septum (Stouf et al.,
2013; Männik et al., 2017). In addition, the protein activates the
recombinases XerD and XerC to resolve dimeric chromosomes after
replication (Aussel et al., 2002; Bigot et al., 2004), and interacts with
Topo IV to stimulate decatenation of chromosomes (Espéli et al., 2003;
Bigot and Marians, 2010). However, the essential function of FtsK in cell
division is the recruitment of FtsQ, FtsL, and FtsI (Chen and Beckwith,
2001), thereby connecting the Z-ring to the septal peptidoglycan
synthesizing enzymes (Dubarry et al., 2010). The bitopic proteins FtsQ,
FtsL and FtsB form a subcomplex (Fig. 2A) that serves as a scaffold to
recruit downstream cell division proteins (Buddelmeijer and Beckwith,
2004; Glas et al., 2015). This FtsQLB subcomplex is required to recruit the
integral protein FtsW (Lara and Ayala, 2002) that functions as the
18

glycosyltransferase in peptidoglycan synthesis (Meeske et al., 2016; Cho
et al., 2016; Emami et al., 2017). FtsI (PBP3) serves as the transpeptidase
for peptidoglycan synthesis at midcell (Botta and J T Park, 1981) and its
recruitment to the cell division site requires the earlier proteins FtsZ,
FtsA, FtsQ, FtsL and FtsW (Weiss et al., 1999). FtsN is the last essential
cell division protein known to arrive at the divisome (Addinall et al.,
1997). Generally, the arrival of FtsN at midcell is assumed to be the
trigger for cell constriction (Gerding et al., 2009; Daley et al., 2016). After
constriction, FtsEX, an ATP-binding (FtsE) and membrane binding (FtsX)
transporter-like protein complex (Schmidt et al., 2004), utilizes ATP
hydrolysis to act in cell separation by controlling cell wall hydrolysis
through regulation of amidases in the periplasm
(Yang et al., 2011; Du et al., 2016).
In B. subtilis, the main late cell division proteins comprise the
conserved proteins, GpsB, FtsL, DivIB, Pbp2B, FtsW, and DivIVA (Fig. 2B)
(Gamba et al., 2009). FtsW and Pbp2B are the key enzymes in
synthesizing the septal cell wall (Gamba et al., 2009). FtsW is proposed
to also act as an additional flipase for lipid II that translocase the
cytoplasmic synthesized peptidoglycan precursor across the cell
membrane (Mohammadi et al., 2011; Meeske et al., 2015). Pbp2B (FtsI
in E. coli) crosslinks septal peptidoglycan (Nguyen-Distèche et al., 1998;
Daniel et al., 2000), and GpsB together with EzrA promotes recruitment
of the major bifunctional transglucosylase/transpeptidase Pbp1A/B (also
known as PonA) from the lateral wall to the division site (Claessen et al.,
2008). Like in E. coli, the bitopic membrane proteins FtsL, DivIC (FtsB in
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E. coli), and DivIB (FtsQ in E. coli) form an interdependent subcomplex
assumed to regulate the assembly of late proteins (Scheffers et al.,
2003). FtsL is inherently instable due to the activity of the
transmembrane protease RasP (Bramkamp et al., 2006). Only in a
complex with DivICB the protein is stabilized (Daniel and J Errington,
2000; Wadenpohl and Bramkamp, 2010). Another key division protein is
DivIVA, which is widely distributed amongst Gram-positive bacteria
where it serves as a landmark protein. The protein is absent in Gramnegative bacteria. DivIVA interacts directly with the membrane and
senses and binds to the strong negatively curved membrane area created
by the inwardly growing nascent septum (Ramamurthi et al., 2009;
Lenarcic et al., 2009). In B. subtilis, DivIVA also localizes to the cell poles
and recruits the negative regulator of cell division; the Min system (see
below) (Edwards and J Errington, 1997). Although not clearly understood
yet, DivIVA is modulated through phosphorylation in bacteria such as
Streptomyces spp., Mycobacteria, and Corynebacterium spp. where the
protein is implicated in polar growth (Flärdh, 2003; Kang et al., 2005;
Hempel et al., 2012; Saalbach et al., 2013).
The striking difference in the assembly of the cell division
machinery of E. coli and B. subtilis is that the recruitment of the cell
division proteins is a hierarchical process in E. coli (Aarsman et al., 2005),
while in B. subtilis the essential late proteins localize in a highly
cooperative fashion (Gamba et al., 2009; Gamba et al., 2016).
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Positioning of the FtsZ ring by the Min system and Nucleoid occlusion
The concentration of FtsZ remains essentially unchanged during the cell
cycle, and only a fraction is sufficient to form a Z ring (Weart and Levin,
2003; Erickson et al., 2010; Lutkenhaus et al., 2012). Thus, where and
when Z-rings are formed must be strictly controlled. Two well
characterised systems that prevent aberrant Z-ring formation at cell
poles and over the nucleoid are the Min system and the nucleoid
occlusion system, respectively.
The Min system is conserved in bacteria, archaea and eukaryotic
mitochondria (Rothfield et al., 2005; Leger et al., 2015). Loss of the Min
system causes minicells devoid of nucleoids as a result of aberrant cell
division (Adler et al., 1967; Reeve et al., 1973). The Min system in E. coli
consists of the FtsZ inhibitor MinC, the membrane binding Walker box
ATPase MinD (de Boer et al., 1991) and MinE that organizes the topology
of the MinCD complex in the cell (de Boer et al., 1989). In this bacteria,
MinCD dynamically oscillates from pole-to-pole to result in a gradient
with the lowest concentration at midcell and highest concentration at
the cell poles (Raskin and de Boer, 1999a; Raskin and de Boer, 1999b).
MinC interacts with MinD and is recruited to the membrane by MinD.
This membrane-bound complex inhibits Z-ring formation due to the
interaction between MinC and the conserved C-terminus of FtsZ, thereby
interfering with FtsZ polymerization (Hu and Lutkenhaus, 2000; Dajkovic
et al., 2008; Shen and Lutkenhaus, 2009). MinE controls the inhibitory
activity of MinCD by disassembling the MinCD complex. MinE switches
between two different conformations; freely diffusible cytoplasmic
21

MinE, in which the MinD interacting residues and the membrane
targeting residues are kept together in a b-sheet, and a membrane
bound form that is triggered by binding to membrane anchored-MinD,
which frees the membrane targeting domain of MinE (Kyung-Tae Park et
al., 2011). Binding of MinE to the MinCD complex releases MinC and
causes the MinD dimer to undergo ATP hydrolysis and become
monomeric, thereby weakening the interaction with the membrane.
MinC is not required for the dynamic oscillation of MinD and MinE along
the E. coli cell. The reciprocal interaction between MinD and MinE
creates a reaction-diffusion couple that is responsible for the oscillation
of the Min proteins between cell poles (Loose et al., 2011).
The Min system in B. subtilis is similar to that of E. coli except that
it is not oscillating and the polar localization gradient is determined by
the curvature sensing protein DivIVA and the integral protein MinJ.
DivIVA recruits MinJ to cell division sites and cell poles where it forms a
membrane tethered complex (Edwards and J Errington, 1997; Marston
et al., 1998; Bramkamp et al., 2008; Patrick and Kearns, 2008). MinJ then
recruits MinD where it acts as an adaptor for MinC (Marston et al., 1998).
The DivIVA-MinJ-MinCD complex prevents formation of new Z-rings next
to the emerging septum. In addition, this complex destabilizes the Z-ring
after division has been completed (Marston et al., 1998; Bramkamp et
al., 2008; Gregory et al., 2008; van Baarle and Bramkamp, 2009).
Recently, it was suggested that in B. subtilis only a small fraction of MinD
is recruited by DivIVA-MinJ, and that the remaining fraction of MinD is
recruited to the septa by its C-terminal amphipathic a-helix (Kazuki
22

Ishikawa et al., 2017). Clearly, more work is needed to solve the exact
mode of action of the Min system in B. subtilis.
The nucleoid occlusion system inhibits FtsZ polymerization over
the nucleoid. The nucleoid occlusion factor of B. subtilis, Noc, binds to a
14-bp inverted repeat consensus sequence (Noc binding sequence, 5’ATTTCCCGGGAAAT-3’) that is found 74 times scattered over the genome,
except for the Ter region (Wu et al., 2009). In the absence of Noc,
nucleoid occlusion is impaired, and when initiation of DNA replication is
blocked, cell division occurs over the nucleoid. Despite intensive
attempts, neither direct interaction between Noc and FtsZ nor
interaction between Noc and FtsZ-interacting proteins have been found
(Wu and Jeff Errington, 2004; Wu et al., 2009; Adams et al., 2015).
However, Noc utilizes a weak amphipathic helix at its N-terminus to bind
to the cell membrane and can recruit chromosomal DNA to the
membrane (Adams et al., 2015). It is assumed that the nucleoprotein
complexes formed close to the cell membrane by Noc interferes with
FtsZ polymerization (Wu et al., 2009; Adams et al., 2015). SlmA, the
counter part of Noc in E. coli, also binds to DNA, but this protein interacts
directly with FtsZ to inhibit its polymerization (Bernhardt and de Boer,
2005). Similarly to Noc, SlmA binds to a specific palindromic sequence
(SlmA binding sequence, 5 ́-GTGAGTACTCAC-3 ́) that is spread over the
chromosome with exception of the Ter region (Tonthat et al., 2011; Cho
et al., 2011).
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Chromosome replication and segregation are linked to cell division
Aside of the nucleoid occlusion system, in E. coli the essential cell division
protein FtsK plays a role in proper chromosome segregation prior to cell
division (Yu et al., 1998; Liu et al., 1998; Steiner et al., 1999; Kennedy et
al., 2008). FtsK utilizes polarity of FtsK-binding sites on the chromosome
(from origin to terminus) to translocate any chromosomal DNA trapped
by the nascent septum into both daughter cells (Sivanathan et al., 2006).
The newly replicated chromosomes are catenated and must be unlinked
by type II topoisomerase Topo IV (consisting of ParC and ParE) (Kato et
al., 1990; Peng and Marians, 1993; Ullsperger and Cozzarelli, 1996). FtsK
also interacts with ParC thereby stimulating unlinking of the
chromosomes by TopoIV (Espéli et al., 2003). Chromosome dimers can
also be resolved by the site specific recombinase XerC and XerD at so
called dif sites on the chromosomes, and FtsK facilitate this process
(Blakely et al., 1993; Steiner et al., 1999; Recchia and Sherratt, 1999).
Another protein, MatP, binds at matS sites within the terminus
macrodomain and this association protects the dif sites from early
segregation (Mercier et al., 2008). MatP also forms a complex with the
cell division proteins ZapA and ZapB and by doing so it connects the
macrodomain to cell division (Buss et al., 2015).
B. subtilis does not contain a MatP homologue but it possess two
FtsK homologues, SpoIIIE and SftA (Kaimer et al., 2009; Biller and
Burkholder, 2009). SpoIIIE acts primarily during sporulation and
translocates chromosome trapped by the prespore septum (Panzer et
al., 1989; Wu and Jeffery Errington, 1994). On the other hand, SftA
24

appears to function primarily during vegetative growth to clear the
midcell plain form chromosomes prior to cell division (Kaimer et al.,
2009; Biller and Burkholder, 2009). After replication of the chromosome,
RipX and CodV (the homologues of XerC and XerD in E. coli, respectively)
separate the intertwined dimeric chromosome at the dif sites
(Subramanya et al., 1997; Sciochetti et al., 1999; Sciochetti et al., 2001).
It is assumed that both SpoIIIE and SftA positively affect dimer resolution
by RipX and CodV, like their counter part FtsK in E. coli, however, it is not
yet known by which mechanism (Kaimer et al., 2011).

The scope of this thesis
Despite the fact that most, if not all, proteins involved in bacterial cell
division in E. coli and B. subtilis have been identified, it is still not clear
how cell division is exactly executed in these model organisms. The aim
of my PhD research was to gain more insight into the cell division process
in B. subtilis and to determine how cell division can guide proteins to the
cell poles in E. coli.
Chapter 2 describes the construction of a minimal B. subtilis divisome.
Cell division is carried out by a multitude of proteins, however, none of
the proteins that regulate the formation and positioning of the Z-ring are
essential. This complicates the analyses of their function as it seems to
indicate a functional redundancy. In fact, several studies have shown
that deleting two Z-ring regulatory genes simultaneously is lethal or
results in sick cells. In chapter 2, I describe the attempt to remove as
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many early cell division genes as possible. In the end, we were able to
delete the genes of 8 conserved FtsZ-interacting proteins: zapA, minC,
ugtP, minJ, ezrA, clpX, noc, ezrA, and ftsA, using a marker free method.
Only SepF was required to anchor FtsZ to the membrane and to form
active Z-rings. Next generation sequencing was used to confirm
mutations that likely bypassed any synthetic lethal effect caused by the
multiple gene deletions, and several mutations in cell division related
genes were identified (in ponA, spoVG and sftA). One mutation was
located in the gene braB adjacent to ezrA. This gene codes for a
transporter for branched chain amino acids. Inactivation if this gene
stimulated cell division and made cells more resilient to cell division
inhibitors, indicating that braB codes for a new cell division related
protein.
Chapter 3 describes a search for SepF interacting proteins using a
genome-wide yeast-two-hybrid screen. Surprisingly, this revealed SftA as
a potential interaction partner. An extensive genetic, microscopic and
biochemical analysis was used to determine whether this interaction is
real in vivo and whether SepF affects the activity SftA, or the other way
around.
Chapter 4 revisited the determinants for polar localization of
chemoreceptor in E. coli. Since the landmark report on the polar
localization of chemoreceptors in E. coli, many models have been
postulated, including stochastic nucleation, polar curvature, nucleoid
26

occlusion and Tol-Pal protein complex binding, to explain this polar
localization mechanism. In Chapter 4 I provide evidence for membrane
curvature as the main determinant for polar accumulation of
chemoreceptors in E. coli. Importantly, the same mechanism is also
active in B. subtilis.
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In preparation

ABSTRACT

One of the aims in synthetic biology is the construction of a functional
autonomously growing cell. To achieve this goal, it is necessary to know
the minimal set of proteins that a cell requires in order to divide. We set
out to determine this minimal set of cell division proteins in the bacterial
model system Bacillus subtilis. We were able to remove 8 conserved cell
division-related proteins (ZapA, MinC, MinJ, UgtP, ClpX, Noc, EzrA and
FtsA) without greatly affecting viability. This is remarkable since the
combined deletion of several of these proteins has been shown to be
lethal. In the end, only the tubulin homologue FtsZ and its membrane
anchor SepF appeared to be essential to initiate division. We sequenced
the genomes of successive deletion strains and found a new cell division
related mutation. It appeared that inactivation of the branched chain
amino acid transporter BraB stimulates Z-ring formation. Absence of
BraB affects the fatty acid composition of the cell membrane. How this
might stimulate cell division, and the implications of our findings for the
construction of a minimal cell, are discussed.
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Introduction

One of the ultimate aims in synthetic biology is the design and
construction of a functional autonomously growing ‘artificial’ cell. This
will provide unprecedented biotechnological opportunities, and
importantly, would be the decisive proof that we fully understand the
principles of life, albeit in its most simple form. A crucial step in this
endeavor is to define what is necessary for an artificial cell to divide.
Bacteria are the most simple autonomously replicating life forms and the
intricate knowledge of their biological processes has been used to design
the blue print for synthetic cells. A major step has been the construction
of a minimal Mycoplasma genome, showing that only 473 genes are
required for a cell to grow (Hutchison et al., 2016). Mycoplasmas are
simple, slow growing, bacteria that lack a cell wall. It is yet unclear what
proteins are minimally required for division of a vast growing, cell wall
carrying, bacterium. Here we set out to determine the minimal set of
proteins that are required to initiate cell division in the bacterium
Bacillus subtilis. B. subtilis is one of the best studied bacterial model
systems and, as a Gram-positive bacterium, has the advantage that it
does not have an extra outer membrane, like Gram-negative bacteria,
which should make the cell division process less complicated.
The key bacterial cell division protein, FtsZ, is a tubulin
homologue and conserved in almost all bacteria. FtsZ polymerizes at
midcell into a ring-like structure, the Z-ring, which functions as a scaffold
for the cell division machinery. Polymerization of FtsZ requires GTP
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hydrolyses and is regulated by several conserved proteins (Bi and
Lutkenhaus, 1991; RayChaudhuri and Park, 1992; de Boer et al., 1992;
Mukherjee et al., 1993). A schematic depiction of the different steps
leading up to the formation of the Z-ring is shown in Fig. 1. FtsZ polymers
need to be attached to the cell membrane, which in B. subtilis is
accomplished by the two proteins, FtsA, present in most Gram-negative
and Gram-positive bacteria, and SepF, which is conserved in Grampositive bacteria and cyanobacteria (Fig. S1) (Feucht et al., 2001;
Ishikawa et al., 2006; Duman et al., 2013). Both proteins directly interact
with FtsZ and contain an amphipathic helix at one of their termini that
functions as membrane anchor (Feucht et al., 2001; Pichoff and
Lutkenhaus, 2005; Duman et al., 2013). In addition, SepF polymers
support the bundling of FtsZ polymers and formation of a stable Z-ring
(Gündoğdu et al., 2011). Another conserved cell division protein is EzrA.
The protein contains a transmembrane domain and binds to FtsZ,
however it does not function as membrane anchor for the Z-ring (Levin
et al., 1999), rather the protein has been suggested to have a stabilizing
function and to form large arch-like structures encompassing FtsZ
polymers (Levin et al., 1999; Cleverley et al., 2014). In addition, EzrA is
required for the recruitment of the glycosyltransferase-transpeptidase
PonA involved in cell wall synthesis (Claessen et al., 2008). The conserved
protein ZapA forms bridges between FtsZ polymers and stabilizes the Zring (Gueiros-Filho and Losick, 2002; Low et al., 2004). After the Z-ring is
formed, the late cell division proteins, responsible for septal wall
synthesis, are recruited. Together, this complex is also referred to as the
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divisome.
In this study, we focus on the formation of the Z-ring, which is a
carefully regulated process that occurs primarily at the level of FtsZ
polymerization. The Min and nucleoid occlusion systems regulate the
correct position of the Z-ring in the cell. The conserved MinCD protein
couple accumulate at cell poles and nascent division septa, and prevent
non-functional divisions close to cell poles or division sites. The absence
of a functional Min system results in the formation of minicells lacking a
chromosome (Adler et al., 1967; Reeve et al., 1973). MinC interacts with
FtsZ and inhibits its polymerization (Bramkamp et al., 2008). MinC is
located adjacent to the cell membrane by forming a complex with the
membrane associated protein MinD (Marston et al., 1998; Marston and
Jeffery Errington, 1999). In B. subtilis, the MinCD complex is recruited to
the cell poles and nascent division sites by the transmembrane protein
MinJ (Bramkamp et al., 2008; Patrick and Kearns, 2008). It has been
postulated that MinJ is also required for an efficient disassembly of the
divisome after cell division has been completed (van Baarle and
Bramkamp, 2010). Nucleoid occlusion prevents division through newly
formed daughter chromosomes. In B. subtilis this is executed by Noc
which binds DNA and attaches to the cell membrane by means of an
amphipathic helix (Wu et al., 2009; Adams et al., 2015). It is assumed that
the resulting membrane-associated nucleoprotein complex physically
interferes with efficient polymerization of FtsZ (Adams et al., 2015). Cell
division must also be coordinated with nutrient availability. In B. subtilis
this is established by the glucosyltransferase UgtP which uses UDP45

glucose as substrate for glycolipid synthesis, and inhibits FtsZ (Weart et
al., 2007). Finally, a sufficient cytoplasmic pool of unassembled FtsZ,
required for new Z-rings, is assured by the activity of the conserved
protein chaperone ClpX, which binds to and inhibits FtsZ assembly
(Weart et al., 2005).

Fig. 1. Regulation and assembly of the Z-ring in B. subtilis
FtsZ monomers (yellow) form FtsZ polymers that bundle together to form a Z-ring. Both
FtsA and SepF anchor FtsZ to the cell membrane. ZapA promotes bundling of FtsZ
polymers, whereas EzrA appears to stabilize and regulate this complex. MinC inhibits
FtsZ polymerization close to nascent cell division sites and cell poles, and is tethered to
the membrane and MinJ by MinD. Nucleoid occlusion is regulated by Noc that binds
both to the chromosome and the cell membrane. The protein chaperone ClpX
stimulates recycling of FtsZ monomers after polymerization.

Despite the fact that most of the listed FtsZ interacting proteins
are conserved in bacteria (Fig. S1), none of them are essential for division
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in B. subtilis. However, deleting more than one results often in a lethal
phenotype, this is e.g. the case for the combinations ∆noc and ∆ezrA,
∆sepF and ∆ezrA, ∆clpX and ∆minC, ∆zapA and ∆ezrA, ∆ezrA and ∆minC,
∆noc and ∆minC and ∆sepF and ∆ftsA (Levin et al., 1999; Gueiros-Filho
and Losick, 2002; Wu and Errington, 2004; Hamoen et al., 2006; Ishikawa
et al., 2006; Camberg et al., 2011). Clearly, there is a considerable
redundancy and so far, it is unclear which proteins are minimally
required for division. To answer this question, we followed a top-down
approach and tried to systematically remove key cell division proteins
that regulate the Z-ring in B. subtilis (Fig. 1). Surprisingly, by following a
certain order of deletion, we were able to delete 8 proteins and obtain a
viable and dividing B. subtilis strain that only contains the proteins FtsZ
and SepF. Whole genome sequencing revealed that this gene reduction
resulted in an accumulation of mutations, of which one appeared to be
a new suppressor mutation. Further testing showed that inactivation of
the branched-chain amino acid carrier BraB stimulates Z-ring formation,
possibly by modifying the fatty acid content of the cell membrane. The
implication of our findings for the construction of a minimal cell is
discussed.

Results
Systematic removal of cell division proteins
To define the minimal set of proteins required for the initiation of cell
division in B. subtilis, we employed an established marker-less gene
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deletion method (Morimoto et al., 2009). This method enabled us to
delete genes without leaving residual antibiotic resistance cassettes in
the genome. The procedure is schematically depicted in Fig. 2. In short,
a spectinomycin resistance and IPTG-inducible mazF toxin cassette were
integrated next to a cell division gene. These integrations provided the
donor DNA for subsequent gene deletions. Induction of the MazF toxin
resulted in excision of the toxin and resistance cassette, including the
target gene, by means of intra-molecular homologous recombination.
This process was repeated until we were unable to remove more cell
division genes. Due to the use of chromosomal DNA as donor DNA,
preceding gene deletions could have been restored by double crossover
events during the transformation process. Therefore, after every
deletion step, the presence of previous deletions was checked using PCR.
The successive gene deletion steps, and their effects on growth
and cell length, are shown in Fig. 3. The deletion strains were labelled
BMD (Bacillus Minimal Divisome). It should be noted that the numbering
is not related to the deletion steps. We started out with a ∆zapA deletion
mutant, since this mutant by itself has no clear phenotype (Gueiros-Filho
and Losick, 2002). To increase the chances of success, we began by
removing the genes coding for the negative regulators MinC and UgtP.
Subsequently, the minJ and ezrA genes were removed. Also these
deletions did not affect growth, which was surprising since it has been
reported that a ∆zapA ∆ezrA double deletion is very sick and filamentous
(Gueiros-Filho and Losick, 2002).
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Fig. 2. schematic overview of the marker-free and sequential gene deletion method
utilized
In step (i) a deletion cassette was constructed comprising the upstream (blue) and
downstream (green) region of the target gene (red), followed by the IPTG-inducible
MazF toxin (yellow), a spectinomycin marker for selection (orange) and the target gene
(red). This cassette was transformed (step ii) into natural competent (transformable) B.
subtilis cells and selection on spectinomycin containing LB agar plates. The resulting
strains (iii) were used as donor DNA for subsequent gene deletion attempts. After
transformation of the donor DNA (iv), the toxin was induced by IPTG, forcing the
excision of the deletion cassette by intra-molecular homologous recombination, and
resulting in deletion of the target gene (vi). The resulting deletion strain was then used
as recipient strain to introduce the next gene deletion.

Next, we wanted to remove the negative regulator ClpX. ClpX is
also required for the development of genetic competence in B. subtilis,
however this requirement can be bypassed by removing the pleiotropic
transcriptional regulator Spx (Nakano et al., 2001). Therefore, the spx
gene was first deleted prior to the removal of clpX (Fig. 3A). When we
subsequently tried to delete noc, only a few transformants were
obtained, and a PCR check revealed that, although ∆noc was deleted, the
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∆ezrA deletion was restored to wild type due to a second double
crossover event (Fig. 3A, strain BMD12). This was not surprising since it
has been shown that a ∆noc ∆ezrA double mutant is filamentous and
synthetic sick (Wu and Jeff Errington, 2004). However, this study also
showed that a ∆noc ∆minC double deletion is filamentous and synthetic
sick, whereas in strain BMD12 both noc and minC are absent.
Strain BMD12, containing the ∆zapA, ∆minC, ∆ugtP, ∆minJ, ∆spx,
∆clpX and ∆noc deletions, showed a longer lag time at 37˚C and was less
competent, which hampered the excision of the mazF gene. Therefore,
we tried to delete the remaining genes (ezrA, sepF, ftsA) by transforming
with chromosomal DNA from strains in which these genes were replaced
by antibiotic resistance markers. Interestingly, in this way it was now also
possible to delete ezrA. The resulting strain BMD14 grew more slowly
due to a longer lag phase (Fig. 3B), and formed long cells (Fig. 3C). Finally,
we tried to remove the Z-ring membrane anchors FtsA and SepF. After
several attempts, we obtained a deletion strain that also missed a
functional ftsA gene (Fig. 3). This strain (BMD27) lacks all the key FtsZ
regulators and interacting proteins except for SepF (Fig. 1). Although we
tried several times to remove sepF instead of ftsA, this seems to be not
possible. It should be mentioned that a considerable number of
transformants were screened by PCR during the final deletion steps since
most transformants contained one or more restored cell division genes
as a consequence of extra double crossover events.
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Phenotype of BMD27
We noticed that the multiple deletion mutants grew slower in LB
medium whereas they grew fine in competence medium. This medium
contains glucose as main carbon source and relative high concentrations
of Mg2+ (Spizizen, 1958). The addition of 1% glucose and 10 mM Mg2+ to
LB stimulated growth to almost normal levels (Fig. 3B). The addition of
extra Mg2+ prevented bulging of the cell wall that normally occurs in ugtP
mutant cells grown in glucose rich medium (Matsuoka et al., 2011).
Strain BMD27 showed a longer lag phase and cell length, but this was
also observed for the single ftsA::erm mutant (Fig. 3B).
To investigate whether BMD27 makes normal Z-rings, an ectopic
xylose-inducible ftsZ-gfp reporter fusion was introduced. Fig. 4A shows
microscopic images of a representative BMD27 cell expressing the FtsZ
reporter fusion. More cells are shown in Fig S2. The absence of 8 cell
division proteins resulted in long filamentous cells with less Z-rings and
multiple polar minicells (Fig. 4B). In many cases (~39 %) FtsZ polymers
formed aberrant helical structures and long arcs (Fig. 4A, Fig. S2). In the
ftsA::erm single deletion mutant this was seen for approximately 21 % of
the Z-structures (Fig. S3). The Z-ring in Fig. 4A is dissecting a nucleoid.
This occurred regularly, with a frequency twice that of the ftsA::erm
single deletion mutant (~43 % and ~22 %, respectively). Nevertheless,
the majority of Z-rings assembled in between nucleoids indicating that
some form of nucleoid occlusion is still functional in BMD27.
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Fig. 3. Subsequent deletion of
8 cell division genes in B.
subtilis.
(A) Schematic overview of the
sequential
deletion
of
conserved cell division proteins
in B. subtilis. The resulting
mutant strains were labelled
BMD. (B) Growth curves of BMD
strains grown in microtiter
plates at 37 ⁰C in LB medium
supplemented with 1% glucose
and 10 mM MgSO4. Inset
highlights the growth curves for
wild type, BMD27, and the
single ftsA::erm deletion strains.
Graphs are representatives of at
least 5 biological experiments.
See Fig. S3 for three biological
experiments. (C) Cell length of
BMD strains grown at 37˚C in LB
medium supplemented with 1%
glucose and 10 mM MgSO4.
>400 cells were measured and
mini cells were not included.
Mean and standard deviations
are indicated as horizontal and
vertical bars, respectively.
Strains used in A & B: wt, BMD1,
BMD2, BMD3, BMD5, BMD6,
BMD7, BMD9, BMD12, BMD14,
BMD27 and TNVS281.

Division site position
After deletion of minC (BMD2) the average cell length almost doubled
(Fig. 3C), meaning that the average BMD2 cell contained approximately
4 instead of 2 newly formed daughter chromosomes before division. In
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theory, division can occur in between any of these 4 daughter
chromosomes. To test this, we measured the position of the septum by
fluorescently staining the cell membrane and determined the position of
the septum relative to one cell pole (Fig. 5). The preferred site for division
in BMD2 was still the middle of the cell, also when noc was also deleted
(Fig. 5, BMD12). This is in line with a previous study, reporting that the
Min and Noc systems are not required for the positioning of Z-rings in
the middle of B. subtilis cells (Rodrigues and Harry, 2012). Since BMD12
also lacks ZapA, UgtP and ClpX, these proteins are also not involved in
midcell selection. Interestingly, even when EzrA was removed and the
average cell length was more than 10 μm, there was still some
preference for division at midcell (Fig. 5, BMD14). However, removing
FtsA abolished this midcell selection (Fig. 5, BMD27). In fact, this was also
the case for the ftsA::erm single mutant (Fig. 5). As mentioned before,
approximately 22% of the Z-rings in the ftsA::erm mutant dissected a
nucleoid. This is much higher than what is seen in a noc mutant (Wu and
Jeff Errington, 2004). How FtsA contributes to nucleoid occlusion is not
clear, but the absence of this activity in a ∆ftsA mutant might interfere
with the preference to divide at midcell.

Whole genome sequencing
Since we were able to delete gene combinations that normally would
have resulted in lethal phenotypes, the suspicion arose that suppressor
mutations might have collected during the deletion process. To examine
this, whole genome sequencing of all 10 deletion strains was performed.
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Fig. 4. Z-ring formation in
BMD27 and ∆ftsA
(A) Fluorescence microscopy
image
of
BMD27
cells
expressing an ectopic FtsZ-GFP
reporter
fusion
(green).
Membrane (red) and nucleoids
(blue) were stained with FM595 and DAPI, respectively. FtsZGFP forms Z-rings (asterisk) and
aberrant helical structures at
cell poles. The Z-ring in this
example seem to dissect a
nucleoid. Strains used is
TNVS385. Scale bar, 2 µm. (B)
Examples of SIM images of
BMD27 cell poles containing
several minicells and aberrant Zstructures. Strain used is
TNVS385. Scale bar, 2 µm. (C)
Fluorescence microscopy image
of an ftsA::erm mutant
expressing an ectopic FtsZ-GFP
reporter
fusion
(green).
Membrane (red) and nucleoids
(blue) were stained with FM595 and DAPI, respectively. The
Z-ring is formed over a nucleoid.
All cells were grown in LB
supplemented with 10 mM
MgSO4 1% fructose and 1%
xylose at 30˚C and samples were
taken at the exponential
growing phase for microscopy.
Strains used is TNVS553. Scale
bar, 2 µm.
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Fig. 5. Division position in the deletion mutants
The relative position of division sites was measured in dividing cells stained with the
fluorescent membrane dye FM5-95. The distance to one cell pole was measured and
divided by the total cell length. To better reveal a midcell preference in the multiple
deletion mutants, division positions were randomized relative to left or right pole. The
mean cell lengths are indicated between brackets. Number of cells measured, >75 for
wt – BMD12, and >50 for BMD14 - ftsA::erm. All cells were grown in LB supplemented
with 10 mM MgSO4 and 0.5% glucose at 37˚C and samples were taken at the
exponential growing phase for microscopy. Strains used: wt, BMD1, BMD2, BMD3,
BMD5, BMD6, BMD7, BMD9, BMD12, BMD14, BMD27 and TNVS281.

In total 3 silent mutations, 9 substitution, 2 nucleotide insertions, and 8
deletions were found, as listed in Table 1. Their positions on the genome
are schematically presented in Fig. 6.
The first mutations occurred when minC was deleted (BMD2),
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yielding a point mutation (M66R) in the proton/glutamate symporter
GltP (Tolner et al., 1995). The subsequent deletion of ugtP (BMD3) did
not result in any mutation, however the removal of minJ (BMD5) caused
the deletion of the complete 22 kb long Integrative and Conjugative
Element ICEBs1. It has been shown that the inactivation of ugtP increases
ICEBs1 conjugation efficiency (Johnson and Grossman, 2016), which may
have facilitated the excision of ICEBs1. Subsequent deletion of ezrA
(BMD6) resulted in a 6-basepair deletion in the N-terminal domain of the
unknown membrane protein YlbL. Deletion of spx did not cause any
spontaneous mutations, however, the subsequent deletion of clpX
(BMD9) yielded a 1.6 kb long deletion containing three genes: mgsR,
yqgY and yqgX, the latter two coding for unknown proteins. MgsR
moderates the expression of a subset of SigB regulated stress genes. The
protein is controlled by proteolytic degradation by the ClpXP protease
complex (Reder et al., 2008; Reder et al., 2012), and the increased
stability of MgsR after removal of ClpX might have provided selection
pressure favoring the 1.6 kb genomic deletion. In addition, BMD9
contains point mutations in uxuA and yoaN, coding for a mannonate
dehydrogenase and an inner spore coat protein, respectively (Mekjian et
al., 1999; Costa et al., 2004).
Subsequent deletion of noc (BMD12) restored the ezrA gene, due
to an additional double crossover event, and in addition to this, the strain
acquired several spontaneous mutations among which in ponA (G145R)
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Table 1. List of mutations in the different deletion strains.
deletion step location type
function
∆zapA (BMD1) ∆minC (BMD2) gltP
M66R
H /glutamate symporter
intergenATTTA>ATTA between stop codons of ywbE and ywbD
ic
∆ugtP (BMD3) ∆minJ (BMD5) ICEBs1 ∆22 kb
integrative and conjugative element ICEBs1
yesO P305P
uptake of rhamnose oligosaccharides
∆ezrA (BMD6) sigB
G52G
general stress response sigma factor
ylbL
∆ I15-L16
conserved hypothetical protein
htpG S336S
chaperone protein, heat shock response
∆spx (BMD7) ∆clpX (BMD9) uxuA P211L
mannonate dehydrogenase
yoaN L140H
oxalate decarboxylase, spore coat protein
mgsR ∆mgsR-yqgX control of subset of SigB-regulated stress genes
yqgY ∆mgsR-yqgX unknown function
yqgX ∆mgsR-yqgX unknown function
∆noc (BMD12) putP
∆L356-V358 proline permease
ypmT D31*
unknown function
ponA G143R
penicillin-binding protein PBP1
spoVG E90*
control of asymmetric cell division (fore spore)
yuiF
L64F
unknown function
ywoF G333V
unknown function
sppA A96V
signal peptide peptidase
ezrA
restored
∆ezrA (BMD14) braB
S343P
branched-chain amino acid transporter
sftA
P375S
DNA
translocase
(chromosome
dimer
resolution)
rapA F186L
quorum sensing regulation of Spo0A activity
∆ftsA (BMD27) rsgI
∆rsgI-ogt
control of SigI activity (control of heat shock
genes)
sspD
∆rsgI-ogt
small acid-soluble spore protein
ykrK
∆rsgI-ogt
repressor of HtpX
htpX
∆rsgI-ogt
stress-responsive membrane protease
ktrD
∆rsgI-ogt
low affinity potassium transporter
ykzP
∆rsgI-ogt
unknown function
ykzE
∆rsgI-ogt
unknown function
ykrP
∆rsgI-ogt
unknown function
kinE
∆rsgI-ogt
two-component sensor kinase, Spo0A
activation
ogt
∆rsgI-ogt
methylguanine DNA alkyltransferase (DNAalkylation repair)
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and spoVG (E90*). Interestingly, the glycosyltransferase-transpeptidase
PonA, involved in lateral and septal peptidoglycan synthesis, is normally
recruited to the cell division site by EzrA (Claessen et al., 2008), and the
conserved RNA binding protein SpoVG regulates asymmetric cell division
during sporulation (Matsuno and Sonenshein, 1999). In addition to these
2 mutations, BMD12 also obtained a triple amino acid deletion in the
proline permease PutP (aa 356-358), and amino acid substitutions in the
hypothetical proteins YuiF (L64F) and YwoF (G333V), the signal peptidase
SppA (A96V) (Nam et al., 2012), and a stop codon in the hypothetical
protein YpmT (D31*).
When ezrA was again deleted in strain BMD14, mutations in braB
(S343P), rapA (F186L) and sftA (P375S) were found. BraB is a branchedchain amino acid transporter (Belitsky, 2015), and RapA is a phosphatase
involved in the quorum sensing regulation of sporulation (Perego and
Hoch, 1996). The mutation in sftA is an interesting one since SftA is a
conserved membrane attached DNA translocase, homologous to FtsK in
E. coli, and binds to the divisome to prevent trapping of chromosomal
DNA during septum synthesis (Biller and Burkholder, 2009). In E. coli,
FtsK is an integral and essential component of the divisome, but in B.
subtilis, SftA is not required for cell division (Wang and Lutkenhaus, 1998;
Biller and Burkholder, 2009).
Finally, removing ftsA (BMD27) yielded a large 6-kb deletion,
covering 10 genes: rsgI, sspD, ykrK, htpX, ktrD, ykzP, ykzE, ykrP, kinE and
ogt. RsgI is an anti-sigma factor controlling the activity of sigma I required
for the activation of general stress proteins, but also stimulates
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expression of the actin-homologue and cell shape-determining protein
MreBH, and the undecaprenyl pyrophosphate phosphatase BcrC,
involved in synthesis of the carrier lipid for cell wall synthesis (Tseng and
Shaw, 2008). Inactivation of RsgI has been shown to suppress certain cell
shape defects in B. subtilis (Schirner and Jell Errington, 2009). SspD is a

Fig. 6. Location of the different spontaneous mutations in the B. subtilis genome

Genome location of the different spontaneous mutations identified by whole genome
sequencing of the BMD strains. The position of the deleted cell division genes on the 4.25 Mbp
B. subtilis genome (X-axis) are indicated as orange squares, and the spontaneous mutations
found after whole genome sequencing are indicated as green triangles. The rsgI-ogt deletion
covers 10 genes. See main text for details on the different mutations. Strains used: wt, BMD1,
BMD2, BMD3, BMD5, BMD6, BMD7, BMD9, BMD12, BMD14, BMD27 and TNVS281.

protein found in spores (Connors et al., 1986), and KinE is a twocomponent sensor kinase involved in sporulation (Jiang et al., 2000).
HtpX is a stress-responsive membrane protease whose expression is
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controlled by YkrK (Lin et al., 2012), and ktrD codes for a potassium
transporter (Holtmann et al., 2003). Lastly, the genes ykzP, ykzE and ykrP
code for proteins with unknown functions, and the ogt gene codes for
O6-methylguanine DNA alkyltransferase required for DNA-alkylation
repair (Morohoshi et al., 1989).

Suppressor mutations
If the spontaneous mutations suppress potential lethal cell division
defects, they might directly influence cell division. As a first simple step
to test whether the suppressor mutations might affect cell division, we
constructed knockout strains of all mutated genes, except for those
containing silent mutations or those that were located in the ICEBs
conjugation element and kin prophage, and measured the effect on cell
length (Fig. 7A). The most apparent change was the increase in cell length
in the ponA and sftA mutants, for which it is known that they result in
longer cell (Popham and Setlow, 1996; Kaimer et al., 2009; Biller and
Burkholder, 2009).
Mutations that affect cell division are more likely to show a clear
phenotype when cell division is disturbed. This can e.g. be achieved by
treating cells with the FtsZ inhibitor 3-methoxybenzamide (3-MBA) that
blocks Z-ring formation (Ohashi et al., 1999). To test whether the
different deletion mutants showed any resistance to 3-MBA, the
different mutants were spotted onto agar plates containing increasing
concentrations of 3-MBA. As shown in Fig. 7B, the ponA and braB
deletion mutants were clearly more resistance to 3-MBA. Several
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mutants, including yesO, htpG, mgsR, ykzP, htpK, sspD, rsgI and sftA,
showed a slight increase in sensitivity towards 3-MBA.
BraB is a transporter and the diffusion of 3-MBA into the cell
might be hampered in a braB mutant. Therefore, we employed another
assay to test the sensitivity for reduced FtsZ levels by introducing an
ITPG-inducible ftsZ allele (Pspac-ftsZ) into the most promising mutants
(braB, ylbL, ponA, spoVG, sftA and kinE). As a control the ∆zapA mutation
was included, which was shown to be very sensitive for low FtsZ levels
(Gueiros-Filho and Losick, 2002). The spot dilution assay was repeated
on agar plates containing different IPTG concentrations. As expected, the
zapA deletion was most sensitive, and only the braB mutant showed a
clear resistance to low IPTG concentrations (Fig. 7C). Thus, the braB
mutation seemed to be a genuine suppressor mutation. It is not clear
why ∆ponA did not show any resistance to decreasing FtsZ
concentrations, whereas it resisted high 3-MBA concentrations (Fig. 7B).

Phenotype of a ∆braB mutant
The average cell length of a ∆braB mutant is 2.8 μm, which is slightly
shorter compared to wild type cells (3.3 μm) (Fig. 7A). However, braB is
located next to ezrA on the genome, and reads against it (Fig. 8A), so a
mutation in braB might affect the activity of ezrA. To exclude the
possibility that the ∆braB phenotype is caused by a polar effect on ezrA,
we introduced a xylose-inducible braB-gfp fusion in the ectopic amyE
locus into the ∆braB strain. gfp was added to follow the localization of
the protein in the cell. As shown in Fig. 8B, expression of the fusion
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protein restored the sensitivity for 3-MBA, indicating that (i) the BraBGFP fusion is active, and (ii) that the cell division effect of a braB mutation
is unrelated to the proximity to ezrA.
It was not apparent why the absence of BraB would influence cell
division. As expected, BraB-GFP located to the cell membrane but there
was no accumulation at division sites (Fig. 8C), suggesting that BraB does
not influence cell division directly. B. subtilis contains two other
branched-chain amino acid permeases, BcaP and BrnQ, and it has been
shown that the absence of braB does not affect the uptake of branchedchain amino acids (Belitsky, 2015). Also, the growth rate of a braB
deletion mutant did not differ much from that of the wild type strain (Fig.
S9A). We deleted both bcaP and brnQ, but neither of these mutations
changed the sensitive towards 3-MBA (not shown).
Effect on membrane composition
While studying ∆braB cells, we noticed a peculiar irregular fluorescent
membrane stain when cells were incubated with membrane dies like
Nile-red and FM5-95 (Fig. S9B). The occurrence of irregular membrane
staining has been documented before in a study showing that, so called,
fluid lipids are unevenly distribution in the cell membrane of B. subtilis
cells (Strahl et al., 2014). These are lipids that contain short, branched
and/or unsaturated fatty acids and stimulate the liquid disordered (fluid)
phase in membranes. The actin homologue MreB organizes these lipids
into microscopically visible domains, called RIFs (Regions of increased
fluidity). These RIFs can be visualized by the fluorescent fluid lipid
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Fig. 7. Cell division effects of potential suppressor mutations
(A) Cell lengths of single deletion mutants based on the spontaneous mutations found
in the BMD strains. Different colors indicate in which deletion step (gene name shown
above) the mutations appeared. Mean and standard deviations are indicated and >500
cells were measured for every mutant. (B) Spot dilution assay to test the sensitive of
the single deletion mutants to increased concentrations of the FtsZ inhibitor 3-MBA. (C)
Spot dilution assay to test the sensitive of single deletion mutants for decreasing FtsZ
concentrations. The mutants contained an IPTG-inducible ftsZ allele, and were spotted
on plates with decreasing concentrations of ITPG. All cells were grown in LB
supplemented with 0.2 mM IPTG when required at 37˚C and samples were taken at the
exponential growing phase for microscopic imaging or spot assay. Strains used in A &
B: wt, TNVS083, TNVS112, TNVS114, TNVS131, TNVS132, TNVS133, TNVS134, TNVS135,
TNVS275, TNVS280, TNVS292, TNVS401, TNVS412, TNVS413, TNVS414, TNVS415,
TNVS416, TNVS417, TNVS418, TNVS419, TNVS420, TNVS421, TNVS422, TNVS423,
TNVS424, TNVS425, TNVS426, and TNVS42; and in C wt, TNVS193, TNVS131, TNVS112,
TNVS132, TNVS292, TNVS083, TNVS420.

mimicking dye Dil-C12 (Baumgart et al., 2007; Zhao et al., 2013; Strahl et
al., 2015). To examine whether distribution of RIFs was affected in ∆braB
cells, we sampled cells from early-, mid- and late exponential phase and
stained them with Dil-C12. In contrast to wild type cells, ∆braB cells
showed a smooth membrane stain that developed into large fluorescent
membrane foci over time (Fig. 9A).
The localization of MreB was not affected in a ∆braB mutant (not shown),
therefore, it might be that the fatty acid composition is different in this
mutant. Branched-chain fatty acids account for more than 90% of the
total fatty acids in B. subtilis. There are two types of branched-chain fatty
acids, iso- and anteiso-fatty acids, which differ in the position of the
terminal methyl side chain (2nd and 3rd C-terminal atom, respectively).
The iso form requires final attachment of either valine or leucine to the
carbon chain, whereas the anteiso form, which contributes more to
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Fig. 8. ∆braB phenotype is not related to its proximity to ezrA
(A) Schematic overview of the braB genome location. braB is located next to ezrA. (B)
Spot dilution assay to test the sensitive of a BraB-GFP complementation strain for the
FtsZ inhibitor 3-MBA. Strains used wt, TNVS292 and TNVS308. (C) Fluorescence light
microscopy showing membrane localization of BraB-GFP in ∆braB. All cells were grown
in LB supplemented with 0.1% xylose at 37˚C and samples were taken at exponential
phase for microscopic analyses and spot assay. Strains used is TNVS308. Scale bar, 2
µm.

fluidizing of the lipid bilayer, requires final attachment of isoleucine to
the carbon chain. To examine whether the fatty acid composition of the
cell membrane is different in a ∆braB mutant, we performed a fatty acid
analysis (Fig 9B, Table S2). The mass spectrometry data revealed a
change towards higher levels of iso (less fluid) fatty acids and a shift
towards more unsaturated and short-chain (more fluid) fatty acids. To
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determine whether these alterations affected the fluidity of the cell
membrane, we performed a laurdan fluorescence general polarization
measurement. The fluorescence emission spectrum of laurdan depends
on lipid head group spreading and fatty acyl chain flexibility, making it a
good indicator of membrane fluidity (Parasassi et al., 1990). As shown in
Fig. 9C, the absence of BraB increased the overall membrane fluidity
considerably. We speculate that this difference is the reason for the cell
division stimulating effect of a braB mutation.
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Fig. 9. braB deletion affects
membrane composition
(A) Distribution of DilC12 stained RIFs
in wild type and ∆braB cells at
different time points (ODs) during
growth. Cells were grown LB
supplemented with 1% DMSO and 2
µg/ml DilC12 at 37˚C. Strain used are
wt and TNVS292. Scale bars, 2 µm. (B)
Ratios of straight and branched,
saturated and unsaturated, iso and
anteiso, and long and short chain fatty
acids in the membrane of wild type
and ∆braB cells. Samples were taken
at an OD600 of 0.5. Strain used are wt
and TNVS292. Scale bars, 2 µm. (C)
Overall membrane fluidity wild type
and ∆braB cells measured with
laurdan
fluorescence
general
polarization. Cells were grown at 37˚C
in LB to indicated optical density, and
collected samples were subsequently
stained with 10 µM laurdan for 5 min,
washed prior to fluorescence reading
using a fluorescence plate reader.
Samples were taken at OD600 of 0.2
and 0.8. Wild type cells treated with
the membrane fluidizer benzyl alcohol
was added for comparison. Strain
used are wt and TNVS292.
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Discussion
Suppressor mutations
Following a step wise deletion protocol, we have been able to construct
a B. subtilis strain that lacks 8 conserved cell division related proteins
without greatly affecting viability. 6 of these proteins interact directly
with FtsZ (ZapA, EzrA, FtsA, MinC, UgtP and ClpX) and 2 play critical roles
in its regulation (MinJ and Noc). This shows that the FtsZ-SepF complex
is sufficient to form an active Z-ring. A likely explanation for our
successful removal of so many cell division genes is that we had picked
up suppressor mutations during the process, and whole genome
sequencing revealed a number of spontaneous mutations. However, the
emergence of a mutation in itself is not an indication that it is a
suppressor mutation. For practical reasons, we assumed that a
suppressor mutation would inactivate the protein, so that we could use
single gene deletion strains to test a potential role in cell division. Two
deletion mutants, ∆ponA and ∆braB, showed resistance to the FtsZ
inhibitor 3-MBA. In contrast to the ∆braB strain, the ∆ponA strain
showed no resistance to reduced FtsZ levels. The bifunctional
glucosyltransferase/ transpeptidase PBP1 encoded by ponA is involved
in lateral and septal peptidoglycan, and is recruited to the divisome by a
process that requires EzrA (Claessen et al., 2008). 3-MBA stabilizes FtsZ
polymers resulting in large aberrantly localized FtsZ clusters that can still
recruit late cell division proteins (Adams et al., 2011). Possibly, the
absence of PBP1 destabilizes these complexes and increases the
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turnover of FtsZ polymers, which makes a ponA deletion more resistant
to 3-MBA but still sensitive for depletion of FtsZ.
The S343P mutation in BraB is located in a putative
transmembrane domain and likely disables the protein, and deletion of
braB clearly stimulated Z-ring formation. The absence of braB does not
affect the uptake of branched-chain amino acids (Belitsky, 2015), and
deleting bcaP and brnQ, the other branched chain amino acid
transporter encoding genes, had no effect on 3-MBA sensitivity. This
suggests that the effect of a braB deletion is not simply related to
branched chain amino acid levels in the cell. It is also unlikely that the
protein interacts and inhibits one of the cell division proteins since a
functional BraB-GFP fusion showed no preference for cell division sites.
However, the absence of BraB does affect the fatty acid composition of
the cell membrane.

Role of lipids in cell division
It has long been speculated that membrane lipids play a role in bacterial
cell division. More than 50 years ago Francois Jacob and co-workers
showed that membrane synthesis occurs primarily in the middle of B.
subtilis cells, and postulated that there must be an intricate relationship
between DNA replication, cell division and membrane synthesis in
bacteria (Jacob et al., 1966). Different studies showed increased lipid
synthesis during cell division in Bacillus (Daniels, 1969; Breakefield and
Landman, 1973), and a microscopy study suggested that the
acyltransferase PlsX, which catalyzes an essential step in lipid synthesis,
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binds to and affects the Z-ring (Takada et al., 2014). However, this was
later shown to be an artefact (Sastre et al., 2016; Müller et al., 2016). Of
course, synthesis of a septum requires new membrane material, but it
remains to be seen whether there is a regulatory link between lipid
synthesis and cell division. Nevertheless, it has been shown that certain
lipid species can affect cell division proteins. Early studies have reported
that a reduction in anionic phospholipids results in filamentous E. coli
cells (Starka and Moravová, 1970; Raetz, 1976), and it was shown that
association of E. coli MinD with the cell membrane is stimulated by
anionic phospholipids and by an increase in unsaturated acyl chains
(Mileykovskaya et al., 2003). The latter observation was attributed to an
easier insertion of the C-terminal amphipathic helix of MinD, which
functions as a membrane anchor. Insertion of such relative bulky helix in
between phospholipid molecules is facilitated when the lipids are less
densely packed and the membrane is in a more fluid state (Antonny,
2011). The membrane fluidity in a ∆braB mutant is reduced as a
consequence of changes in the fatty acid composition. Possibly, this also
stimulates the attachment of SepF and FtsA to the membrane, as both
proteins use an amphipathic helix as membrane anchor (Pichoff and
Lutkenhaus, 2005; Duman et al., 2013). Since the proximity of a lipid
membrane stimulates FtsZ polymerization (Kuchibhatla et al., 2011), an
increase in FtsA and SepF binding might explain the resistance of a ∆braB
mutant to FtsZ activity-reducing interventions.
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Minimal divisome requirements
This research was triggered by the question what a minimal bacterial cell
needs to be able to divide. Hutchison and coworkers constructed their
pioneering minimal cell by taking a relatively simple Mycoplasma cell
(Mycoplasma mycoides) and removing all non-essential genes
(Hutchison et al., 2016). Interestingly, this minimal cell did not require
FtsZ. In fact, some Mycoplasma species lack an ftsZ gene and it was
shown that the ftsZ gene of Mycoplasma genitalium could be inactivated
without affecting viability (Lluch-Senar et al., 2010). Presumably, FtsZ is
not vital for these bacteria since they lack a cell wall. Actually, cell wallless B. subtilis and E. coli cells, so called L-forms, can propagate without
FtsZ and produce daughter cells by spontaneous membrane blebbing
(Leaver et al., 2009; Mercier et al., 2016). There has been one example
of a cell wall forming bacterium that could still propagate after its ftsZ
gene was impaired, the filamentous actinomycetes Streptomyces
coelicolor. This bacterium grows by branching and uses septation
primarily for dividing hyphae into multiple sporulating cells. Although the
latter was blocked in the ∆ftsZ mutant, cells were still able to form
branching hyphae (McCormick et al., 1994). Nevertheless, when
designing a classic rod or cocci-shaped cell wall-containing bacterial cell,
a mechanism must be in place to divide its cell wall, necessitating the
inclusion of FtsZ. Since FtsZ needs to form polymers adjacent to the cell
membrane, a dedicated membrane anchor is also required. Here we
show that SepF alone is sufficient for this. Interestingly, this situation
resembles

that

of

Actinobacteria,

including

Streptomycetes,
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Mycobacteria and Corynebacteria, which all lack MinJ, ZapA, EzrA, FtsA
and the Min and Noc systems, but do contain SepF homologues
(Donovan and Bramkamp, 2014).
It is not yet clear how the rod-shaped Mycobacteria and
Corynebacteria control correct Z-ring placement. They do contain FtsK
homologues, and maybe this is sufficient to prevent dissection of the
nucleoids by the closing Z-ring, especially since these bacteria grow
considerably slower than e.g. E. coli and B. subtilis (Rocha, 2004). The
final deletion mutant BMD27 also contained a P375S mutation in SftA,
one of the DNA-translocase FtsK homologues in B. subtilis. However, B.
subtilis contains another FtsK homologue, SpoIIIE, which might explain
why nucleoid dissection is not the prevailing situation in BMD27.

Conclusion
This is the first study that tries to genetically define the minimal set of
proteins necessary for division of a cell wall-containing bacterium. Here
we only focused on the minimal requirements for an active Z-rings. A
next step would be to determine the minimal set of proteins required for
the actual synthesis of the septal wall. These late cell division proteins
are present in almost all cell wall containing bacteria, including the
Actinobacteria, and comprise homologues of the peptidoglycan
synthesizing glycosyltransferase FtsW, the transpeptidase Pbp2B
(Yanouri et al., 1993; Mohammadi et al., 2011; Meeske et al., 2016), and
the FtsL, DivIC and DivIB trio, required to form a stable assembly of late
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cell division proteins (Daniel et al., 1998). Binding of these 5 proteins to
the Z-ring is highly cooperative and only occurs when all are present. As
far as we are aware, these late cell division proteins are essential in all
organisms tested so far, although B. subtilis only requires DivIB when
grown at high temperatures (Razin, 1985). Thus, in theory, a minimal cell
wall-containing (Gam-positive) bacterium should be able to perform
septum synthesis using only 6 proteins: FtsZ, SepF, FtsW, Pbp2B, FtsL and
DivIC. It will be interesting to see whether such a set can function as an
independent unit (i.e. ‘biobrick’) and can be used in different bacterial
backgrounds. However, it is possible that their functions are linked and
tuned to other crucial activities, such as lateral cell wall synthesis. Since
this is not unlikely, a top-down approach, by removing non-essential
genes in an existing bacterium, seems to be the most sensible approach
to make a minimal walled bacterium at the moment, especially since the
precise function of many conserved bacterial proteins, including cell
division proteins, are still not fully understood.

Materials and Methods
Bacterial strains, growth conditions and general methods
B. subtilis strains were grown on LB agar or in LB broth supplemented
with 10 mM MgSO4 and 1 % glucose in the case of BMD. When required,
erythromycin (1 µg/ml), spectinomycin (100 µg/ml), phleomycin (2
µg/ml) or tetracycline (10 µg/ml) were added. Chromosomal DNA for
transformation to B. subtilis was prepared as described before (Venema
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et al., 1965). Competent B. subtilis strains were transformed with either
genomic DNA or PCR products using a method optimized by Hamoen et
al. (Hamoen et al., 2002). Marker-free deletions of cell division genes
were performed as described by Morimoto et al. (Morimoto et al., 2009).
The Bacillus minimal Divisome (BMD) deletions were carried out by Ilkay
Celik and described in her PhD thesis (Celik, 2014).
We noticed that genetic competence in an ftsA mutant is very
poor, therefore, we first introduced the gfp-ftsZ reporter construct into
the BMD14 background, after which ftsA was deleted by transforming
the resulting strain with genomic DNA from BMD27.
Table S3 shows the list of bacterial strains used in this study.
Single deletion mutants were acquired from the Bacillus Genomic Stock
Center (Koo et al., 2017), and genomic DNA from these strains were
transformed into laboratory background Bacillus subtilis 168. To localize
to observe the Z-ring in the Bacillus minimal divisome strain BMD27 and
the ftsA deletion strain strains TNVS385 and TNVS553 were constructed,
respectively. To by-pass unwanted mutations, the ectopic Pxyl-gfp-ftsZ
from the amyE locus in strain 2020 (Gamba et al., 2009) was amplified
using primers TerS350 and TerS351, and the PCR product was digest with
DpnI to cleaved the chromosomal template. Next, to circumvent the
competence defect of BMD27 competent cells of BMD14 were first
transformed with the cleaved PCR product to result in strain TNVS377
(BMD14 + Pxyl-gfp-ftsZ). Then, competent cells of TNVS377 were
transformed with genomic DNA from BMD27 to result in strain TNVS385
(BMD27 + Pxyl-gfp-ftsZ). To create strain TNVS553 (Pxyl-gfp-ftsZ
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ftsA::erm), competent cells of B. subtilis strain 168 were transformed
with chromosomal DNA of strain 2020 (Gamba et al., 2016) to result in
strain TNVS391. Subsequently, competent cells of TNVS391 (Pxyl-gfp-ftsZ)
were transformed with chromosomal DNA of TNVS281 (ftsA::erm)
resulting in TNVS553 (Pxyl-gfp-ftsZ ftsA::erm).
To localize BraB, BraB was fused to a monomeric GFP. The braB
gene was amplified using primers TerS391 and TerS392 and Gibson
assembled (Gibson et al., 2009) into pTNV064 (amyE3’: spec-Pxyl-MCSmsfgfp-amyE5’ bla) (Müller et al., 2016), which was linearized with
primers TerS274 and TerS368, resulting in pTNV111 (amyE3’: spec-PxylbraB-msfgfp-amyE5’ bla). pTNV111 was transformed to competent wild
type cells to result in strain TNVS298 (Pxyl-braB-msfgfp). Next, competent
cells of TNVS298 (Pxyl-braB-msfgfp) was transformed with chromosomal
DNA from TNVS034 (braB::erm) to result in strain TNVS308 (Pxyl-braBmsfgfp braB::erm).

Growth curves, cell length and division measurements
To determine the growth curves, overnight cultures of respective strains
were prepared from fresh single colonies. Then, the overnight cultures
were diluted to an optical density OD600 of 0.1 and grown to mid
exponential phase at 37˚C. These mid exponential phase cultures were
then diluted to cells were then diluted to an optical density OD600 of 0.05,
and 150 µl was transferred to a microtiter plate in triplicate. The
microtiter plate was incubated in a plate reader with medium continuous
shaking, and growth was recorded for 24 hours. Data representing the
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first five hours of this record was plotted. To measure the cell length,
overnight cultures were diluted to an optical density OD600 of 0.1
following incubation in a water bath of 37˚C shaking at 200 RPM. At mid
exponential phase, samples were taken, membrane was stained with 1
µg/ml FM5-95 and prepared for fluorescence microscopy. Growth curves
were measured in microtiter plates in LB supplemented with 1% glucose
and 10 mM MgSO4. Plates were incubated at 37˚C with medium
continuous shaking.

Fluorescence microscopy
Overnight cultures were diluted 1:100 in fresh LB broth supplemented
with 1% glucose and 10 mM MgSO4 and grown to OD600 ~ 0.5
(exponential phase) at either 30˚C or 37˚C for FtsZ-GFP localization and
cell length measurements, respectively. Cell membranes were stained
with FM5-95 (1 µg/ml final concentration, Invitrogen). DNA was stained
with DAPI (5 µg/ml final concentration, SIGMA). For SIM microscopy, cell
membranes were stained with Nile red (200 ng/ml, Invitrogen). To
reduce background caused by excess membrane dyes, the cover glass
was coated with dopamine, by incubating the glass in 2 mg/ml Ldopamine in Tris-HCl pH 7.5 buffer for at least 30 min (Winkel et al.,
2016). Excess dopamine was removed by washing with demi water. 1 %
glucose was replaced by 1 % fructose when FtsZ-GFP expression was
induced with xylose (1 %) (Kim et al., 1996). Cells were immobilized on
1.3% agarose-covered microscope slides. Epifluorescence images were
acquired using Nikon Ti-E and the imaging program Metamorph 6
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(Molecular Devices). SIM images were taken with a Nikon Ti-E
microscope and the imaging program Nis Elements AR version 4.50.

Genome sequencing
Chromosomal DNA was isolated as described in (Bron and Venema,
1972), and genomic DNA libraries were generated according to the
manufacturers’ protocols using the Ion Xpress™ Plus gDNA Fragment
Library Preparations (Life Technologies). Bar-coded libraries were
prepared using the Ion Plus fragment library kit (Life Technologies) and
the Ion Xpress DNA bar coding kit (Life Technologies) according to the
200-base-read Ion Proton libraries instructions of the manufacturer.
Sequencing was performed on the Ion Proton system using the Ion PI
Chips (Life Technologies) according to the manufacturers’ protocols. The
FASTQ files were subjected to a quality control procedure, using in-house
software

and

(www.bioinformatics.babraham.ac.uk/projects/fastqc/).

fastqc
Sequencing

reads were mapped onto the B. subtilis reference genome
(gi|255767013|ref|NC_000964.3| Bacillus subtilis subsp. subtilis str.
168 chromosome, complete genome) using Tmap (Caboche et al., 2013).
Finally, single nucleotide variants, insertions and deletions were
identified using the flow-aware Torrent Variant Caller (TVC). From these
variants, insertions and deletions mutations with 75% frequency and
coverage of 80 were scored as relevant.
Spot dilution assays
FtsZ-depletion was achieved by placing the wildtype ftsZ gene under
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control of an IPTG inducible promoter. Strains harboring this inducible
variant of ftsZ were streak on LB plate containing 200 µM IPTG and 2
µg/ml phleomycin and incubated at 37˚C for single colonies. Fresh single
colonies were grown to exponential phase in LB supplemented with 200
µM of IPTG and 2 µg/ml phleomycin, then ten-fold serial dilutions were
prepared in fresh pre-warmed LB. Ten micro liter of appropriate serial
dilution was spotted on LB plates with different concentration of IPTG
and 2 µg/ml phleomycin followed by incubation of plates at 37˚C. The
presence of phleomycin was necessary to prevent excision of the PspacftsZ construct, which was integrated by single crossover.
To test the sensitivity to 3-MBA, respective strains were streaked
on LB plate for single colonies on LB agar plates, then the fresh colonies
were cultured in LB to an OD600 of 0.5. serial dilutions were prepared in
prewarmed LB at 37˚C and respective dilutions were spotted on LB agar
plates with appropriate concentration of 3-MBA. When an inducer was
required, the appropriate concentration was added to the LB agar plates.
The plates were incubated overnight at 37˚C.

Membrane fluidity assessment
To assess the membrane fluidity of B. subtilis we employed the
fluorescent membrane probes laurdan and DilC12 as detailed previously
(Wenzel et al., 2018) with some modifications. Briefly, B. subtilis 168 and
TNVS292 (∆braB) were grown at 37˚C in LB until an OD600 of 0.2, 0.5, or
1, respectively, and subsequently stained with 10 µM laurdan (from a 1
mM stock in DMF) for 5 min. Cells were then quickly washed four times
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with pre-warmed PBS containing 1% DMF. Cell pellets were resuspended
in the same buffer and OD was adjusted to 0.4 prior to transferring 150
µl aliquots to a pre-warmed black microtiter plate. Laurdan fluorescence
was excited at 350 nm and emission at 460 and 500 nm was recorded.
Laurdan GP was calculated according to the formula (I460I500)/(I460+I500). Experiments were performed in at least 6 technical
and 3 biological replicates.
Regions of increased fluidity were stained with the lipidmimicking dye DilC12 as described before (Wenzel et al., 2018).
Overnight cultures were diluted 1:200 in LB supplemented with 1%
DMSO and 2 µg/ml DilC12. Samples were collected at an optical density
OD600 of 0.2, 0.5 and 0.8 and washed four times in LB containing 1%
DMSO. Then samples were prepared for fluorescence microscopy as
stated above.

Fatty acid analysis
For fatty acid composition analysis, 500 ml cultures of B. subtilis 168 and
TNVS292 (∆braB) were grown at 37˚C in LB until an OD600 of 0.5.
Cultures were quickly cooled on slush ice followed by centrifugation at
12,000 x g. Cells were washed with 2 ml ice-cold 100 mM NaCl and dry
cell pellets were flash-frozen in liquid nitrogen. Samples were
lyophilized, covered with argon, and stored at -80˚C. Lyophilized cell
pellets were dissolved in 1.5 ml PBS and disrupted by ultra-sonication. 50
µl of the cell lysate were prepared for gas chromatography as described
by Medema et al. (Medema et al., 2016). In short, samples were mixed
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with 10 nmole internal fatty acid standard and transmethylated in 1 ml
3 M HCl at 90˚C for 4 h, followed by hexane extraction. Extracts were
dried under argon stream, resuspended in 100 µl hexane, and
subsequently injected into a Hewlett Packard GC 5890 gas
chromatograph equipped with an Agilent J&W HP-FFAP 25 m, 0.20 mm,
0.33 µm GC column. Fatty acid methyl esters were detected by flame
ionization. Analysis was performed in biological duplicates.
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Table S 1. Effect of FtsZ ring on the nucleoid and bisection of the nucleoid.
The data are represented as average with standard deviation of more than two
independent experiments. For each experiment the sample size was more than 60.
Strains used: wt, BMD27 and TB7.
Aberrant FtsZ-ring over
FtsZ-ring nucleoid (%)

FtsZ-ring

septum

bisecting
nucleoid (%)

bisecting

nucleoid (%)

wt

-

3.3 ± 1

-

0.93

BMD27

39 ± 2

51.07 ± 5

43 ± 11

37.21 ± 5

ftsA::erm 21 ± 5

37.21 ± 3

22 ± 13

16.9 ± 2

Table S2. Fatty acid profile of wildtype and ∆braB cells
Ratio of the fatty acid composition of the membrane are presented as mean and
standard deviation of duplicate measurements. Strains used: wt and TNVS292.
wt
∆braB
Fatty acid
11 me C12:0

0.18 ± 0

0.32 ± 0.02

10 me C12:0
12me C13:0
C14:0
13me C14:0
12me C14:0
C15:0
14 me C15:0
C16:0
C16:1w9
C16:1w7
15 me C16:0
14 me C16:0
C17:0
16 me C17:0
C18:0
C18:1w9
C18:1w7
C18:2w6

0.14 ± 0
1.33 ± 0.13
0.39 ± 0.05
23.42 ± 0.79
35.48 ± .036
0.20 ± 0.04
4.69 ± 0.45
4.05 ± 0.37
0.01 ± 0
0.03 ± 0.02
16.06 ± 0.72
13.23 ± 0.02
0.11 ± 0.02
0.14 ± 0.01
0.41 ± 0.05
0.03 ± 0
0±0
0.11 ± 0

0.18 ± 0.04
1.31 ± 0.03
0.45 ± 0.07
33.01 ± 2.33
30.05 ± 1.25
0.29 ± 0.06
3.64 ± 0.24
3.61 ± 0.17
0.02 ± 0
0.11 ± 0.09
17.38 ± 0.13
8.88 ± 1.22
0.12 ± 0.02
0.09 ± 0.01
0.43 ± 0.05
0.05 ± 0.03
0.01 ± 0
0.07 ± 0.01
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Table S 3. Strains used in this study
strain

relevant genotype

reference

wt

trpC2

(Zeigler et al., 2008)

2020

amyE::(Pxyl-gfpmut1-ftsZ spc)

(Gamba et al., 2009)
(Feucht
and
Errington, 2005)

1356

zapA-yshB::tet

BKE02340

gltP::erm

(Koo et al., 2017)

BKE00490

spoVG::erm

(Koo et al., 2017)

BKE04730

sigB::erm

(Koo et al., 2017)

BKE06970

yesO::erm

(Koo et al., 2017)

BKE12340

uxuA::erm

(Koo et al., 2017)

BKE13460

rsgI::erm

(Koo et al., 2017)

BKE13470

sspD::erm

(Koo et al., 2017)

BKE13490

htpX::erm

(Koo et al., 2017)

BKE13500

ktrD::erm

(Koo et al., 2017)

BKE13509

ykzP::erm

(Koo et al., 2017)

BKE13510

ykzE::erm

(Koo et al., 2017)

BKE13520

ykrP::erm

(Koo et al., 2017)

BKE13530

kinE::erm

(Koo et al., 2017)

BKE13540

ogt::erm

(Koo et al., 2017)

BKE15050

ylbL::erm

(Koo et al., 2017)

BKE22320

ponA::erm

(Koo et al., 2017)

BKE24770

mgsR::erm

(Koo et al., 2017)

BKE24780

yqgY::erm

(Koo et al., 2017)

BKE24790

yqgX::erm

(Koo et al., 2017)

BKE03220

ycgO::erm

(Koo et al., 2017)

BKE29600

braB::erm

(Koo et al., 2017)

BKE32040

yuiF::erm

(Koo et al., 2017)

BKE36460

ywoF::erm

(Koo et al., 2017)

BKE29530

sppA::erm

(Koo et al., 2017)

BKE21720

ypmT::erm

(Koo et al., 2017)

BKE18670

yoaN::erm

(Koo et al., 2017)

BKE39820

htpG::erm

(Koo et al., 2017)

BMD01

∆zapA

(Celik, 2014)
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BMD02

∆zapA ∆minC

(Celik, 2014)

BMD03

ΔzapA ΔminC ΔugtP

(Celik, 2014)

BMD05

ΔzapA ΔminC ΔugtP ΔminJ

(Celik, 2014)

BMD06

ΔzapA ΔminC ΔugtP ΔminJ ΔezrA

(Celik, 2014)

BMD07

ΔzapA ΔminC ΔugtP ΔminJ ΔezrA ΔspxA

(Celik, 2014)

BMD09

ΔzapA ΔminC ΔugtP ΔminJ ΔezrA ΔspxA ΔclpX

(Celik, 2014)

BMD12

ΔzapA ΔminC ΔugtP ΔminJ ΔspxA ∆clpX Δnoc
ΔzapA ΔminC ∆ugtP ΔminJ ezrA::tet ΔspxA
ΔclpX Δnoc
ΔzapA ΔminC ∆ugtP ΔminJ ezrA::tet ΔspxA
ΔclpX Δnoc ftsA::erm

(Celik, 2014)

this work

TNVS083

braB::erm
sftA::erm (BKE29805 transformed to 168)

TNVS112

ponA::erm (BKE22320 transformed to 168)

this work

TNVS114

ycgO::erm (BKE03220 transformed to 168)

this work

TNVS131

ylbL::erm (BKE15050 transformed to 168)

this work

TNVS132

spoVG::erm (BKE00490 transformed to 168)

this work

TNVS133

ypmT::erm (BKE21720 transformed to 168)

this work

TNVS134

sppA::erm (BKE29530 transformed to 168)

this work

TNVS135

yoaN::erm (BKE18670 transformed to 168)

this work

TNVS193

zapA::tet (1356 transformed to 168)

this work

TNVS275

uxuA::erm (BKE12340 transformed to 168)

this work

TNVS280

glpT::erm (BKE02340 transformed to 168)

this work

TNVS281

ftsA::erm (YK206 transformed to 168)

this work

TNVS292

braB::erm (BKE29600 transformed to 168)

this work

TNVS298

Pxyl-braB-msfGFP

this work

TNVS308

this work

TNVS385

braB::erm Pxyl-braB-msfGFP
ΔzapA ΔminC ∆ugtP ΔminJ ezrA::tet ΔspxA
ΔclpX Δnoc Pxyl-ftsZ-msfgfp
ΔzapA ΔminC ∆ugtP ΔminJ ezrA::tet ΔspxA
ΔclpX Δnoc Pxyl-gfp-ftsZ ftsA::erm

TNVS391

Pxyl-gfp-ftsZ

this work

TNVS401

sigB::erm (BKE04730 transformed to 168)

this work

TNVS474

yesO::erm (BKE06970 transformed to 168)

this work

TNVS475

htpG::erm (BKE39820 transformed to 168)

this work

TNVS476

mgsR::erm (BKE24770 transformed to 168)

this work

TNVS477

yqgY::erm (BKE24780 transformed to 168)

this work

BMD14
BMD27
TNVS034

TNVS377

(Celik, 2014)
(Celik, 2014)
this work

this work
this work
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TNVS478

yqgX::erm (BKE24790 transformed to 168)

this work

TNVS479

yuiF::erm (BKE32040 transformed to 168)

this work

TNVS515

ywoF::erm (BKE36460 transformed to 168)

this work

TNVS516

ogt::ermI (BKE13540 transformed to 168)

this work

TNVS517

kinE::erm (BKE13530 transformed to 168)

this work

TNVS518

ykrP::erm (BKE13520 transformed to 168)

this work

TNVS519

ykzE::erm (BKE13510 transformed to 168)

this work

TNVS520

ykzP::erm (BKE13509 transformed to 168)

this work

TNVS521

ktrD::erm (BKE13500 transformed to 168)

this work

TNVS522

htpX::erm (BKE13490 transformed to 168)

this work

TNVS523

sspD::erm (BKE13470 transformed to 168)

this work

TNVS524

rsgI::erm (BKE13460 transformed to 168)

this work

TNVS553

ftsA::erm amyE::(Pxyl-gfpmut1-ftsZ spc)

this work

YK206

ftsA::erm Pspac-ftsZ

(Ishikawa et al., 2006)

Table S 4. Primers used in this study
Primer
Sequence 5' à 3'
TerS274

CATCCTAGGAATCTCCTTTCTAGA

TerS350

CACCGCCGACATTCGCGTGGCTCCA

TerS391

AGAAAGGAGATTCCTAGGatgAAACACTCACTGCCTGTCA

TerS392

CCTGAGCCGCTTCCTGAGCCACTTATTTCATTAAGCTGTTTGGA

TerS351

GCATCAGGGCTGCGGCATCCGGA

TerS368

GGCTCAGGAAGCGGCTCAGGATCCAAAGGAGAAGAACTTTTCACTGGAGT
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Fig. S1. co-occurrence of cell division proteins across organisms
The figure depicts the co-occurrence of cell division proteins by sequence similarity
across the STRING genomes of different clades. FtsZ is the most conserved cell division
protein clade-wide, the almost peptidoglycan-less (except of taxon Planctomyces
limnophilus) Plantomycetaceae phylum do not have an FtsZ homologue. Interestingly,
the taxa Mollicutes and Cyanobacteria do not have the well-known FtsZ-anchor FtsA
but do have a homologue of the known FtsZ anchor SepF. The data were collected from
the String database (Szklarczyk et al., 2017).
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Fig. S2. Growth of the Bacillus minimal divisome strains
Growth curves of BMD strains grown in microtiter plates at 37 ⁰C in LB medium
supplemented with 1% glucose and 10 mM MgSO4. The data represent three biological
replicates with each graph representing the average of five technical replicates. Strains
used: wt, BMD1, BMD2, BMD3, BMD5, BMD6, BMD7, BMD9, BMD12, BMD14, BMD27
and TNVS281.
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Fig. S3. FtsZ and nucleoid localization
in BMD27
Fluorescence microscopy images of
exponential growing cells of BMD27
expressing an inducible ectopic FtsZGFP reporter protein. The phase
contrast image is shown as inset in the
FtsZ-GFP panel. Membrane (false
colored red) and nucleoids (false
colored blue) were stained with FM595 and DAPI, respectively. Asterisks
indicate FtsZ-rings and arrows indicate
aberrant helical FtsZ structures. Fig. S3
is related to Fig. 4A. Scale bar is 2 µm
and strain used is TNVS385.
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Fig. S4. FtsZ and nucleoid
localization in ftsA::erm
Fluorescence
microscopy
images of exponential growing
cells of strain ∆ftsA::erm
expressing
an
inducible
ectopic FtsZ-GFP reporter
protein. The phase contrast
image is shown as inset in the
FtsZ-GFP panel. Membrane
(false colored red) and
nucleoids (false colored blue)
were stained with FM5-95 and
DAPI, respectively. Asterisks
indicate FtsZ-rings and arrows
indicate aberrant helical FtsZ
structures. Fig. S4 is related to
Fig. 4C. Scale bar is 2 µm and
strain used is TNVS553.
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Fig. S5. Phenotype of the braB
deletion mutant
(A) Growth curves of ∆braB and
wild type cells (wt) grown in LB
medium at 37 ⁰C. (B) Aberrant
fluorescent membrane pattern in
exponential growing ∆braB cells
compared to wild type cells was
stained with the membrane dye
FM5-95. Fig. S4 is related to Fig. 8
and Fig. 9. Scale bars are 2 µm.
Strains used wt and TNVS292.
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Abstract
In many bacteria, cell division begins before the newly synthesized sister
chromosomes are segregated. Specific DNA translocases, such as the
conserved transmembrane protein FtsK in Escherichia coli, ensure that
DNA is removed from the closing septum. Bacillus subtilis contains two
FtsK homologous, SpoIIIE and SftA. SpoIIIE is primarily active during
sporulation and pumps the chromosome into the fore spore
compartment. SftA is active during vegetative growth, and its absence
increases nucleoid bisection. It is still unclear how the protein binds to
the cell membrane and is recruited to the septum, and whether it
functions as a DNA-translocase. Here we show that an amphipathic helix
anchors SftA to the cell membrane. Using a yeast two-hybrid screen we
found that SftA specifically interacts with the conserved cell division
protein SepF. Extensive genetic analyses indicated that the septal
localization of SftA is partially supported by SepF. Under certain
conditions, overproduction of SftA strongly impairs cell division, which is
presumably related to the fact that SftA interferes with SepF
polymerization. Based on these and other data, we speculate that SftA
delays septum synthesis when chromosomal DNA is trapped.
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Introduction
The key bacterial cell division protein, and tubulin homologue, FtsZ
polymerizes into a ring-like structure (Z-ring) at midcell. In many bacteria,
assembly of the Z-ring commences before the newly formed daughter
chromosomes are fully segregated (Blaauwen et al., 1999). Specialized
DNA translocases, e.g. FtsK in Escherichia coli, ensure that chromosomal
DNA is not trapped by the septum. FtsK contains five N-terminal
transmembrane domains and its C-terminus harbours the conserved
ATPase and DNA binding domain responsible for DNA translocation (Fig.
1) (Bigot et al., 2005; Levy et al., 2005). The protein also interacts with
Topo IV (ParC) and the XerD site-specific recombinase, to stimulate
decatenation of daughter chromosomes (Aussel et al., 2002; Espéli et al.,
2003; Bigot and Marians, 2010; Grainge et al., 2011). FtsK is essential and
is targeted to the Z-ring by the FtsZ membrane anchors ZipA and FtsA.
FtsK itself is required for the subsequent recruitment of the late cell
division proteins FtsQ, FtsL, and FtsI (Yu et al., 1998; Wang and
Lutkenhaus, 1998; Chen and Beckwith, 2001).
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Fig. 1. Homology between FtsK, SpoIIIE and SftA
FtsK, SpoIIIE and SftA share the conserved DNA motor subunit consisting of an ATP
binding (a), ATP hydrolysing (b) and DNA binding domain (g). FtsK and SpoIIIE contain
five transmembrane helices and SftA contains two predicted putative helices (H1 & H2)
at their N-termini (TM). Amino acid (aa) lengths of the proteins are indicated.

The bacterium Bacillus subtilis has two FtsK homologues, SpoIIIE
and SftA (Fig. 1). In contrast to E. coli, neither of these proteins are
essential for cell division in B. subtilis. SpoIIIE is primarily active during
sporulation and is crucial for pumping the chromosome into the fore
spore compartment, whereas SftA functions during vegetative growth
(Wu and Errington, 1994; Bath, 2000; Kaimer et al., 2009). How SftA is
recruited to the nascent division septum is not clear. In contrast to FtsK
and SpoIIIE, the protein does not contain clear transmembrane domains
(Najjar et al., 2017). It has been suggested that the late cell division
proteins are required for SftA recruitment (Biller and Burkholder, 2009).
However, a recent report suggested that the FtsZ membrane anchor,
FtsA, is important for recruitment of SftA to the Z-ring (Najjar et al.,
2018).
B. subtilis contains another protein that anchors FtsZ to the cell
membrane, the conserved peripheral membrane protein SepF (Duman
et al., 2013). In a search for SepF interacting proteins, we found a
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potential interaction between SepF and SftA. To examine whether this
interaction is relevant in in vivo, we performed an extensive mutagenesis
and cell biology study. This showed that SepF supports the septal
recruitment of SftA but is not essential for this. In addition, we found a
surprising influence of SftA on the assembly of the cell division
machinery. Based on these data, we speculate that SftA, aside of
functioning as a DNA-pump, delays septum closure to prevent trapping
of chromosomal DNA.

Results
Yeast two-hybrid screen
SepF is conserved in Gram-positive bacteria and cyanobacteria, many of
whom lack the membrane anchor protein FtsA (Ishikawa et al., 2006).
Because of the important role of SepF in cell division (Fadda et al., 2003;
Miyagishima et al., 2005), we wondered whether the protein might
interact with other proteins than FtsZ. To examine this, we performed a
yeast two-hybrid assay and screened a B. subtilis genomic library for
potential interaction partners (Noirot-Gros et al., 2002; Marchadier et
al., 2011). Full length SepF fused to the Gal4p DNA binding domain was
used as bait. After screening approximately 1 x 108 yeast mating events,
4 positive clones were found (Fig. 2A). Subsequent sequencing showed
that the 4 bait plasmids contained a fragment of SepF (amino acids 38149), SftA (amino acids 30-257), the two-component sensor kinase PsdS
(amino acids 129-234) and the putative transcriptional regulator YdeL
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(amino acids 214-290). Self-interaction of SepF has been well
documented (Duman et al., 2013). The presence of an SftA fragment in
the positive clones was interesting since the protein, like SepF, binds
specifically to the Z-ring (Fig. 2B). To determine whether PsdS and YdeL
showed a similar cellular localization pattern, GFP fusions were
constructed. As shown in Fig. 2B YdeL localized to the nucleoid, which is
expected for a transcription factor and is according to what has been
shown before for this protein (Meile et al., 2006). The two-component
sensor kinase PsdS contains two transmembrane domains and was
indeed membrane localized, but did not show any clear accumulation at
cell division sites (Fig. 2B). It seemed therefore less likely that SepF forms
biologically relevant interactions with these two proteins.
To determine more precisely the interacting domains, different
fragments of SftA and SepF were tested in the yeast two-hybrid assay
(Fig. 2C). The SftA domain responsible for interaction with SepF appeared
to reside in the N-terminal part of the protein, between amino acids 30
and 75. The SepF region responsible for SftA interaction appeared to be
located between amino acids 65-151. This conserved C-terminal region
is responsible for polymerization of SepF (Duman et al., 2013). We also
included FtsZ in this analysis, but no interaction between this protein and
SftA was detected (Fig. 2C), whereas SepF showed some interaction with
FtsZ, as has been shown in previous yeast two-hybrid studies (Hamoen
et al., 2006; Ishikawa et al., 2006).
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Fig. 2. Yeast two-hybrid
screening
(A) Diploid yeast harbouring
SepF as bait protein fused to
GAL4BD (pGBDU plasmid) and
positive clones containing
fragments of indicated genes
fused to GAL4AD (pGAD
plasmid) were selected on
synthetic complete medium
(SC). (B) Microscopic images of
B. subtilis cells expressing either
SftA-GFP, GFP-YdeL, or PsdSGFP. Membranes were stained
with FM5-95. Scale bars are 2
µm. Strains used: TNVS455,
TNVS366,
and
TNVS810,
respectively (C) Reciprocal
yeast-two hybrid analyses to
identify possible interacting
fragments of SftA, FtsZ and
SepF. Diploid yeast colonies
expressing SftA, FtsZ, and SepF
fused as bait, and prey fusions of
SftA, SepF, FtsZ or a fragment of
each protein, were selected
both on synthetic complete
medium lacking leucine, uracil
and Adenine (-LUA) or lacking
leucine, uracil and histidine (LUH). Interactions between
proteins result in growth.

Recruitment of SftA
It is yet unknown how SftA is recruited to the cell division machinery. In
B. subtilis, formation of the Z-ring is, apart from SepF and FtsA, supported
by two other conserved proteins, ZapA, which forms a linker between
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FtsZ polymers (Gueiros-Filho and Losick, 2002), and the transmembrane
protein EzrA, which regulates polymer assembly and helps to recruit the
peptidoglycan transglycosylase/transpeptidase PBP1 to the division sites
(Levin et al., 1999; Claessen et al., 2008; Cleverley et al., 2014). A
previous study has shown that, except for FtsZ, none of the other Z-ring
proteins are required for SftA recruitment, although the absence of FtsA
appeared to reduce the efficiency of recruitment (Najjar et al., 2018). We
have re-evaluated this and found the same result, except that in our
hands the ∆ftsA mutant showed a normal level of SftA-GFP at cell division
sites (Fig. S1). We were also unable to detect any interaction between
SftA and FtsA using our yeast two-hybrid assay (not shown).
The Z-ring forms a scaffold for the so-called late cell division
proteins responsible for the synthesis of septal peptidoglycan. These
proteins include the transpeptidase Pbp2B and transglycosylase FtsW,
the latter has also been implicated in translocation of the peptidoglycan
precursor lipid II (Mohammadi et al., 2011; Meeske et al., 2015).
Assembly of these proteins at the Z-ring requires three small structural
late cell division proteins that form a complex, FtsL, DivIB and DivIC
(Daniel et al., 2006). There is some uncertainty in the literature as to
whether the localization of SftA requires the presence of these late cell
division proteins (Biller and Burkholder, 2009). To check this, we
followed the localization of GFP-tagged SftA in cells depleted for either
FtsZ or the late cell division Pbp2B. The assembly of late cell division
proteins is a highly cooperative process and the absence of Pbp2B
abolishes recruitment of the other late cell division proteins (Daniel et
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al., 2000; Gamba et al., 2016). SftA-GFP was ectopically expressed from
the amyE locus under control of the xylose-inducible Pxyl promoter, and
the wild type sftA gene was removed. ftsZ and pbp2B were expressed
from the IPTG-inducible Pspac promoter. An mCherry tagged ZapA fusion
was used as a marker for Z-rings. As shown in Fig. 3, the septal
localization of SftA-GFP disappeared when FtsZ, but not when Pbp2B was
depleted, confirming that recruitment of SftA does not rely on the
presence of late cell division proteins.

Fig. 3. SftA recruitment does not depend on late cell division proteins
Localization of SftA-GFP and mCherry-ZapA in cells containing either an IPTG-inducible
ftsZ (left panels) or pbp2B gene (right panels). Cells were grown for 3 h in the absence
of IPTG resulting in filamentation. In the absence of Pbp2B Z-rings are still formed. SftAGFP and mCherry-ZapA were induced with 0.1% xylose. Scale bars are 2 µm. Strains
used: TNVS783 and TNVS786, respectively.
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Membrane targeting domain
A truncated variant of SftA comprising the first 149 amino acids (N-SftA)
and lacking the DNA binding domain fused to GFP localizes
indistinguishable from a full length SftA-GFP fusion protein (Fig. 4A).
Deletion studies have shown that the first 67 amino acids of SftA are
sufficient for septal targeting (Najjar et al., 2017). According to the yeast
two-hybrid data, this region also contains the domain that interacts with
SepF (Fig. 2C, amino acids 30-75). When we deleted this region from NSftA, the protein did no longer bind to Z-rings (Fig. 4A). However, the
fluorescence GFP signal became membrane localized. This was
surprising, since cell fractionation studies had shown that the majority of
SftA is present in the soluble fraction, and since SftA lacks a clear
transmembrane domain, it was assumed that it is a cytosolic protein
(Najjar et al., 2017). Many peripheral membrane proteins, including FtsA,
SepF, and the cell division regulators MinD and Noc, bind to the cell
membrane by using an amphipathic alpha helix domain (Hu and
Lutkenhaus, 2003; Pichoff and Lutkenhaus, 2005; Duman et al., 2013;
Adams et al., 2015). The amphipathic helix prediction program
Amphipaseek (Sapay et al., 2006) suggests that SftA contains
amphipathic helix domains at its N-terminus (Fig. 4B & 4C). A comparison
of the mean amphipathic moment (<µH>) and the mean hydrophobicity
(<H>), using HeliQuest (Gautier et al., 2008), respectively, with the
known amphipathic helices of MinD, Noc, FtsA and SepF (Fig. 4C) (Hu and
Lutkenhaus, 2003; Pichoff and Lutkenhaus, 2005; Duman et al., 2013;
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Adams et al., 2015). As controls, the membrane anchor of the bitopic
transmembrane protein EzrA and the weak amphipathic helix of
Thermolysin were included (Levin et al., 1999; van den Burg and Eijsink,
2013). The amphipathic moment of the SftA amphipathic helix is
comparable to that of MinD, Noc, FtsA and SepF, but the mean
hydrophobicity is considerably higher, suggesting that it might be able to
anchor SftA to the cell membrane. Indeed, when we fused the first 14
amino acids of SftA to GFP, a clear fluorescence membrane signal was
observed (Fig. 4D).

SepF stimulates SftA binding to the Z-ring
It has been shown that removal of the first 21 amino acids of SftA does
not affect its targeting to the Z-ring (Najjar et al., 2017). In line with this
finding, deletion of the first 12 amino acids, which comprise the
membrane targeting amphipathic helix, also did not abolish Z-ring
binding (Fig. 5). However, when we expressed this truncation mutant in
a ∆sepF background, the septal fluorescence signal completely
disappeared (Fig. 5). Importantly, this was not the case when either
zapA, ezrA or ftsA were deleted (Fig. 5). These results, together with the
yeast two-hybrid data, strongly suggest that SepF and SftA interact in
vivo.

SftA overproduction affects cell division
If SftA binds to SepF, the protein might influence cell division, and in fact,
a deletion of sftA has been shown to slightly increase overall cell length
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of B. subtilis cells (Biller and Burkholder, 2009; Kaimer et al., 2009). This

Fig. 4. Membrane targeting of
SftA
(A) Microscopic images of B.
subtilis strains containing SftA,
the first 149 amino acids of SftA
(N-SftA). and the Q30-R75
deletion. fused with GFP.
Membranes were stained with
FM5-95. Scale bars are 2 µm.
Strains
used:
TNVS455,
TNVS456 and TNVS234, (B)
Amphipaseek (Sapay et al.,
2006) plot of SftA indicating a
possible membrane targeting
helix at its extreme N-terminus.
(C, left) Helical wheel projection
of the N-terminal amphipathic
of SftA with hydrophobic
(yellow) and polar (red) groups.
(C, right) Hydrophobicity (<H>)
of different amphipathic helices
plotted against their mean
amphipathic moment (<µH>).
See text for details on the
different
helices.
(D)
Localization of GFP fused to the
N-terminal amphipathic helix of
SftA (amino acids M1-E13).
Expression of GFP fusions was
induced with 0.1% xylose. Scale
bar is 2 µm. Strain used:
TNV586.

is not only the case for wild type cells but also for cells lacking either EzrA,
SepF, ZapA, or FtsA, as shown in Fig. 6A. We also tested whether
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Fig. 5. SepF supports SftA localization
Fluorescence microscopy images of different B. subtilis cell division mutants expressing SftA, missing the amphipathic helix
(S2-L12A), fused to GFP. Strains lacked wild type sftA. Expression of the fusion proteins was induced with 0.1% xylose.
Membranes were stained with FM5-95. Scale bars are 2 µm. Strains used: TNVS947, TNVS949, TNVS950, TNVS951 and
TNVS952, respectively.
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overproduction of SftA affected cell division. For this, an extra copy of
sftA was expressed from the ectopic amyE locus under regulation of the
strong xylose-inducible Pxyl promoter (Rygus and Hillen, 1991; Kim et al.,
1996). Interestingly, overproduction of SftA strongly increased cell
length in the ∆ezrA background and reduced its viability (Fig. 6A & 6B).
To examine whether the DNA binding domain of SftA is required for the
cell division defect in the ezrA mutant, we removed this domain and
tested overproduction of the first 149 amino acids of SftA (N-SftA) in a
∆sftA ∆ezrA double mutant using a spot-dilution assay. Expression of this
N-terminal domain strongly impaired viability of the double mutant,
even more so than full length SftA (Fig. 6C).

SftA affects SepF
Previous work has shown that the simultaneous absence of both SepF
and EzrA blocks cell division and is lethal. Under these conditions, the cell
division machinery still assembles, but somehow fails to initiate septum
synthesis (Hamoen et al., 2006). Therefore, we wondered whether the
effect of SftA overproduction in a ∆ezrA mutant can be explained by an
impairment of SepF. To test this, the assembly of early and late cell
division proteins was monitored using fluorescently labelled SepF (early
protein) and Pbp2B (late protein).
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Fig. 6. SftA affects cell division
(A) Scatter plot showing the cell lengths of different B. subtilis cell division mutants
(blue), combined with a ∆sftA deletion (orange) or after overexpression of SftA (red).
SftA overexpression was achieved by induction with 1% xylose for 1 h. On average 300
cells were analysed. Means and standard deviations are indicated. Strains used: wt,
TNVS083, TNVS390, TNVS158, TNVS171, TNVS591; TNVS159, TNVS152 TNVS605;
TNVS193, TNVS197, TNVS606, TNVS281, TNVS869 and TNVS622. (B) Overexpression of
SftA in a ∆ezrA mutant affects its viability on plate. ∆ezrA and ∆ftsA mutants contained
a xylose inducible sftA copy at an ectopic locus. Strains used: TNVS390, TNVS591 and
TNVS622 (C) Spot assay showing the effect on viability of a ∆ezrA mutant when either
full length SftA (SftA) or the N-terminal 150 amino acids (N-SftA) is induced with
increasing xylose concentrations. Strains used: TNVS591 and TNVS602.
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As shown in Fig. 7, 1% xylose completely blocked cell division (see
membrane stain), but both YFP-FtsA and YFP-SepF still formed bands.
The YFP-Pbp2B reporter fusion formed occasionally fluorescence bands
after SftA overproduction (Fig. 7), but the number of septal bands is
clearly lower. This phenotype is similar to what has been observed for
cells with reduced EzrA and SepF levels (Hamoen et al., 2006).
SepF polymerises into large regular ring-like structures with a
diameter of approximately 50 nm, and this polymerization has been
shown to be important for the bundling of FtsZ polymers (Gündoğdu et
al., 2011). To directly test whether SftA affects SepF, we examined the
formation of these SepF rings using electron microscopy. Purified SepF
clearly formed large protein rings, however, when SepF was mixed with
purified SftA at a ratio of 3:1, protein rings were no longer observed (Fig.
8). This experiment also provided additional support for a direct
interaction between SepF and SftA.

Sensitivity for chromosome concatenation
To examine whether the interaction between SepF and SftA influences
the activity of the latter, chromosome bisection in ∆sepF and ∆sftA
mutant cells was monitored microscopically (Fig. 9A). In the absence of
SepF, approximately a doubling of bisected chromosomes was observed
compared to wild type. However, this number increased 8-fold in an sftA
mutant, in line with previous reports (Biller and Burkholder, 2009). In the
∆sepF ∆sftA double mutant this number doubled again.
These microscopic data did now reveal a role for SepF in the
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function of SftA. However, the bisection numbers are rather low and a
possible function of SepF might become more apparent when cells are
treated with the topoisomerase IV inhibitor ciprofloxacin, which blocks
chromosome decatenation (Fernandez-Moreira et al., 2000). To test this,
10-fold culture dilutions were spotted onto LB agar plates with different
concentration of ciprofloxacin (Fig. 9B). Clearly, the sftA mutant was
much more sensitive to ciprofloxacin than wild type cells. Interestingly,
this sensitivity was alleviated when sepF was deleted as well, suggesting
that SepF directly influences the activity of SftA.
YneA is the SOS response regulator that acts to delay cell division
during DNA damage in B. subtilis (Kawai et al., 2003). Possibly, the effects
observed were related to the induction of YneA. However, the
experiment was repeated in a ∆yneA deletion background, the same
results were found (Fig. 9B).
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Fig. 7. SftA overproduction in
∆ezrA does not affect Z-ring
formation
Fluorescence
microscopy
images of B. subtilis ∆ezrA
strains overexpressing SftA from
an ectopic locus by induction
with 1% xylose for 1 h.
Localization of the early cell
division proteins YFP-FtsA
(upper panel), YFP-SepF (middle
panle) and the late cell division
protein YFP-PbpB (lower panel)
is shown. Some cells still formed
YFP-PbpB
bands
(arrow).
Reporter fusions were induced
with 0.2 mM IPTG, and
membranes were stained with
FM5-95. Scale bars are 2 µm.
Strains
used:
TNVS710,
TNVS712 and TNVS713.
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Fig. 8. SftA abolishes SepF ring
formation
SepF forms large protein rings
with
a
diameter
of
approximately 50 nm (left EM
image), after cleavage of the
MBP moiety from the MBP-SepF
fusion used to purify the
protein. The formation of these
rings is abolished when the
cleavage reaction is carried out
in the presence of SftA (molar
ratio MBP-SepF:SftA is 3:1).
Scale bar is 100 nm.

Fig. 9. DNA bisection and
sensitivity to ciprofloxacin

(A) Chromosome bisection in a B.
subtilis ∆sftA and ∆sepF cells
(example in left panel). On average
500-1000 cells were measured in
triplicate. Membrane and DNA
were stained with FM5-95 and
DAPI, respectively. Scale bar is 2
µm. Strains used: wt, TNVS083,
TNVS159 and TNVS152. (B) Spot
dilution assay showing sensitivity of
different B. subtilis mutants for the
topoisomerase
IV
inhibitor
ciprofloxacin. Strains used: wt,
TNVS083, TNVS089, TNVS152,
TNVS159, TNVS371, TNVS373, and
TNVS431.
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Discussion
SftA localization
In contrast to FtsK and SpoIIIE, SftA does not contain clear
transmembrane domains, although an extensive Blast study has
postulated that SftA might contain 3 putative transmembrane domains
at its N-terminus (Crozat et al., 2014). Others have suggested that SftA is
a cytoplasmic protein that requires interaction with a membrane protein
to bind to the cell membrane (Najjar et al., 2017). Here, we show that
SftA is recruited to the cell membrane by means of an N-terminal
amphipathic helix. Membrane targeting amphipathic helices provide a
relative weak and reciprocal interaction with membranes, which explains
why SftA is found both in the cytoplasmic as well as in the membrane
fraction after cell fractionation (Najjar et al., 2017).
It is still unclear by what mechanism SftA is recruited to the Zring, but the late cell division proteins are not involved, as we have
confirmed in this study (Najjar et al., 2018). Recently, it has been shown
that the absence of FtsA reduces the dwell time of SftA molecules at
division sites, and that FtsA is able to recruit SftA to the membrane in a
heterologous eukaryotic model system (Najjar et al., 2018). Here, we
have shown that SepF can stimulate SftA recruitment to the Z-ring.
However, neither FtsA nor SepF are essential for this recruitment and
their septal recruitment functions might be redundant. Unfortunately,
this cannot be tested since the absence of both SepF and FtsA completely
disables the formation of Z-rings (Ishikawa et al., 2006). Another
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possibility is that SftA binds directly to FtsZ. This remains to be
investigated, although we were unable to detect such interaction using
our yeast two-hybrid setup.

Alternative SftA function
Based on the homology with E. coli FtsK, it is assumed that SftA functions
as a DNA translocase, schematically shown in Fig. 10. However, so far,
there is no clear evidence that SftA can do the same, and in fact in an
elegant genetic assay Biller and Burkholder showed that only SpoIIIE has
the ability to translocate chromosomes post-septationally (Biller and
Burkholder, 2009). In addition to the DNA-translocation activity, FtsK
also activates the XerCD recombinases to initiate resolution of the
replicated daughter chromosomes at dif sites (Recchia et al., 1999;
Aussel et al., 2002; Dubarry and Barre, 2010). However, whether SftA
and SpoIIIE execute a similar function and can activate the XerCD
homologous RipX and CodV (Recchia et al., 1999) remains unclear (Fig.
10). A previous study demonstrated that SpoIIIE and SftA are not
required for the integration of dif containing plasmid into the
chromosome, suggesting that these proteins are not involved in CodVand RipX-mediated site-specific recombination (Sciochetti et al., 2001).
However another study found that the nucleoid bisection phenotype of
an sftA deletion mutant is RecA-dependent, arguing that SftA might
promotes dimer resolution by RipX and CodV (Biller and Burkholder,
2009). Clearly, the exact function of the DNA translocase SftA is still not
well understood.
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In our study, we have shown that SftA interacts directly with
SepF, and that overexpression of SftA in the ∆ezrA mutant impairs cell
division, presumably by interfering with SepF polymerization. Because of
these findings and the lack of a clear DNA-pumping activity, it is tempting
to assume that SftA might function at the level of septum synthesis (Fig.
10). Perhaps SftA delays septum closure by interfering with the cell
division machinery, possibly at the level of SepF, in order to provide
sufficient time for the chromosomes to fully segregate. The DNA-binding
activity of SftA might regulate this activity by detecting the proximity of
chromosomal DNA. In fact, in mutant cells devoid of SftA, Z-rings appear
approximately 1.7-times more often over a nucleoid compared to wild
type cells (Fig. S2). This mechanism could explain why deleting SepF in a
∆sftA strain alleviates the detrimental effect of ciprofloxacin, since
division is delayed when SepF is inactive (Hamoen et al., 2006). In case
this alternative mechanism is correct, it would make SftA the second
nucleoid occlusion protein in B. subtilis, after Noc.
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Fig. 10. Model of the functions
for SftA
Based on the homology with E.
coli FtsK, it is assumed that SftA
functions as a DNA translocase
to pump the duplicated
chromosome to each daughter
cell (top row). However, so far,
there is no clear evidence to
support that this, SftA cannot
translocate chromosomes postseptationally. In addition to the
DNA-translocation activity, FtsK
also activates the XerCD
recombinases
to
initiate
resolution of the replicated
daughter chromosomes at dif
sites. Also, in this case,
conflicting findings (see main
text) dispute whether SftA
executes a similar function and
can activate the XerCD
homologous RipX and CodV
remains unclear (middle row).
Our findings suggest a model in
which SftA functions at the level
of septum synthesis (bottom
row). SftA interacts directly with
SepF, and interferes with cell
division to delay septum closure
providing sufficient time for
chromosome to fully segregate.
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MATERIAL AND METHODS
General bacterial growth conditions
E. coli strain TOP10 was used for the construction and propagation of all
plasmids. All B. subtilis strains were derived from strain 168ca trpC2
(Zeigler et al., 2008). Strains were grown at 37oC in Lysogeny broth (LB)
medium supplemented with antibiotics. For transformation, B. subtilis
was grown in minimal medium as described before (Hamoen et al.,
2002). Antibiotic concentrations used were: 100 µg/ml ampicillin, 5
µg/ml chloramphenicol, 5 µg/ml kanamycin, 10 µg/ml tetracycline, 2
µg/ml phleomycin, and 2 µg/ml erythromycin.

Construction and screening of yeast-two-hybrid library
To construct the bait vector, sepF was amplified from genomic DNA of B.
subtilis and inserted in the ClaI and EcoRI sites in the multiple cloning site
of plasmid pGBD-C1. The prey libraries containing fragments of the
complete genome of B. subtilis were constructed as follow. Firstly, the
complete chromosome of B. subtilis was partially digested with
restriction enzymes AciI, HinPII, MaeII, MspI and TaqI to produce a 5’ CG overhang. Secondly, the prey vectors pGAD-C1, C2, and C3 were
linearized with ClaI to produce compatible overhangs to the genomic
fragments. Then, the linearized vector was treated with Calf Intestine
Phosphatase to dephosphorylate the 5’ end in order to prevent selfligation. Next, the restricted fragments and the linearized plasmid were
ligated
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to

produce

GAL4

activation-domain

protein

fusions.

Subsequently, the ligation products were then transformed into E. coli,
resulting in 15 different sub libraries corresponding to cloning into the
pGAD-C1, -C2, and -C3. The sub-libraries were mixed to form three B.
subtilis genomic libraries BSL-C1, -C2 and -C3. Purified plasmid DNA from
each library was used to transform the PJ69-4a yeast strain. Finally, a
minimal of 1.5 x 107 prey-containing yeast colonies, grown on synthetic
medium complemented with leucine (SC-L) plates, were combined
together to form BSL libraries. Aliquots of about 1 x 108 prey-containing
yeast cells were flash frozen and stored at -80˚C.
To screen for interactions, one thawed aliquot of BSL-C1, -C2, -C3
was mixed with PJ69-4a containing bait plasmid, plated on rich medium
and incubated for 5 h at 30˚C for mating. Cells were then collected,
washed, and transferred to synthetic complete medium plates lacking
leucine, uracil, histidine (SC-LUH) and containing 0.5 mM 3-aminotriazole
(3AT). Self-activating baits were suppressed by addition of 3 AT up to 50
mM to the SC-LU plates. The plates were incubated for 10-15 days at
30˚C, after which parental cells and diploids were selected on SC-L, SC-U
and SC-LU plates. His+ colonies were further transferred to synthetic
complete plates without leucine, uracil, and adenine (SC-LUA) and
incubated for 3-5 days at 30˚ C. The diploid clones containing interaction
candidates, thus the His+ and Ade+ colonies, were finally transferred to
96-well plates and stored at -20˚ C. To identify the prey DNA inserts, all
candidate interactions were PCR amplified, sequenced and aligned to the
B. subtilis genome.
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Strains and plasmids construction
Strains and plasmids used are listed in supplemental table S1 and S2,
respectively. Relevant primers used for cloning are shown in table S3. For
cloning, either classical restriction or Gibson Assembly (Gibson et al.,
2009) was used.
The deletion mutants for sftA (BKE29805, BKK29805) were
acquired from the Bacillus genomic stock centre (Koo et al., 2017).
Chromosomal DNA of these strains was transformed into wild type B.
subtilis 168 to achieve strains TNVS083 (sftA::erm), TNVS825 (sftA::kan),
respectively.
To localize SftA, YdeL and PsdS as shown in Fig. 2, we constructed
strains TNVS455, TNVS366 and TNVS810, respectively. To this end, the
sftA gene was amplified with primers TerS279 and TerS280 from B.
subtilis 168 genomic DNA and Gibson assembled into plasmid pMW1
(Müller et al., 2016) linearized with primer pairs TerS153/TerS274,
resulting in plasmid pTNV144 (Pxyl-SftA-msfGFP-His6). Next, plasmid
pTNV144 was transformed into TNVS83, resulting in strain TNVS455
(sftA::erm SftA-msfGFP-His6).
The ydeL gene was amplified from B. subtilis 168 genomic DNA
using primers TerS127 and TerS128. The product was inserted into
plasmid pSG1729 (Lewis and Marston, 1999), using XhoI and NotI sites,
resulting in plasmid pTNV022. Integration of plasmid pTNV022 into wild
type B. subtilis resulted in strain TNVS042.
To construct a PsdS-GFP fusion, first plasmid pTNV143 was
created. The monomeric super-folder gfp variant from pTNV064 (Müller
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et al., 2016) was amplified using primers TerS283/TerS413 and Gibson
assembled into pSG1729, which was linearized with primers TerS274 and
TerS414, resulting in pTNV100. This plasmid contains no unwanted
additional amino acids in the multiple cloning site, and can be used to
tag proteins of interest at their C-termini with monomeric super folder
GFP. Subsequently, pTNV100 was linearized with primers TerS484 and
TerS283 and circularized using Gibson assembly, resulting in plasmid
pTNV143 (Pxyl-msfGFP-His6). The primers added an affinity tag of 6
histidines to allow future pulldown experiments (not used in this
manuscript). The psdS gene was amplified with primers TerS621 and
TerS622 from B. subtilis 168 genomic DNA and Gibson assembled into
pTNV143 linearized with primers TerS274 and TerS368. The Gibson
assembly product was transformed directly into competent B. subtilis
168 cells, resulting in strain TNVS810 (Pxyl-psdS-msfgfp-His6).
To test whether SftA is recruited to cell division site by the early
or late cell division proteins as shown in Fig. 3, two strains were
constructed each harbouring the same mCherry-ZapA, SftA-GFP reporter
fusion, and either an IPTG-inducible ftsZ or pbpB gene. sftA was amplified
from B. subtilis genomic DNA with primers TerS001 and TerS002. which
adds a unique ApaI and EcoRI restriction site at each flank. Subsequently,
the ApaI and EcoRI digested product was inserted into linearized
pSG1154 (Lewis and Marston, 1999), resulting in plasmid pTNV001. This
plasmid was transformed into competent B. subtilis 168 cells, resulting
in strain TNVS001 (Pxyl-sftA-gfp). To simultaneously express mCherryZapA and SftA-GFP, competent cells of strain EKB36 (zapA::Pxyl-mCherry129

ZapA, kind gift from E. de Koning) was transformed with chromosomal
DNA from strain TNVS001 (Pxyl-sftA-gfp), resulting in strain TNVS353
(zapA::Pxyl-mCherry-zapA Pxyl-sftA-gfp). To tightly control the expression
of FtsZ and PbpB from the IPTG-inducible Pspac promoter, an extra copy
of the lacI repressor from strain DS7996 (lacA::lacI) (Pozsgai et al., 2012)
was introduced into the wild type B. subtilis strain 168, resulting in strain
TNVS209 (lacA::lacI). Chromosomal DNA of TNVS209 (lacA::lacI) was
used to transform competent cells of strain TNVS353 (zapA::PxylmCherry-zapA Pxyl-sftA-gfp), resulting in strain TNVS758 (zapA::PxylmCherry-ZapA Pxyl-sftA-gfp lacA::lacI). Inducible FtsZ was acquired by
transforming chromosomal DNA of strain 1801 (ftsZ::Pspac-ftsZ) (Marston
et al., 1998) into competent TNVS758, resulting in strain TNVS786
(zapA::Pxyl-mCherry-zapA Pxyl-sftA-gfp lacA::lacI Pspac-ftsZ). To obtain the
IPTG inducible PbpB strain, chromosomal DNA of strain 3294 (chr::PdivIVAgfp-divIVA Pspac-pbpB) (Hamoen and Errington, 2003) was first
transformed into competent wild type B. subtilis 168 cells, resulting in
strain TNVS087 (pbpB::Pspac-pbpB). Finally, chromosomal DNA of strain
TNVS87 (pbpB::Pspac-pbpB) was transformed into competent TNVS758,
resulting in strain TNVS783 (zapA::Pxyl-mCherry-zapA Pxyl-sftA-gfp
lacA::lacI pbpB::Pspac-pbpB).
To test whether amino acid residues 30 to 75 were required for
recruitment of SftA, SftA was first fused to GFP by amplifying the sftA
gene from genomic DNA with primers TerS279 and TerS280, and
linearizing plasmid pMW1 (Müller et al., 2016) with primers TerS153 and
TerS274, followed by Gibson assembly, resulting in plasmid pTNV063
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(Pxyl-sftA-msfgfp). A truncated variant of SftA comprising the first 149
amino acids (N-SftA) was then constructed; plasmid pTNV063 was PCR
amplified with primer pairs TerS153 & TerS145 and TerS203 & TerS146
to yield two separate products. These two products were Gibson
assembled together to create plasmid pTNV124 (Pxyl-sftA(M1-P149)msfgfp-His6). Plasmid pTNV124 (Pxyl-sftA(M1-P149)-msfgfp-His6) was
transformed to competent cells of TNVS083 (sftA::erm) to result in strain
TNVS456 (Pxyl-sftA(M1-P149)-msfgfp-His6 sftA::erm). Next, pTNV069 was
also PCR amplified with primer pairs TerS180 & TerS342 and TerS179 &
TerS341 to give two different products; Gibson assembly of the two
products removed the amino acids Q30 to R75 to yield in plasmid
pTNV093 (Pxyl-sftA(M1-P149∆(30-R75)-msfgfp). Plasmid pTNV093 was
transformed to competent wild type cells to result in strain TNVS224
(Pxyl-sftA(M1-P149∆(30-R75)-msfgfp), and subsequent transformation of
this strain with genomic DNA from strain TNVS083 (sftA::erm) resulted in
strain TNVS234 (Pxyl-sftA(M1-P149∆(30-R75)-msfgfp sftA::erm).
To test whether the amphipathic helix of SftA is sufficient to
target the protein to the membrane, this helix was fused to monomeric
GFP. To this end, plasmid pTNV124 (Pxyl-sftA(M1-P149)-msfgfp-His6) was
amplified with primers TerS153 & TerS274 and TerS287 & TerS573, and
Gibson assembly of the two PCR fragments resulted in pTNV187 (PxylsftA(M1-E14)-msfgfp-His6).

This

plasmid

was

transformed

into

competent wild type cells, resulting in strain TNVS586 (Pxyl-sftA(M1-E14)msfgfp-His6).
To assess which early cell division protein is important for SftA
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recruitment (Fig. 5) a variant of SftA lacking its amphipathic membrane
targeting helix fused to GFP was cloned into different deletion
backgrounds. Firstly, plasmid pTNV144 (Pxyl-sftA-msfgfp-His6) was
linearized with primer pair TerS274 & TerS282 followed by subsequent
recirculation using Gibson assembly, resulting in pTNV202 (Pxyl-sftA ∆(S2E14)-msfgfp-His6). This plasmid was then transformed into competent
wild type cells, resulting in strain TNVS729 (Pxyl-sftA ∆(S2-E14)-msfgfpHis6). To remove wild type sftA, genomic DNA of strain BKK29805 (Koo et
al., 2017) was transformed into TNVS729, resulting in TNVS947 (Pxyl-sftA
∆(S2-E14)-msfgfp-His6 sftA::kan). To evaluate the effect of different cell
division proteins, chromosomal DNA from either strain BFA2863
(sepF::erm) (Hamoen et al., 2006), YK206 (ftsA::erm) (Ishikawa et al.,
2006), LH28 (ezrA::cat) (Gamba et al., 2015), or 1356 (zapA::tet) (Feucht
and Errington, 2005) was transformed into competent TNVS947 cells,
resulting in strain TNVS949 (Pxyl-sftA ∆(S2-E14)-msfgfp-His6 sftA::kan
sepF::erm),

TNVS950

(Pxyl-sftA

∆(S2-E14)-msfgfp-His6

sftA::kan

ftsA::erm), TNVS951 (Pxyl-sftA ∆(S2-E14)-msfgfp-His6 sftA::kan ezrA::cat),
and TNVS952 (Pxyl-sftA ∆(S2-E14)-msfgfp-His6 sftA::kan zapA::tet),
respectively.
To determine the effect of different SftA levels on cell division
(Fig. 6), different mutants were introduced into a ∆sftA background. To
this end genomic DNA from a zapA::tet (1356, (Feucht and Errington,
2005)), sepF::spc (YK204, (Ishikawa et al., 2006)), ftsA::erm (YK206,
(Ishikawa et al., 2006)) and ezrA (PG049, (Gamba et al., 2015)) strain was
first transformed to the wild type B. subtilis 168 background, resulting in
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strains TNVS193 (zapA::tet), TNVS159 (sepF::spec), TNVS281 (ftsA::erm)
and TNVS158 (ezrA::spec), respectively, which were subsequently
combine with sftA::erm from TNVS083, resulting in TNVS197 (sftA::erm
zapA::tet), TNVS152 (sftA::erm sepF::spec), and TNVS171 (sftA::erm
ezrA::spec). Strain TNVS825 (sftA::kan) was combined with YK206
(ftsA::erm) (Ishikawa et al., 2006) to result in strain TNVS869 (sftA::kan
ftsA::erm).
To test whether over-expression of SftA affected cell division (Fig.
6), pSG1729 (Lewis and Marston, 1999) was PCR amplified with primers
TerS261 & TerS146 and TerS262 & TerS145, ligated using Gibson
assembly, resulting in plasmid pTNV061, in which gfp of pSG1729 was
removed. We encountered some problems with the cloning of certain
sftA containing plasmids in E. coli, which was bypassed by utilizing a low
copy number plasmid. To achieve this, the low copy number origin
pSC101 from plasmid pSEN29 (Genevaux et al., 2004) was amplified with
primers TerS478 & TerS479, and plasmid pTNV061 was amplified with
primers TerS226 & TerS382. The two PCR products were Gibson
assembled to form the low copy number plasmid pTNV122. This plasmid
was PCR linearized using primers TerS263 & TerS274, and the sftA gene
was amplified with primers TerS279 & TerS357. Gibson assembly of both
PCR products resulted in plasmid pTNV125 (Pxyl-sftA), which was
subsequently, transformed into wild type B. subtilis 168, resulting in
strain

TNVS390

(Pxyl-SftA).

TNVS390

was

transformed

with

chromosomal DNA of LH028 (ezrA::cat), BFA2863 (sepF::erm), strain
1356 (zapA::tet) and YK206 (ftsA::erm), resulting in TNVS591 (Pxyl-sftA
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ezrA::cat), TNVS605 (Pxyl-sftA sepF::erm), TNVS606 (Pxyl-sftA zapA::tet),
and TNVS622 (Pxyl-sftA ftsA::erm), respectively.
To test the viability of overexpression of the SftA N-terminus (Fig.
6), a fragment of sftA corresponding to the first 149 amino acids was
amplified with primers TerS279 & AH002 from genomic DNA of wild type
B. subtilis and cloned into plasmid pTNV143 linearized with primers
TerS274 & AH001, using Gibson assembly. The resulting plasmid
pTNV166 was transformed to wild type B. subtilis 168, resulting in strain
TNVS541 (Pxyl-sftA (M1-P149)). Strain TNVS541 was transformed with
chromosomal DNA of LH028 (Gamba et al., 2015) to design the final test
strain TNVS602 (Pxyl-sftA (M1-P149) ezrA::cat).
To test how SftA overexpression in ∆ezrA cells affected cell
division (Fig. 7), firstly, the spectinomycin marker of strain TNVS390 was
replaced with the kanamycin marker of plasmid pYQ29 (unpublished
plasmid from Y. Gao), resulting in strain TNVS608 (Pxyl-sftA). TNVS608
(Pxyl-sftA) was transformed with chromosomal DNA from strains PG62
(Pspac-yfp-ftsA) (Gamba et al., 2009), PG227 (Pspac-yfp-pbpB) (Gamba et
al., 2009), and YK203 (Pspac-yfp-sepF) (Ishikawa et al., 2006) to give strains
TNVS650 (Pxyl-sftA Pspac-yfp-ftsA), TNVS652 (Pxyl-sftA Pspac- Pspac-yfpsepF), and TNVS708 (Pxyl-sftA Pspac-yfp-pbpB), respectively. These strains
were subsequently transformed with chromosomal DNA from strain
LH028 (ezrA::cat) (Gamba et al., 2015) to design the final test strains
TNVS650 (Pxyl-sftA Pspac-yfp-ftsA ezrA::cat), TNVS652 (Pxyl-sftA Pspac-yfpsepF ezrA::cat), and TNVS708 (Pxyl-sftA Pspac-yfp-pbpB ezrA::cat),
respectively.
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To test the effect of sftA and sepF on chromosome bisection (Fig.
9) strains TNVS089 (sftA::erm yneABC::tet), TNVS371 (yneABC::tet),
strain TNVS373 (sepF::spc yneABC::tet), TNVS431 (sftA::erm sepF::spc
yneABC::tet) were created by transforming genomic DNA of strain YK138
(Bohorquez et al., 2018) into strains TNVS083 (sftA::erm), B. subtilis 168,
TNVS159 (sepF::spc) and TNVS152 (sftA::erm sepF::spc), respectively.
To quantify FtsZ-rings formation over nucleoids (Fig. S2) strain
TNVS354 (chr::Pxyl-mCherry-zapA sftA::erm) was constructed by
transforming strain EKB036 (kind gift from Edward de Koning) with
chromosomal DNA from TNVS083.

Fluorescence light microscopy and image analysis
For protein localization using fluorescent reporter fusions, strains were
grown overnight at 30oC in LB supplemented with 0.1% xylose. Nucleoid
bisection frequencies were determined in rich PAB medium at 37˚C
(Kaimer et al., 2009), as follow. Overnight cultures were diluted to an
optical density of 0.05 in PAB medium. At an optical density of 0.5, 200
µl of the culture was stained with 2 µg/ml FM5-95 membrane dye and
1µg/ml DAPI. 5 µl of the stained culture was spotted onto a thin layer of
1.3% agarose for microscopy. For protein localization and cell length
measure studies LB medium was used. A Nikon Eclipse Ti with CFI Plan
Apochromat DM 100x oil objective Intensilight HG 130 W lamp, with a
C11440-22CU Hamamatsu ORCA camera, and NIS elements software was
used for image acquisition. For cell length analyses, the ImageJ based
program ChainTracer was used (Syvertsson et al., 2016). Images were
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analysed using ImageJ (National Institutes of Health).

Spot assays
To test the effect of SftA over expression and the topoisomerase IV
inhibitor ciprofloxacin, overnight cultures were diluted into fresh 37˚C LB
medium to an optical density of 0.05 and grown to an optical density of
about 0.5. Subsequently, the cultures were serial diluted ten-fold and 10
µl was spotted onto agar plates containing either xylose or ciprofloxacin
and incubated at 37˚C.

Protein purification
To purify SepF, an overnight culture of E. coli BL21 (DE3) harbouring the
MBP-SepF expression plasmid pNC12 (Duman et al., 2013) was diluted in
2 l fresh medium and grown to an optical density of 0.4. Then the culture
was induced with a final concentration of 0.5 mM IPTG for 4 h as
described in (Duman et al., 2013). The culture was quickly cooled down
on slush ice, pelleted at 4000 RPM at 4˚C, and washed with ice-cold
phosphor buffer saline containing 1 m PMSF. When necessary, the pellet
was flash frozen in nitrogen and stored at -80˚C. After slowly thawing on
ice, the pellet was dissolved in 20 ml buffer AF (50 mM Tris-HCl, pH 7.4,
200 mM KCl, 5 mM EDTA, 0.5 mM DTT) containing 1 Mini protease tablet
followed by cell disruption using French Press. The resuspension was
then centrifugated at 21,000 RPM at 4˚C for 1 h to clear the lysate from
cell debris. The supernatant was then passed through a 0.2 µm filter and
loaded onto a 1 ml MBP-trap column pre-equilibrated with buffer AF. The
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column was washed with buffer AF and subsequent washed with buffer
BF (50 mM Tris-HCl, pH 7.4). The MBP-SepF protein was eluted with 5 ml
of buffer BF supplemented with 10 mM maltose. Pooled fractions were
subjected to factor Xa protease digestion with 2 mM CaCl2 final
concentration overnight at 4˚C to separate the MBP and SepF. A 1 ml
HiTrapQ-column was pre-equilibrated with buffer BF, then the digestion
mix was loaded onto this column followed by washing with buffer BF.
Subsequently, 5 ml 15% buffer CF (50 mM Tris-HCl, pH 7.4, 1 M KCl) was
used for a second wash step, followed by a final wash with 35% of buffer
CF. Finally, SepF was eluted with buffer CF. The fractions containing SepF
were pooled together and a final concentration of 20% glycerol was
added before flash freezing in liquid nitrogen and storage at -80˚C.
The purification of SftA was accomplished by a C-terminal His6
tag as previously described (Kaimer et al., 2009). To this end, the
expression plasmid pET24A was linearized using oligonucleotides
TerS373 & TerS374, and the sftA gene was amplified from genomic DNA
of B. subtilis 168 using primers TerS377 & TerS378. Gibson assembly of
both products resulted in plasmid pTNV082. In our adjusted purification
protocol, E. coli BL21 Star (pLys) cells containing plasmid pTNV082 was
grown in 3 l LB medium at 37˚C to an OD600 of approximately 0.4,
followed by induction with 1 mM IPTG for 3 h. The culture was cooled
down on slush ice, harvested by centrifugation, washed once with icecold phosphate buffer saline supplemented with 1 mM PMSF, and after
flash freezing in liquid nitrogen stored at -80˚C. The pellet was slowly
thawed on ice, then resuspended in binding buffer (100 mM Tris-HCl, pH
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8.0, 200 mM KCl, 5 mM EDTA, 0.5 mM DTT) with 1 Mini protease tablet
and 30 mM imidazole. Cells were disrupted by French Press and cell
debris was pelleted by centrifugation at 21,000 RPM and 4˚C for 1 h to
clear the lysate from cell debris. The supernatant was then passed
through a 0.2 µm filter prior to loading on a binding buffer-equilibrated
1 ml Hi-trap Talon crude column. The column was then washed with five
column volumes of 6% binding buffer containing 30 mM imidazole. To
elute SftA, a gradient of 6% to 100% of binding buffer containing 0.5 M
imidazole was applied. Fractions containing SftA were pooled and
glycerol to a final concentration of 20% was added prior to flash freezing
in liquid nitrogen and storage at -80˚C.

Electron microscopy
To test the effect of SftA on SepF ring formation, 2.75 µM MBP-SepF was
digested with Factor Xa protease in SepF binding buffer (20 mM Tris-HCl
pH 7.5, 200 mM KCl, 1 mM KCl2, 1 mg/ml BSA, 0.5 mM DTT) as described
above to separate SepF from the MBP moiety. During this separation the
freed SepF makes stable SepF rings (Gündoğdu et al., 2011). To test the
effect of SftA on SepF rings, 0.75 µM SftA was added to the MBP-SepF
digestion reaction with Factor Xa protease. Protein samples were
spotted on glow-discharged 200 mesh formvar/carbon-coated copper
grids (Agar Scientific) and incubated for 1 min at room temperature.
Excess liquid was removed with paper tissue and samples were
negatively stained by adding 100 µl 2% uranyl acetate drop by drop.
Excess staining solution was removed with paper tissue and samples
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were allowed to air dry. Samples were examined with a Philips CM100 at
an electron voltage of 80 kV.
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Table S1. B. subtilis trains used in this study.
gfp: green fluorescent protein, mgfp: monomeric gfp, msfgfp: monomeric super folder
gfp
strain

genotype

reference

168

trpC2

(Zeigler et al., 2008)

DS7996

lacA::lacI-tet amyE::lacZ-cat

(Pozsgai et al., 2012)

BKE29805

sftA::erm

(Koo et al., 2017)

BKK29805

sftA::kan

(Koo et al., 2017)

BFA2863

1801

sepF::erm
chr::PdivIVA-gfp-divIVA - cat chr::(Pspac-pbpB
neo)
chr::(Pspac-ftsZ ble)

1356

zapA-yshB::tet

EKB036

chr::(Pxyl-mCherry-zapA-cat)

LH028

ezrA::cat

(Hamoen et al., 2006)
(Hamoen
and
Errington, 2003)
(Marston et al., 1998)
(Feucht
and
Errington, 2005)
Gift from E. de Koning
unpublished
(Gamba et al., 2015)

PG049

ezrA::spc

(Gamba et al., 2015)

PG062

aprE3’-spc-Pspac-yfp-ftsA-aprE5’

(Gamba et al., 2009)

PG227

aprE3’-spc-Pspac-yfp-pbpB-aprE5’

(Gamba et al., 2009)

TNVS001

amyE3’-spc-Pxyl-sftA-gfp-amyE5’

This work

TNVS042

amyE3’-Pxyl-mgfp-ydeL-amyE5’

This work

TNVS083

This work

TNVS089

sftA::erm (BKE29805 transformed to 168)
chr::(Pspac-pbpB neo) (3294 transformed to
168)
sftA::erm yneABC::tet

TNVS152

sftA::erm sepF::spc

This work

TNVS158

ezrA::spc (PG049 transformed to 168)

This work

TNVS159

sepF::spc (YK204 transformed to 168)

This work

TNVS171

sftA::erm ezrA::spc

This work

TNVS193

zapA::tet (1356 transformed to 168)

This work

TNVS197

sftA::erm zapA::tet

This work

TNVS209

lacA::lacI-tet (DS7996 transformed to 168)
amyE3’-spc-Pxyl-sftA(M1-P149)∆(Q30-R75)mgfp-amyE5’
sftA::erm
amyE3’-spc-Pxyl-sftA(M1P149)∆(Q30-R75)-mgfp-amyE5’

This work

3294

TNVS087

TNVS224
TNVS234

148

This work
This work

This work
This work

TNVS248

This work

TNVS330

ydeL::erm (BKE05240 transformed to 168)
amyE3’-spc-Pxyl-sftA-mgfp-amyE5’ sftA::erm
ylmFGH::kan
ftsA::erm Pspac-ftsZ (YK206 transformed to
168)
amyE3’-spc-Pxyl-sftA-mgfp-amyE5’ ftsA::erm

TNVS342

amyE3’-spc-Pxyl-sftA-mgfp-amyE5’ zapA::tet

This work

TNVS343

This work

TNVS366

amyE3’-spc-Pxyl-sftA-mgfp-amyE5’ ezrA::tet
chr::(Pxyl-mCherry-zapA-cat) amyE3’-spc-PxylsftA-mgfp-amyE5’
amyE3’-Pxyl-mgfp-ydeL-amyE5’ ydeL::erm

TNVS371

yneABC::tet (YK138 transformed to 168)

This work

TNVS373

yneABC::tet sepF::spc

This work

TNVS390

amyE3’-spc-Pxyl-sftA-amyE5’

This work

TNVS431

This work

TNVS605

yneABC::tet sepF::spc sftA::erm
sftA::erm
amyE3’-spc-Pxyl-sftA-msfgfpamyE5
sftA::erm
amyE3’-spc-Pxyl-sftA(M1-P149)msfgfp-amyE5
amyE3’-spc-Pxyl-sftA(M1-P149)-His6-amyE5’
amyE3’-spc-Pxyl-sftA
(M1-E14)-msfgfpamyE5’
amyE3’-spc-Pxyl-sftA-amyE5’ ezrA::cat
amyE3’-spc-Pxyl-sftA(M1-P149)-2GS-His6amyE5’ ezrA::cat
amyE3’-spc-Pxyl-sftA-amyE5’ sepF::erm

TNVS606

amyE3’-spc-Pxyl-sftA-amyE5’ zapA::tet

This work

TNVS608

amyE3’-spc::kan-Pxyl-sftA-amyE5’

This work

TNVS622

amyE3’-spc-Pxyl-sftA-amyE5’ ftsA::erm

TNVS254
TNVS281

TNVS353

TNVS455
TNVS456
TNVS541
TNVS586
TNVS591
TNVS602

TNVS650
TNVS652
TNVS708
TNVS710
TNVS712

amyE3’-kan-Pxyl-sftA-amyE5’Pspac-yfp-ftsA-aprE5’
amyE3’-kan-Pxyl-sftA-amyE5’Pspac-yfp-sepF-aprE5’
amyE3’-kan-Pxyl-sftA-amyE5’Pspac-yfp-pbpB-aprE5’
amyE3’-kan-Pxyl-sftA-amyE5’Pspac-yfp-ftsA-aprE5’ ezrA::cat
amyE3’-kan-Pxyl-sftA-amyE5’Pspac-yfp-sepF-aprE5’ ezrA::cat

aprE3’-spcaprE3’-spcaprE3’-spcaprE3’-spcaprE3’-spc-

This work
This work
This work

This work
This work

This work
This work
This work
This work
This work
This work

This work
This work
This work
This work
This work
This work
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TNVS713
TNVS729
TNVS758
TNVS776
TNVS783
TNVS786
TNVS810
TNVS825
TNVS947
TNVS949
TNVS950
TNVS951
TNVS952

amyE3’-kan-Pxyl-sftA-amyE5’aprE3’-spcPspac-yfp-pbpB-aprE5’ ezrA::cat
amyE3'-spc-Pxyl-sftA∆(S2-L12)-4GS-msfGFPHis6-amyE5'
chr::(Pxyl-mCherry-zapA-cat) cat amyE3’-spcPxyl-sftA-mgfp-amyE5’ lacA::lacI-tet
psdS::erm (BKE34710 transform to 168)
chr::(Pxyl-mCherry-zapA-cat)
amyE3’-spcPxyl-sftA-mgfp-amyE5’
lacA::lacI-tet
chr::(Pspac-pbpB-neo)
chr::(Pxyl-mCherry-zapA-cat) amyE3’-spc-PxylsftA-mgfp-amyE5’ lacA::lacI-tet chr::(PspacftsZ ble)
amyE3’-spc-Pxyl-psdS-msfgfp-amyE5’
sftA::kan (BKK29805 transformed to 168)
amyE3’-spc-Pxyl-sftA∆(S2-L12)-msfgfpamyE5’ sftA::kan
amyE3’-spc-Pxyl-sftA∆(S2-L12) -msfgfp
amyE5’ sftA::kan ∆sepF::erm
amyE3’-spc-Pxyl-sftA∆(S2-L12) -msfgfp
amyE5’ sftA::kan ∆ftsA::erm
amyE3’-spc-Pxyl-sftA∆(S2-L12) -msfgfp
amyE5’ sftA::kan ∆ezrA::cat
amyE3’-spc-Pxyl-sftA∆(S2-L12) -msfgfp
amyE5’ sftA::kan ∆zapA::tet

This work
This work
This work
This work
This work
This work
This work
This work
This work

-

This work
This work
This work
This work

YK138

yneABC::tet

YK203

aprE3’-spc-Pspac-yfp-ylmF-aprE5’

(Bohorquez et al.,
2018)
(Ishikawa et al., 2006)

YK204

sepF::spc

(Ishikawa et al., 2006)

YK206

ftsA::erm Pspac-ftsZ

(Ishikawa et al., 2006)
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Table S2. Plasmids used in this study.
gfp: green fluorescent protein, mgfp: monomeric gfp, msfgfp: monomeric super folder
gfp, MCS: multiple cloning site, His6: 6 x His tag.
plasmid

relevant genotype

reference

pET24A

lacI-T7-lacO-kan

pMW1*

amyE3'-spc-Pxyl-MCS-msfgfp-amyE5’ bla

pNC12

Ptac-malE-sepF

pSEN29

bla Rep101 pSC101 ori

pSG1154

amyE3’-spc-Pxyl-mcs-gfp-amyE5’ bla

pSG1729

amyE3’-spc-Pxyl-gfp-mcs-amyE5' bla

Novagen
(Müller et al.,
2016)
(Duman et al.,
2013)
(Genevaux et al.,
2004)
(Lewis
and
Marston, 1999)
(Lewis
and
Marston, 1999)

pTNV001

amyE3’-spc-Pxyl-sftA-gfp-amyE5’ bla

This work

pTNV022

amyE3’-spec-Pxyl-mgfp-ydeL-amyE5’ bla

This work

pTNV061

amyE3’-spec-Pxyl-MCS-amyE5’ bla

This work

pTNV063

amyE3'-spc-Pxyl-sftA-msfgfp-amyE5’ bla

This work

pTNV064*

amyE3’: spec-Pxyl-MCS-msfgfp-amyE5’ bla

This work

pTNV069

amyE3’: spec-Pxyl-sftA(M1-P149)-msfgfp-amyE5’ bla

This work

pTNV082

This work

pTNV093

lacI-T7-lacO-sftA-His6-kan
amyE3’: spec-Pxyl-sftA(M1-P149)∆(Q30-R75)-mgfpamyE5’ bla

pTNV100

amyE3’-spec-Pxyl-msfgfp-MCS-amyE5’ bla

This work

pTNV122

This work

pTNV124

amyE3’-spec-Pxyl-MCS-amyE5’ bla Rep101 pSC101 ori
amyE3’: spec-Pxyl-sftA(M1-P149)-msfgfp-His6-amyE5’
bla

pTNV125

amyE3’-spec-Pxyl-sftA-amyE5’ bla Rep101 pSC101 ori

This work

pTNV143

amyE3’: spec-Pxyl-msfgfp-His6-amyE5’ bla

This work

pTNV144

amyE3'-spc-Pxyl-sftA-msfgfp-His6-amyE5’ bla

This work

pTNV166

amyE3’: spec-Pxyl-sftA(M1-P149)-His6-amyE5’ bla

This work

pTNV187

This work

pTNV202

amyE3’: spec-Pxyl-sftA(M1-E14)-His6-amyE5’ bla
amyE3’: spec-Pxyl-sftA∆(S2-L12)-msfgfp-His6-amyE5’
bla

pYQ29

spc::kan bla

Kind gift of Y. Gao

This work

This work

This work

* the MCS of plasmid pMW1 adds two unwanted amino acids to fused protein
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Table S3. Primers used in this study
primer

sequence 5'à3'

AH001

GGCTCAGGAAGCCATCATCACCATCACCACTAG

AH002

TGATGATGGCTTCCTGAGCCCGGTTCGTTCAATGTTTCAGAAGGCT

TerS001
TerS002

GGGGGGGGGCCCATGAGTTGGCTTCATAAAT
CCCCGAATTCGGATCCTGAGCCGCTTCCTGAGCCTTCGTTTATTAAATCAC

TerS127

GGGCTCGAGGGCTCAGGAAGCGGCTCAGGATCCGATATCACGCCTTTTTTGAATAGA

TerS128

CCCGCGGCCGCCTCATATCTTCCAGGCAGCCTTCA

TerS145

ATAAACAAATAGGGGTTCCGCGCA

TerS146

TGCGCGGAACCCCTATTTGTTTAT

TerS153

GGCTCAGGAAGCGGCTCAGGATCCAGTAAAGGAGAAGAACT

TerS179

CGCACACCATCGGACGAACCGA

TerS180

GGTTCGTCCGATGGTGTGCGCGGAATTTGAGCGGGTTTTGTCT

TerS203

CCTGAGCCGCTTCCTGAGCCCGGTTCGTTCAATGTTTCA

TerS226

GGGGAAGGCCATCCAGCCTCGCGT

TerS261

TGGATCCGAAGTCTGGACATCTGCAGGGTACCCATCCTAGGA

TerS262

ATGTCCAGACTTCGGATCCA

TerS263

CAATTCTAGTTCTAGAGCGGCCGCGA

TerS274

CATCCTAGGAATCTCCTTTCTAGA

TerS279

GAAAGGAGATTCCTAGGATGAGTTGGCTTCATAAATTTTTTGA

TerS280

CCTGAGCCGCTTCCTGAGCCTTCGTTTATTAAATCACTTGCT

TerS282

GAAAGGAGATTCCTAGGATGGGCGAAAGCGAAGAGGATGCTGA

TerS283

TTTGTAGAGCTCATCCATGCCATGTGT

TerS287

CTGTAGACAAATTGTGAAAGGAT

TerS341

CGCGGTCATCAATCATACCACCA

TerS342

TGGTATGATTGATGACCGCGTCA

TerS357

CCGCTCTAGAACTAGAATTGTTATTCGTTTATTAAATCACTTGCTGTGA

TerS368

GGCTCAGGAAGCGGCTCAGGATCCAAAGGAGAAGAACTTTTCACTGGAGT

TerS382

CAAAAAGGATCTTCACCTAGATCCT

TerS413

GAAAGGAGATTCCTAGGATGAGCAAAGGAGAAGAACTTTTCACT

TerS478

GCATGGATGAGCTCTACAAAGGCTCAGGAAGCGGCTCAGGATCCTCCAGACTTCGGATCCACG
GGCCCCCCCT
AGGATCTAGGTGAAGATCCTTTTTGCACCGTTTTCATCTGTGCATATGGA

TerS479

CGCGACGCGAGGCTGGATGGCCTTCCCCAT

TerS414

TerS573

GGCATGGATGAGCTCTACAAAGGCTCAGGAAGCCATCATCACCATCACCACTAGATGTCCAGA
CTTCAGATCCA
CCTGAGCCGCTTCCTGAGCCTTCGCCTAAAAACAAATCAAAAAATTTATGAAGCCA

TerS621

GAAAGGAGATTCCTAGGATGTTAAAGACTTATCTCATCGACCGCT

TerS622

CCTGAGCCGCTTCCTGAGCCCAATGCTGTCACATTCACGAGGGTGT

TerS484
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Fig. S1. Localization of SftA in different cell division mutants
(A) Fluorescence microscopy images of SftA-GFP in different B. subtilis cell division mutants. SftAGFP expression was induced with 0.1 % xylose. Membranes were stained with FM5-95. Scale bars
are 2 µm. (B) Scatter plot indicating the SftA-GFP fluorescence intensities at cell division sites
(yellow box) in the different mutants. On average 500 cells were measured in triplicate. Strains
used, TNVS001, TNVS254, TNVS342, TNVS343 and TNVS330, respectively.
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Fig. S2. Assembly of FtsZ-rings over nucleoids
(A) ∆sftA B. subtilis cells expressing mCherry-ZapA (red) as FtsZ-ring marker with nucleoid
(turquoise) stained with DAPI. Yellow and white arrows indicate FtsZ foci as beginning FtsZ-ring
and a FtsZ-ring, respectively, as depicted in the cartoon below. Scale bar is 2 µm. (B) Bar diagram
indicating the average localization of Z-rings based on 3 independent biological experiments.
Standard errors indicated. Cartoon above the bar diagram illustrates how FtsZ-ring over nucleoids
were scored. strains used are TNVS354 and EKB036.
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Abstract
Chemoreceptors are localized at the cell poles of Escherichia coli and
other rod-shaped bacteria. Over the years different mechanisms have
been put forward to explain this polar localization; from stochastic
clustering, membrane curvature driven localization, interactions with the
Tol-Pal complex, to nucleoid exclusion. To evaluate these mechanisms,
we monitored the cellular localization of the aspartate chemoreceptor
Tar in different deletion mutants. We did not find any indication for
either stochastic cluster formation or nucleoid exclusion. However, the
presence of a functional Tol-Pal complex appeared to be essential to
retain Tar at cell poles. Interestingly, Tar still accumulated at midcell in
tol and in pal deletion mutants. In these mutants, the protein appears to
gather at the base of division septa, a region characterised by strong
membrane curvature. Chemoreceptors, like Tar, form trimer-of-dimers
that bend the cell membrane due to a rigid tripod structure. The
curvature approaches the curvature of the cell membrane generated
during cell division, and localization of chemoreceptor tripods at curved
membrane areas is therefore energetically favourable as it lowers
membrane tension. Indeed, when we introduced mutations in Tar that
abolish the rigid tripod structure, the protein was no longer able to
accumulate at midcell or cell poles. These findings favour a model where
chemoreceptor localization in E. coli is driven by strong membrane
curvature and association with the Tol-Pal complex.
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Importance
Bacteria have exquisite mechanisms to sense and to adapt to the
environment they live in. One such mechanism involves the chemotaxis
signal transduction pathway, in which chemoreceptors specifically bind
certain attracting or repelling molecules and transduce the signals to the
cell. In different rod-shaped bacteria, these chemoreceptors localize
specifically to cell poles. Here, we examined the polar localization of the
aspartate chemoreceptor Tar in E. coli, and found that membrane
curvature at cell division sites and the Tol-Pal protein complex, localize
Tar at cell division sites, the future cell poles. This study shows how
membrane curvature can guide localization of proteins in a cell.
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Introduction
Bacteria use specific chemotaxis systems to sense chemical changes in
their environment and respond accordingly. One of the best-known
systems is that of Escherichia coli, which comprises five different
membrane spanning chemoreceptors. The cytoplasmic domains of
chemoreceptors associate with the adaptor protein CheW and with the
histidine kinase CheA. The presence of repellents or absence of
attractants results in increased CheA activity and subsequent increased
levels of phosphorylated CheY, which acts on the flagellar motor to
change rotation direction. Sensitivity of the chemoreceptors is tuned by
methylation and demethylation for which the methylesterase CheB and
methyltransferase CheR are responsible. The chemoreceptors are
therefore also referred to as methyl-accepting chemotaxis proteins or
MCPs. For an in-depth review on the chemotaxis system see e.g. (1, 2).
MCPs form large protein clusters together with CheW, -Y, -A, -B
and –R at the cell poles of different bacteria including the Gram-negative
model system E. coli and the Gram-positive model system Bacillus subtilis
(3, 4). Several mechanisms have been proposed for this polar
localization. In long filamentous E. coli cells, YFP labelled CheR clusters
were found to assemble with a certain periodicity along the cell axis that
corresponds to the position of future division sites. This model is referred
to as the ‘stochastic nucleation model’ (5-7). Another theory postulated
that MCPs preferably assemble at the curved membrane of cell poles (8).
Chemoreceptors form membrane spanning trimers-of-dimers that
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interact at their cytoplasmic domain at a slight angle thereby forming a
tripod-like configuration (9). Consequently, the trimer-of-dimers prefer
bend membrane areas due to the reduced curvature mismatch (10, 11).
This model was recently supported by mechanically bending of whole E.
coli cells in curved micro-chambers (12), and was also shown to be the
main mechanism by which the chemoreceptor TlpA of B. subtilis is
localized (13). However, another study suggested that polar curvature is
not crucial for the localization of chemoreceptor proteins in E. coli, but
that this requires interaction with the Tol-Pal complex (14). The transenvelope Tol-Pal complex is a widely conserved component of the cell
envelope of Gram-negative bacteria, and is involved in several processes
among which cell division (15, 16). In agreement to this, another recent
study showed that, at least for the serine chemoreceptor Tsr, the Tol-Pal
complex together with the nucleoid are required for polar localization,
and that nucleoid exclusion is a driving force for polar localization of
MCPs (17). Here, we evaluated the different polar localization models in
E. coli using the aspartate chemoreceptor Tar. We found neither
evidence for periodic clustering nor for nucleoid exclusion, but both
membrane curvature and the Tol-Pal system appeared to be required for
polar localization of Tar in E. coli.

Results
Stochastic nucleation
The stochastic nucleation model has been based on the formation of
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large YFP-CheR and CheY-YFP clusters that were regularly spaced with a
periodicity of approximately 1 µm (5). To confirm that MCPs also produce
these regular clusters, the E. coli chemoreceptor Tar was C-terminally
fused with a monomeric GFP variant (mGFP). Since GFP tends to form
weak dimers, monomeric GFP was chosen to prevent possible
localization artefacts (18). To reduce potential artefacts related to
protein overexpression, a low copy plasmid with a weakened IPTGinducible promoter (pTRC99A (19)) was used to express the fusion
protein. As shown in Fig. 1A, Tar-mGFP shows a classical septal and polar
localization pattern. This localization does not depend on interaction
with other chemoreceptors, since expression of the fusion protein in a
MCP deletion strain shows the same localization pattern (Fig. S2C). The
Tar-mGFP fusion protein was active according to a swarming plate assay
(14) (Fig. S1). The expression level was approximately twice that of TarmGFP expressed from its native promoter, but this increased expression
did not change the localization pattern (Fig. S2). We noticed that the use
of the native promoter resulted in a substantial variation in expression
levels between cells, and therefore we continued with the IPTG-inducible
construct.
According to the stochastic nucleation model, chemotaxis
proteins form large protein clusters prior to the initiation of cell division.
To determine at what time in the cell cycle Tar accumulates at midcell,
we performed a virtual time lapse approach by sorting cells on size (Fig.
1A, lower panel), and plotting the related fluorescence intensities and
cell constriction (Fig. 1C) (20). As a timer for cell division, we followed the
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localization of GFP-labelled FtsN, an essential cell division protein and
part of the cell division machinery (21) (Fig. 1B). Comparison of the
localization profiles indicates that Tar appears later at midcell compared
to FtsN, suggesting that clustering of the chemotaxis proteins does not
precede recruitment of FtsN (or the division machinery). To further
confirm this, we co-stained FtsZ and FtsN in cells expressing Tar-mGFP
using immunofluorescence (Fig. S3). This double labelling experiment
clearly showed that Tar-mGFP accumulated at midcell after FtsZ and
FtsN.
To determine whether Tar forms regularly spaced clusters with a
periodicity of around 1 µm in filamentous non-dividing cells, we blocked
cell division using the antibiotic cephalexin, which inactivates the cell
division protein FtsI required for septum synthesis (22). As shown in Fig.
2A & B, no large regularly spaced fluorescent clusters were observed
along the lateral wall of filamentous cells, but the polar clustering
remained. Based on these data it seems unlikely that Tar uses stochastic
clustering to accumulate at cell poles.

Nucleoid exclusion
In a recent report it was suggested that the serine MCP Tsr of E. coli is
also driven to cell poles by the ‘volume exclusion’ effect of the nucleoid
(17). To examine whether nucleoids influence the distribution of Tar, we
stained the cephalexin treated cells with the fluorescence DNA dye DAPI
to visualize the nucleoids (Fig. 2B). We could not detect any correlation
with the position of the nucleoids and the density of Tar-mGFP clusters
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Fig. 1. Localization of Tar-mGFP
(A) Fluorescence microscopy
image of wild type E. coli cells
expressing Tar-mGFP. Lower
panel shows sorted axial
fluorescence profiles, indicative
for Tar-mGFP localization during
the cell cycle. (B) Fluorescence
microscopy image and cell cycle
localization profile of cells
expressing mGFP-FtsN. (C)
Graphical presentation of cell
constriction and fluorescence
signals during the cell cycle
calculated from the localization
profiles. Age refers to age
classes divided in 5% (cell cycle)
bins, see Material and Methods
for details. 5074 and 6437 cells
were used to construct the cell
cycle localization profiles for
mGFP-FtsN and Tar-mGFP,
respectively. Scale bars are 2
µm. Strains used in A and B are
TSE29 and TSE48, respectively.

along the lateral wall (see also line scans in Fig. 2B, and Fig. S4). To
corroborate this, cells were treated with ciprofloxacin, which inhibits
DNA gyrase and blocks DNA replication, resulting in a dense nucleoid at
the centre of long cell, since the activated SOS-response also inhibit cell
division (Fig. 2C) (23, 24). Also, under these conditions the Tar-mGFP
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signal was not reduced at the area occupied by the nucleoid. Thus, at
least for Tar, nucleoid exclusion does not seem to be important for polar
localization.

CheA stimulated clustering
Interaction of MCP trimer-of-dimers is stimulated by dimerization of the
kinase CheA, which binds to the cytoplasmic termini of MCP trimers (2).
In fact, we have found that CheA is essential to maintain polar
localization of the chemoreceptor TlpA in B. subtilis (13). However, it has
been shown some time ago that in E. coli CheA is not necessary for the
polar clustering of chemoreceptor (25). Indeed, when we expressed TarmGFP in a cheA deletion mutant background, the protein accumulated
at midcell and cell poles (Fig. 3A). There is some delay in midcell
accumulation of Tar-mGFP compared to wild type cells (compare with
Fig. 1A, and Fig. S3 & S5). This is likely due to reduced clustering of MCP
trimers, and consequently, decreased retention of trimers at midcell.

Role of Tol-Pal
The trans-envelope Tol-Pal complex, which accumulates at midcell and
assist in the division of the outer cell membrane (16), has been shown to
be required for the polar localization of chemoreceptor proteins, and
pulldown experiments suggested an interaction between TolA and
chemoreceptors (14). To verify this, we expressed the Tar-mGFP fusion
in a pal deletion mutant. Indeed, the polar accumulation of the fusion
protein was completely abolished, however, there was still a strong
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Fig. 2. Tar-mGFP clustering and
relation to nucleoid position
(A) Fluorescence microscopy
image and localization profile of
Tar-mGFP expressing cells
treated
with
15
µg/ml
cephalexin for 1 h. 1872 cells
were used to construct the
localization
profile.
(B)
Fluorescence microscopy image
of Tar-mGFP expressing cells
treated
with
15
µg/ml
cephalexin for 3 h. Nucleoids
were stained with DAPI. Line
scans for the GFP and DAPI
signals are presented below.
More examples are shown in
Fig. S4. (C) Fluorescence
microscopy image of Tar-mGFP
expressing cells treated with
0.035 µg/ml ciprofloxacin for 1
h. Nucleoids were stained with
DAPI. Scale bars are 2 µm. Strain
used is TSE29.
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accumulation at midcell (Fig. 3B). When the fusion protein was expressed
in a tolA deletion mutant, a similar localization pattern was observed
(Fig. S6). During cell division, the cell membrane will cover the nascent
division septum, thereby creating two flat membranes in close proximity
between daughter cells. This will give a higher fluorescent membrane
signal at midcell, so even when Tar is unable to localize and diffuses
freely throughout the cell membrane, the extra cell membranes at the
division sites could, in theory, account for an increase in GFP signal at
midcell. To assess this, we followed the localization of a general
transmembrane protein, the glycerol-3-phosphate transporter GlpT (26),
throughout the cell cycle in the pal mutant. Indeed, the GFP signal
showed a slight accumulation at midcell when cells started to divide (Fig.
3C), however, the signal intensity was much lower compared to that of
Tar-mGFP (Fig. 3D), indicating that the double cell membrane at the
division site is not responsible for the strong fluorescence Tar-mGFP
signal at midcell in tol-pal mutant cells.

Membrane curvature
A closer inspection of the pal mutant revealed that the Tar-mGFP signal
often appears as two fluorescent dots at midcell (Fig. 3B), suggesting that
Tar accumulates as a ring at midcell at the base of the nascent septum.
We never observed Tar-mGFP signals of smaller sizes at midcell,
reminiscent to constricting Z-rings, indicating that the fusion protein
does not follow the leading edge of the ingrowing septum. The Tol-Pal
complex is recruited to the division site, and links invagination of the
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outer membrane with that of the cell membrane during cell division (16).
Inactivation of Tol-Pal delays invagination of the outer membrane and
cell separation, resulting in the formation of a division septum that
resembles the septal cross walls in Gram-positive bacteria (27). The
consequence of such mode of division is that the cell membrane at the
transition from the lateral wall to the nascent septal wall is strongly
curved (28). This is where the Tar-mGFP fluorescent signal seems to
accumulate in the pal deletion mutant (Fig. 3B). Presumably, Tar localizes
at this region because of the curvature mismatch generated by the tripod
configuration of the trimer-of-dimers in combination with the stiffness
of the dimers (29). Tension in the membrane is released when these
tripods locate to regions of the cell with a corresponding membrane
curvature, such as those found at cell division sites. To confirm this, we
introduced a N379R mutation in the trimerization site of Tar,
corresponding to the N381R mutation in Tsr, which has been shown to
abolish trimerization (30). Since single membrane spanning MCP dimers
will not deform the membrane, they should therefore not accumulate at
cell division sites when membrane curvature is the main driver for
localization (Fig. 4A). Indeed, the N379R mutation resulted in the
absence of a clear septal and polar fluorescent signal (Fig. 4B). When we
increased the flexibility of the dimers by introducing two glycines at
position 249 and 250, creating a stretch of 3 glycines in the HAMP
domain (G248G D249G L250G), Tar was also no longer able to
accumulate at midcell and cell poles (Fig. 4C & D), in line with the
assumption that the unstructured glycine stretch eliminates the
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membrane curvature preference of the trimer (Fig. 4A) (12, 13). This
delocalization was not a consequence of protein degradation, since
Western blot analysis indicated that the point mutations did not affect
stability of the Tar-mGFP fusions (Fig. S7). Finally, when the dimerization
and HAMP domain mutants were expressed in a pal mutant a
comparable delocalization was observed (Fig. S8). Thus, membrane
curvature at the division septum seems to drive the localization of Tar
trimers-of-dimers.
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Fig. 3. Effect of cheA and pal
deletion mutant on Tar-mGFP
localization
(A) Fluorescence microscopy
image and localization profile of
Tar-mGFP expressing cheA
deletion mutant. 5948 cells
were used to construct the
localization
profile.
(B)
Fluorescence microscopy image
and localization profile of TarmGFP expressing pal deletion
mutant. Arrow indicates TarmGFP foci. 9044 cells were used
to construct the localization
profile.
(C)
Fluorescence
microscopy
image
and
localization profile of mGFPGlpT expressed in the pal
deletion mutant. 5214 cells
were used to construct the
localization
profile.
(D)
Graphical
presentation
of
fluorescence signals during the
pal deletion mutant cell cycle
calculated from the localization
profiles. Age refers to age
classes divided in 5% (cell cycle)
bins. Scale bars are 2 µm. Strains
used in A, B and C are TSE38,
TSE31 and TSE71, respectively.
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Discussion
Our data suggests that the MCPs of E. coli and B. subtilis arrive at cell
poles by a comparable mechanism that begins with cell division. First,
they accumulate at midcell where the cell membrane is bend inwards
and strongly curved due to synthesis of the nascent cell division septum.
Based on a composite crystal structure the curvature of one trimer-ofdimers was calculated to amount to a radius of approximately 37 nm (8).
Therefore, the membrane curvature mismatch is reduced considerably
when a trimer-of-dimers is located at the base of the nascent division
septum. After septation is completed, B. subtilis chemoreceptor clusters
are maintained at the newly formed poles by forming large protein
clusters that require CheA. However, in E. coli, the Tol-Pal complex is
required to keep chemoreceptors clustered at the newly formed cell
poles, instead of CheA. Co-immunoprecipitation experiments have
suggested an interaction between this complex and chemoreceptor
proteins (14). Since lateral diffusion of the large trans-envelope Tol-Pal
complex is likely to be hampered by the peptidoglycan layer, interactions
between Tol-Pal and chemoreceptor proteins might anchor MCPs and
maintain their polar localization.
Several papers have argued that the curvature of the E. coli cell
pole is sufficient to attract MCP trimers (8, 12, 31). However, the polar
localization of Tar-mGFP is completely abolished when Tol-Pal is absent.
This indicates that the curvature at the cell pole is not sufficient to
markedly reduce the membrane curvature mismatch created by the Tar
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trimer-of-dimers. This is maybe not so surprising since the cell pole has
a curvature with a radius of approximately 500 nm, which is much larger
compared to the 37 nm radius of MCP trimer-of-dimers (8). Moreover,
the cylindrical lateral wall has a radius that is comparable to that of the
cell pole, which makes the perceived curvature increase of cell poles
even smaller.
Over the years different mechanisms have been postulated and
contradictory results have been obtained in the research of polar
localization of E. coli chemoreceptors. One possible explanation is that
different groups use different protein reporters for chemoreceptors. In
many studies, the cytoplasmic CheR has been used as a proxy for
chemoreceptor clusters (5, 12, 14), while others have looked directly at
the localization of MCPs (17). Another reason might be the use of
fluorescent protein reporters with a tendency to dimerize, such as YFP
and GFP. This characteristic has been shown to cause localization
artefacts, especially when used with proteins that form multimers (18).
Finally, we cannot exclude that different chemoreceptor use different
mechanisms for localization. Nevertheless, both in E. coli and in B. subtilis
it appears that the strong curvature generated during cell division is a key
driving force for the localization of MCPs.
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Fig. 4. Membrane curvature is
important for localization
(A) Schematic presentation of
the effect of dimerization
mutation N379R and the triple
glycine substitution (G248G
D249G L250G) on membrane
curvature
mismatch.
(B)
Fluorescence microscopy image
and localization profile of
Tar(N379R)-mGFP expressing
cells. 7331 cells were used to
construct
the
localization
profile.
(C)
Fluorescence
microscopy
image
and
localization
profile
of
Tar(G248G D249G L2450G)mGFP expressing cells. 7856
cells were used to construct the
localization
profile.
(D)
Graphical
presentation
of
fluorescence signals during the
cell cycle calculated from the
localization profiles. Tar-mGFP
panel is the same as in figure 1C.
Age refers to age classes divided
in 5% (cell cycle) bins. Scale bars
are 2 µm. Used strains in B and
C are TSE42 and TSE41,
respectively, and in D strains
TSE29, TSE42, TSE41 and TSE67,
respectively.
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Materials and methods
Bacterial strains and growth conditions
All strains used in this study are listed in Table S1. Strains were grown in
GB1 minimal medium (6.33 g/l K2HPO4.3H2O, 2.95 g/l KH2PO4, 1.05 g/l
(NH4)2SO4, 0.10 g/l MgSO4.7H2O, 28 mg/l FeSO4.7H2O, 7.10 mg/l
Ca(NO3)2.4H2O) supplemented with vitamin B1 (4 mg/ml) and 0.4 %
glucose as carbon-source, as previously described (32, 33). Auxotrophic
BW25113 cells required arginine (50 µg/ml), glutamine (50 µg/ml), uracil
(20 µg/ml), and thymidine (2 µg/ml). Either 100 µg/ml (or 5 µg/ml in
cases of pal or tolA mutant) of ampicillin was added to the growth
medium to maintain plasmids.

Plasmid construction
Purified DNA amplicons were used in a 1:10 molar ratio of vector to
insert(s) in Gibson Assembly reaction (20 µl) at 50oC for 60 minutes. 5 µl
of each Gibson Assembly reaction mix was used to transform ultracompetent E. coli TOP 10 cells. Ultra-competent E. coli TOP 10 cells were
prepared as described in Hanahan et al. (34). Plasmids were sequenced
to confirm constructs. Plasmids were transformed into chemically
competent BW23115 wild type or mutant cells, prepared as described in
Maniatis et al. (35). Transformants were selected on selective LB agar
plates containing the appropriate concentration of antibiotic. Oligos
(Table S3) and plasmids (Table S2) used in this study are listed in the
supplementary information.
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To construct Tar-mGFP fusion, the point mutation GFP(A206K)
was introduced in plasmid pBAD24-Tar-GFP (36) to prevent dimerization
of GFP (18). The mutation was made by quick change using primer pair
GFP(A206K)-for/GFP(A206K)-rev, resulting in plasmid pBAD24-TarmGFP. To express Tar-mGFP from a weakened isopropyl ß-Dthiogalactoside (IPTG)-inducible promoter (19) and low copy number
plasmid, the pBAD promoter was replaced by the pTRC99A promoter
from pSAV57 (32), and the pUC19ori was replaced with the pSC101 ori
from pSEN29 (37). First, pBAD24-Tar-mGFP was linearized by PCR
amplification using primer pair TerS327/TerS328, then the pSC101 origin
was amplified with primer pair TerS425/TerS426, and subsequently both
products were ligated by Gibson Assembly (38), resulting in plasmid
pTNV107 (pBAD24-Tar-mGFP-pSC101 ori). To obtain the weak IPTGinducible low copy number plasmid, plasmid pTNV107 was linearized
with primer pair TerS425/TerS507, and the pTRC99A promoter was
amplified from pSAV057 using primer pair TerS328/TerS506. The
products were ligated using Gibson Assembly, resulting in pTNV149
(pTRC99A-Tar-mGFP-pSC101 ori). To express Tar-mGFP using native
promoter from the same low copy number plasmid, the pBAD promoter
in plasmid pTNV107 was replaced with the native promoter of tar. To this
end, pTNV107 was linearized with primer pair TerS457/TerS508, and a
fragment of tar including its promoter (39) was amplified from genomic
DNA using primer pair TerS509/TerS510. The products were ligated using
Gibson Assembly, resulting in pTNV148 (Ptar-Tar-mGFP pSC101 ori).
To test if curvature caused by trimer-of-dimers is essential for
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Tar-mGFP localization, we introduced a N379R point mutation in Tar that
abolishes

the

interaction

between

dimers.

The

primer

sets

TerS328/TerS517 and TerS425/457 were used to introduce N379R in
pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori) using Gibson Assembly,
resulting in plasmid pTNV154 (pTRC99A-Tar(N379R)-mGFP-pSC101 ori).
We also introduced a stretch of 3-glycines in the HAMP domain of Tar to
make the dimers flexible. Primer pairs TerS328/TerS516 and
TerS425/515 were used to introduce G248G D249G L250G in Tar in
pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori), resulting in plasmid
pTNV153 ((pTRC99A-Tar(G248G D249G L250G-mGFP-pSC101 ori).
To compare midcell localization of Tar-mGFP to divisome
assembly, we used the late cell division protein FtsN fused to monomeric
GFP. The mGFP-FtsN fusion was constructed by PCR amplification of
pTNV149 with primer pair TerS418/520, a monomeric variant of gfp from
pTNV100 with primer pair TerS362/521, and ftsN from E. coli genomic
DNA with primer pair TerS523/541 followed by Gibson Assembly,
resulting in plasmid pTNV155 (pTRC99A- mGFP-FtsN-pSC101 ori).
As a control for membrane localization, we constructed a
glycerol-3-phosphate transporter GlpT-GFP fusion. mGFP-GlpT was
made by PCR amplification of pTNV149 with primer pair TerS418/520, a
monomeric variant of gfp from pTNV100 with primer pair TerS362/521,
and glpT from E. coli genomic DNA with primer pair TerS544/545,
followed by Gibson Assembly, resulting in plasmid pTNV162 (pTRC99AmGFP-GlpT-pSC101 ori).
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Functionality and stability of Tar-mGFP fusions
To test whether the Tar-mGFP fusions are functional we performed a
motility swarming experiment according to Santos et al (14). The motility
of ∆mcp cells expressing the wild type and mutant Tar fusions was tested
by spotting 10 µl of culture with a comparable OD600 of ~0.5 on LB plates
containing 0.25% agar including 15 µM IPTG for the plasmid containing
strains.
To check that the Tar-mGFP mutant proteins were not degraded,
we performed a western blot analysis using GFP antibody. The relevant
strains were grown and expression of the fusion protein was induced
with 15 µM IPTG for two hours. After correction for optical density, cells
were boiled in Laemmli sample buffer for 15 minutes. 15 µl of each
sample were used for SDS-PAGE.

Microscopy and image analysis
The virtual time lapse is based on the fact that during steady state growth
the average mass of all cells and their age frequency distribution are
constant allowing precise spatio-temporal information on protein
localization during the cell cycle, as described in (40). Steady state was
obtained by growing cells in GB1 medium at 30 oC under shaking (210
rpm) while keeping OD450 below 0.2 by regular dilution in pre-warmed
medium for three days to reach steady state growth. At steady state, TarmGFP was induced with 15 µM of IPTG for at least two-doubling times.
Steady-state cells were centrifuged at 1000 RPM for 2 minutes to bring
the OD450 to ~0.4.
179

0.3 µl cells were spotted onto a microscope slide covered with a
thin layer of 1.3% agarose. When applicable, cells were treated with 15
µg/ml cephalexin for 1 to 4 h, or 0.035 µg/ml ciprofloxacin for 1 h. The
presence of the bla gene, encoding beta-lactamase, on the plasmids did
not interfere with the activity of the beta-lactam antibiotic cephalexin.
Images were acquired with 500 ms exposure time for the GFP channel.
Fluorescent microscopy was carried out with a Nikon Eclipse Ti equipped
with a CFI Plan Intensilight HG 130 W lamp, a C11440-22CU Hamamatsu
ORCA camera, and NIS elements software, version 4.20.01. Images were
analysed using Image J v 1.50i (https://imagej.nih.gov/ij/) and the Image
J plugin ObjectJ version 03p (40).
To construct the localization profiles of the fluorescent signals,
images were analysed using Coli-Inspector in the advanced mode (40).
First, phase contrast and fluorescent channels were aligned using the
accompanying macro, then the background of the fluorescent channels
were subtracted using the built-in command of Coli-Inspector. Secondly,
individual cells were selected and manually confirmed. Finally, selected
cells were sorted on length and the related fluorescent signal along the
cell axis was also obtained.

Immunofluorescence labelling of FtsZ and FtsN
Immunofluorescence staining of FtsZ and FtsN was performed as
described before (40). Briefly, 12.2 ml of cells were fixed with 2.8%
formaldehyde and 0.04% glutaraldehyde for 15 minutes. Cells were
harvested by centrifugation, washed and resuspended in 150 µl PBS
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buffer. To permeabilize the cells, the fixed cells were treated with 0.1%
Triton X-100/PBS at room temperature for 45 minutes followed by a
triple washing step with PBS. Cells were then treated with 100 µg/ml
lysozyme and 5 mM EDTA at room temperature for 45 minutes, and
subsequently washed 3x with PBS. Prior to labelling, non-specific binding
sites were blocked by incubating cells in 0.5% (w/v) blocking reagents (F.
Hoffmann-La Roche) in PBS at 37 oC for 30 minutes. FtsZ and FtsN were
immune-labelled using purified primary polyclonal antibodies against
each protein (40), diluted in 1:500 blocking buffer for an hour at 37 oC.
Cells were washed 3x with PBS and subsequently incubated with
secondary donkey-a-rabbit-CY3 antibody diluted 1:600 in blocking
buffer at 37 oC for 30 minutes. Cells were washed 3x with PBS/0.05%
Tween-20, and once with PBS and after resuspension in PBS stored in the
fridge, ready for immunofluorescence microscopy.
Acknowledgements
We thank the members of the Bacterial Cell Biology group for useful
discussions, especially Tanneke den Blaauwen for discussions on protein
localization in E. coli and for providing antibodies against FtsZ and FtsN.
We would like to thank Séverin Ronneau (Imperial College London) for
constructing the initial monomeric GFP reporter, and Ikuro Kawagishi
(Hosei University), Joen Luirink (VU University), Pierre Genevaux (CNRS),
and Tom Shimizu (AMOLF) for kindly providing us with strains and
plasmids. This research was funded by a Biotechnology and Biological
Sciences Research Council (BBSRC) grant BB/I01327X/1, Marie Curie CIG
grant DIVANTI (618452), and NWO STW-Vici grant 12128.
181

References
1.

Porter SL, Wadhams GH, Armitage JP. 2011. Signal processing in complex
chemotaxis pathways. Nat Rev Micro 9:153–165.

2.

Parkinson JS, Hazelbauer GL, Falke JJ. 2015. Signaling and sensory adaptation
in Escherichia coli chemoreceptors: 2015 update. Trends in Microbiology
23:257–266.

3.

Alley MRK, Maddock JR, Shapiro L. 1992. Polar localization of a bacterial
chemoreceptor. Genes Dev 6:825–836.

4.

Maddock, Shapiro L. 1993. Polar location of the chemoreceptor complex in the
Escherichia coli cell. Science 259:1717–1723.

5.

Thiem S, Kentner D, Sourjik V. 2007. Positioning of chemosensory clusters in E.
coli and its relation to cell division. EMBO J 26:1615–1623.

6.

Thiem S, Sourjik V. 2008. Stochastic assembly of chemoreceptor clusters in
Escherichia coli. Mol Microbiol 68:1228–1236.

7.

Greenfield D, McEvoy AL, Shroff H, Crooks GE, Wingreen NS, Betzig E, Liphardt
J. 2009. Self-organization of the Escherichia coli chemotaxis network imaged
with super-resolution light microscopy. PLOS Biol 7:e1000137.

8.

Endres RG. 2009. Polar chemoreceptor clustering by coupled trimers of dimers.
Biophysical Journal 96:453–463.

9.

Kim KK, Yokota H, Kim S-H. 1999. Four-helical-bundle structure of the
cytoplasmic domain of a serine chemotaxis receptor. Nature 400:787–792.

10.

Derganc J. 2007. Curvature-driven lateral segregation of membrane
constituents in Golgi cisternae. Phys Biol 4:317–324.

11.

Aimon S, Callan-Jones A, Berthaud A, Pinot M, Toombes GES, Bassereau P.
2014. Membrane Shape Modulates Transmembrane Protein Distribution. Dev
Cell 28:212–218.

12.

Draper W, Liphardt J. 2017. Origins of chemoreceptor curvature sorting in
Escherichia coli. Nat Commun 8:14838.

13.

Strahl H, Ronneau S, González BS, Klutsch D, Schaffner-Barbero C, Hamoen
LW. 2015. Transmembrane protein sorting driven by membrane curvature. Nat
Commun 6:8728.

182

14.

Santos TMA, Lin T-Y, Rajendran M, Anderson SM, Weibel DB. 2014. Polar
localization of Escherichia coli chemoreceptors requires an intact Tol-Pal
complex. Mol Microbiol 92:985–1004.

15.

Sturgis JN. 2001. Organisation and evolution of the tol-pal gene cluster. J Mol
Microbiol Biotechnol 3:113–122.

16.

Gerding MA, Ogata Y, Pecora ND, Niki H, de Boer PAJ. 2007. The transenvelope Tol-Pal complex is part of the cell division machinery and required for
proper outer-membrane invagination during cell constriction in E. coli. Mol
Microbiol 63:1008–1025.

17.

Neeli-Venkata R, Startceva S, Annila T, Ribeiro AS. 2016. Polar Localization of
the Serine Chemoreceptor of Escherichia coli Is Nucleoid Exclusion-Dependent.
Biophysical Journal 111:2512–2522.

18.

Landgraf D, Okumus B, Chien P, Baker TA, Paulsson J. 2012. Segregation of
molecules at cell division reveals native protein localization. Nat Meth 9:480–
482.

19.

Amann E, Ochs B, Abel KJ. 1988. Tightly regulated tac promoter vectors useful
for the expression of unfused and fused proteins in Escherichia coli. Gene
69:301–315.

20.

Blaauwen Den T, Buddelmeijer N, Aarsman M, Hameete CM, Nanninga N.
1999. Timing of FtsZ assembly in Escherichia coli. Journal of Bacteriology
181:5167–5175.

21.

Addinall SG, Cao C, Lutkenhaus J. 1997. FtsN, a late recruit to the septum in
Escherichia coli. Mol Microbiol 25:303–309.

22.

Botta GA, Park JT. 1981. Evidence for involvement of penicillin-binding protein
3 in murein synthesis during septation but not during cell elongation. Journal of
Bacteriology 145:333–340.

23.

LeBel M. 1988. Ciprofloxacin: Chemistry, Mechanism of Action, Resistance,
Antimicrobial Spectrum, Pharmacokinetics, Clinical Trials, and Adverse
Reactions. Pharmacotherapy: The Journal of Human Pharmacology and Drug
Therapy 8:3–30.

24.

Khodursky AB, Cozzarelli NR. 1998. The mechanism of inhibition of
topoisomerase IV by quinolone antibacterials. Journal of Biological Chemistry
273:27668–27677.

25.

Skidmore JM, Ellefson DD, McNamara BP, Couto MMP, Wolfe AJ, Maddock JR.
2000. Polar clustering of the chemoreceptor complex in Escherichia coli occurs

183

in the absence of complete CheA function. Journal of Bacteriology 182:967–
973.
26.

Oswald F, Varadarajan A, Lill H, Peterman EJG, Bollen YJM. 2016. MreBDependent Organization of the E. coli Cytoplasmic Membrane Controls
Membrane Protein Diffusion. Biophysical Journal 110:1139–1149.

27.

Meury J, Devilliers G. 1999. Impairment of cell division in tolA mutants of
Escherichia coli at low and high medium osmolarities. Biol Cell 91:67–75.

28.

Lenarcic R, Halbedel S, Visser L, Shaw M, Wu LJ, Errington J, Marenduzzo D,
Hamoen LW. 2009. Localisation of DivIVA by targeting to negatively curved
membranes. EMBO J 28:2272–2282.

29.

Kim S-H, Wang W, Kim KK. 2002. Dynamic and clustering model of bacterial
chemotaxis receptors: Structural basis for signaling and high sensitivity. Proc
Natl Acad Sci USA 99:11611–11615.

30.

Gosink KK, Zhao Y, Parkinson JS. 2011. Mutational analysis of N381, a key
trimer contact residue in Tsr, the Escherichia coli serine chemoreceptor. Journal
of Bacteriology 193:6452–6460.

31.

Haselwandter CA, Wingreen NS. 2014. The role of membrane-mediated
interactions in the assembly and architecture of chemoreceptor lattices. PLoS
Comput Biol 10:e1003932.

32.

Alexeeva S, Gadella TWJ, Verheul J, Verhoeven GS, Blaauwen den T. 2010.
Direct interactions of early and late assembling division proteins in Escherichia
coli cells resolved by FRET. Mol Microbiol 77:384–398.

33.

Aarsman MEG, Piette A, Fraipont C, Vinkenvleugel TMF, Nguyen Distèche M,
Blaauwen den T. 2005. Maturation of the Escherichia coli divisome occurs in
two steps. Mol Microbiol 55:1631–1645.

34.

Hanahan D, Jessee J, Bloom FR. 1991. Plasmid Transformation of Escherichia
coli and Other Bacteria. Methods Enzymol 204:63–113.

35.

Sambrook J, Maniatis T. 1989. Molecular Cloning. Cold Spring Harbor
Laboratory Press.

36.

Shiomi D, Yoshimoto M, Homma M, Kawagishi I. 2006. Helical distribution of
the bacterial chemoreceptor via colocalization with the Sec protein
translocation machinery. Mol Microbiol, 2nd ed. 60:894–906.

184

37.

Genevaux P, Keppel F, Schwager F, Langendijk-Genevaux PS, Hartl FU,
Georgopoulos C. 2004. In vivo analysis of the overlapping functions of DnaK and
trigger factor. EMBO Rep 5:195–200.

38.

Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, Smith HO. 2009.
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat
Meth 6:343–345.

39.

Kundu TK, Kusano S, Ishihama A. 1997. Promoter selectivity of Escherichia coli
RNA polymerase sigmaF holoenzyme involved in transcription of flagellar and
chemotaxis genes. Journal of Bacteriology 179:4264–4269.

40.

Vischer NOE, Verheul J, Postma M, van den Berg van Saparoea B, Galli E,
Natale P, Gerdes K, Luirink J, Vollmer W, Vicente M, Blaauwen den T. 2015.
Cell age dependent concentration of Escherichia coli divisome proteins
analyzed with ImageJ and ObjectJ. Front Microbiol 6:586.

185

Supporting Information
Table S1

strains used in this study

Table S2

plasmid used in this study

Table S3

primers used in this study

Fig. S1 Swarming motility assay
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Supporting Table S1: E. coli strains used in this study. kan: kanamycin, mGFP:
monomeric green fluorescent protein.
strain
BW25113
TSS688
JW0731-1
JW0729-3
JW1877-1
JW1875-5
TSE24
TSE25
TSE29
TSE31
TSE32
TSE38
TSE41
TSE42
TSE48
TSE67
TSE68
TSE69
TSE71
TSE79
TSE80
TSE81

188

relevant genotype
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-,
rph-1, Δ(rhaD-rhaB)568, hsdR514
Δtsr-7028 Δ(tar-tap)5201 Δtrg-100 Δaer-1
BW25113 Δpal-790::kan
BW25113 ΔtolA788::kan
BW25113 ΔcheA741::kan
BW25113 Δtar-739::kan
JW1875-5 / pTNV148
JW1875-5 / pTNV149
BW25113 / pTNV149
JW0731-1 / pTNV149
JW0729-3 / pTNV149
JW1877-1 /pTNV149
BW25113 / pTNV154
BW25113 / pTNV153
BW25113 / pTNV155
BW25113 / pTNV162
JW0731-1 / pTNV153
JW0731-1 / pTNV154
JW0731-1 / pTNV162
TSS688 / pTNV149
TSS688 / pTNV153
TSS688 / pTNV154

reference
(1)
(2)
(1)
(1)
(1)
(1)
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

Supporting Table S2: Plasmids used in this study. gfp: green fluorescent protein, mgfp:
monomeric GFP, camR: chloramphenicol acetyltransferase, ampR: β-lactamase TEM-1.
Name
Relevant feature
reference
pBAD24-tar-GFP
pBAD-tar-gfp-ampR
(3)
pBAD24-tar-mGFP
pBAD-tar-mgfp-ampR
this work
p29SEN
Rep101 pSC101 ori ampR
(4)
pSAV57
pTrcDown, p15Aori camR
(5)
amyE3’-spec-PxylR-mgfp-mcs-amyE5’
pTNV100
this work
ampR
pTNV107
pBAD-tar-mgfp-ampR pSC101 ori araC this work
pTNV148
Ptar-tar-mgfp-ampR-pSC101 ori
this work
pTNV149
Ptrc-tar-mgfp-ampR-pSC101 ori
this work
Ptrc-tar(G248G-D249G-L250G)-mgfppTNV153
this work
ampR pSC101 ori
Ptrc-tar(N379R)-mgfp-ampR pSC101
pTNV154
this work
ori
pTNV155
Ptrc-mgfp-ftsN- ampR pSC101
this work
pTNV162
Ptrc-mgfp-glpT-ampR-pSC101
this work
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Supporting Table S3: Primers used in this study.
name
TerS327
TerS328

sequence
CAGGAAGCGGCTCAGGATCCTGAGTAAACTTG
GTCTGACAGT
CACCGTCATCACCGAAACGCGCGA

TerS362

GGATCCTGAGCCGCTTCCTGA

TerS412

CGCATGGGGAGACCCCACACTACCA

TerS418

CATGGTGAATTCCTCCTGCTAGCCCA

TerS425

TerS457

GCGTTTCGGTGATGACGGTGCGGCGGCACCTC
GCTAACGGA
GGATCCTGAGCCGCTTCCTGCTTGCGCGCACCG
CCCGAACACCA
GCCGCGGTTGAAGCCGCGCGTGCGGGT

TerS506

GTGTGAAATTGTTATCCGCTCACA

TerS507

GAGCGGATAACAATTTCACACACCCGTTTTTTT
GGGCTAGCAGGAGGA
CGGCTTGACGGAGTAGCATAGGGT

TerS426

TerS508
TerS509
TerS510
TerS515

TATGCTACTCCGTCAAGCCGGGCGCTGTTAGAT
AGCGCGGCGTCAGAAGTGGCGTAA
GCCGCCTGGGCGCTGCGACTGGCA
CGCAGTGAAATGGGCggagga1GCGCAGAGCGT

TerS516

CTGCGCtcctcc1GCCCATTTCACTGCGCCCGTCA

TerS517

CGCGCGGCTTCAACCGCGGCtcT1CAGCGCGAG
GATATTAGTCT
CCGGGCAGGCCATGTCTGCCAGCGGCCGCGAC
TCTAGAATTCG
CTAGCAGGAGGAATTCACCATGAGCAAAGGAG
AAGAACTTTTCACT
GGCAGACATGGCCTGCCCGGgggggggattttgagg
gtttca
CAGGAAGCGGCTCAGGATCCGCACAACGAGAT
TATGTACGCCGCA
GGCAGACATGGCCTGCCCGGGCCAttaGCCTCC
GTTGCGTTCTTGCA
CAGGAAGCGGCTCAGGATCCatgTTGAGTATTTT
TAAACCAGCGCCA
CCTGTCGACACAATCTAAA1CTTTCGAAAGATCC
C
GGGATCTTTCGAAAGTTT1AGATTGTGTCGACA
GG

TerS520
TerS521
TerS523
TerS541
TerS544
TerS545
GFP(A206K
)-for
GFP(A206K
)-rev

1

description
Forward primer to linearize pBAD24-tarmGFP
Reverse primer to linearize pBAD24-tarmGFP
Reverse primer to amplify mgfp from
pTNV100
Reverse sequencing primer for pBAD
vectors
Reverse primer to amplify pBAD24
including its RBS and start codon
Forward primer to amplify origin of
replication of p29SEN (pSC101 Ori)
Reverse primer to amplify origin of
replication of p29SEN (pSC101 Ori)
Forward primer to amplify tar in
pTNV149
Reverse primer to amplify Ptrcdown
promoter with lacI from pSAV057
Forward primer to insert Ptrc-down
promoter into pTNV107
Forward primer to insert tar native
promoter into pTNV107
Reverse primer to insert tar native
promoter into pTNV107
Reverse primer to amplify inside tar
Forward primer to design Tar(G248G
D249G L250G) in pTNV149
Reverse primer to design Tar(G248G
D249G L250G) in pTNV149
Mutagenesis primer to introduce N379R
in Tar in pTNV149
Forward primer to linearize pTNV149
Forward primer to amplify mgfp from
pTNV100
Reverse primer to amplify ftsN to design
Pspac-msfGFP-4GS-FtsN
Forward primer to create Pspac-msfGFP4GS-FtsN
Reverse primer to amplify glpT
Forward primer to amplify glpT
Forward primer to introduce A206K in GFP in
pBAD24-tar-GFP
Reverse primer to introduce A206K in
GFP in pBAD24-tar-GFP

In red codons used to introduce mutations in amino acid sequences.
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Fig. S1. Swarming motility
assay
Swarming motility assay to test
functionality
of Tar-mGFP
fusions. Representative image
of colonies of E. coli ∆mcp, E.
coli BW25113, E. coli BW25113
+ Tar-mGFP, E. coli ∆mcp + TarmGFP, E. coli ∆mcp + Tar(G488G
D249G L250G)-mGFP and E. coli
∆mcp Tar(N379R)-mGFP after
18 hours of growth at 30 oC on
swarming motility agar. Fusion
proteins were induced with 15
µM IPTG. Scale bars are 2 cm.
Strain used are TSS668,
BW25113, TSE29, TSE79, TSE80,
and TSE81.

191

Fig. S2. Tar-mGFP expressed
from native promoter and
IPTG-inducible promoter.
(A) Westernblot using anti-GFP
serum of cell extracts from cells
constitutively expressing GFP (E.
coli TOP 10 / pTNV100), ∆tar
cells (JW1875-5), and cells
expressing Tar-mGFP (TSE25
and TSE24). Tar-mGFP was
expressed from the native
promotor of tar (strain TSE25)
or from the IPTG-inducible (15
µM IPTG) Ptrc promoter (strain
TSE24). The expected size for
the fusion proteins is 87 kDa.
Expression from the pBAD
promoter is approximately 2x
that of the native promoter. (B)
Comparison
of
Tar-mGFP
localization when expressed
from the Ptrc promoter (upper
panel) or native promoter
(lower panel). 4630 and 4111
cells were used to contruct the
localization
profiles,
respectively. (C) Phase contrast
and fluorescence microscopy
images and localization profile
of Tar-mGFP expressed in a
∆mcp mutant lacking all
chemoreceptors (strain TSE79).
2089 cells were used to
construct
the
localization
profile. Scale bar is 2 µm.
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Fig. S3. Timing of Tar-mGFP midcell localization compared to FtsZ and FtsN. Tar-mGFP
expressing cells were fixed and immune-labelled using FtsZ (A) and FtsN (B) antiserum.
Top panel: fluorescence light microscopy images, middle panel: fluorescence
localization profiles, lower panel: graphical presentation of constriction (phase) and
fluorescence signals during the cell cycle calculated from the localization profiles. Cell
age refers to age classes divided in 5% (cell cycle) bins. 4816 and 3639 cells were used
for FtsZ and FtsN labeling, respectively. Scale bars are 2 µm and the strain used is TSE29.
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Fig. S4. Tar-GFP localization is unrelated to nucleoid position
Fluorescence microscopy images of cephalexin treated (4 h) cells expressing Tar-mGFP
and stained with DAPI. Line scans of the GFP and DAPI signals are shown in the right
panels. These images are more examples of cells shown in Fig. 2B in the main text. Scale
bars are 2 µm. Strain used is TSE29.
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Fig. S5. Timing of Tar-mGFP midcell localization in ∆cheA compared to FtsZ and FtsN.
Tar-mGFP expressing ∆cheA cells were fixed and immune-labelled using FtsZ (A) and
FtsN (B) antiserum. Top panel: fluorescence light microscopy images, middle panel:
fluorescence localization profiles, lower panel: graphical presentation of constriction
(phase) and fluorescence signals during the cell cycle calculated from the localization
profiles. Cell age refers to age classes divided in 5% (cell cycle) bins. 2504 and 3187 cells
were used for FtsZ and FtsN labeling, respectively. Scale bars are 2 µm and the strain
used is TSE38.
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Fig S6. Tar-mGFP localization in ∆tolA and ∆pal cells
Fluorescence microscopy image and localization profiles of Tar-mGFP expressed in a
∆tolA and ∆pal background. 4506 and 9044 cells were used to construct the localization
profile for ∆tolA and ∆pal, respectively. The localization profile for ∆pal is the same as
in Fig. 3B. Scale bar is 2 µm. The strains used are TSE31 and TSE32.

Fig. S7. Stability of Tar-mGFP mutants
Western blot analysis of Tar-mGFP mutants expressed in E. coli. The expected size for
the fusion proteins is 87 kDa. Strains used are BW25113 (wild type), E. coli
TOP10/pTNV100 (GFP) TSE29 (Tar-mGFP), TSE41 (Tar(G248G D249G L250G)-mGFP),
and TSE42 (Tar(N379R)-mGFP).
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Fig. S8 Localization of Tar-mGFP mutants in ∆pal cells
Phase contrast and fluorescence images of ∆pal cells expressing Tar-mGFP, Tar-(G248G
D249G L250G)-mGFP, Tar-(N379R)-mGFP and mGFP-GlpT. Wild type Tar-mGFP
accumulates as two dots (white arrows) in ~47% of cells, while this accumulation was
neither observed for the Tar-mGFP mutants proteins nor for the inner membrane
marker mGFP-GlpT. Strain used are TSE31, TSE68, TSE69, and TSE71. The scale bars are
2 µm.
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English Summary
Bacterial resistance towards antibiotics is an increasing worldwide health
problem with the potential to seriously endanger modern medicine
without prudent measures (ECDC, 2016). Bacteria use an array of
mechanisms to by-pass the activities of antibiotics available to treat
bacterial infections for example by mutations in their genome (Nikaido,
2009). By doing so, they acquire resistance to antibiotics and these
genetic changes can be passed on to other bacteria. Traditionally, the
search for antimicrobials were done by screening for natural compounds
working against bacteria. In the search for novel antimicrobials,
understanding the physiology of bacteria is becoming increasingly
important, including how cell division in bacteria works. Knowledge on
cell division will contribute to the design of novel synthetic compounds
that target this vital bacterial process.
In this thesis, I have determined the minimal number of proteins
the Gram-positive model organism Bacillus subtilis requires to form a
FtsZ ring, which is the first major step in cell division. In addition, I have
also investigated the interaction between the DNA translocase SftA and
the conserved cell division protein SepF in B. subtilis. Finally, as a side
project, I have investigated the molecular cues determining the
localization of the chemoreceptor Tar in the Gram-negative model
organism E. coli.
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Effect of divisome minimization on cell division
In vast majority of bacteria cell division is orchestrated by the conserved
tubulin homologue FtsZ that polymerizes into a ring like structure (Z-ring)
at the cell division site (Bi and Lutkenhaus, 1991; RayChaudhuri and Park,
1992; de Boer et al., 1992; Mukherjee et al., 1993). A multitude of mostly
conserved proteins, including ZapA, MinC, UgtP, MinJ, EzrA, ClpX, Noc,
FtsA and SepF, regulate Z-ring formation in B. subtilis (Blaauwen et al.,
2017). In chapter 2, I show that SepF and FtsZ are sufficient in B. subtilis
to form a divisome complex capable of driving cell division. Previous in
vitro data showed that FtsZ carrying a membrane anchor was able to
constrict laminar liposomes (Osawa et al., 2008). Our work is the first
study to show in in vivo that FtsZ together with a membrane anchor
(SepF) is sufficient to form an active Z-ring.
However, the accumulation of multiple deletions in cell division
genes did cause a strong effect on cell length and growth. Not
surprisingly, whole genome sequencing revealed (potential suppression)
mutations in many genes unknown to affect cell division (Table 1 Chapter
2). Further characterization of these genes showed that deletion of the
branched chain amino acid transporter BraB produces smaller cells that
are resilient to lower levels of FtsZ. How a braB deletion affects cell
division is unclear. Fluorescence light microscopy studies suggested that
such mutation affects the cell membrane and it appeared that the cell
membrane in ∆braB cells are more fluid. Previous studies have suggested
a relation between DNA replication, cell division and membrane
synthesis (Jacob et al., 1966) and key enzymes from each of these
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processes are tethered to the cell membrane. Therefore, it is plausible
that changing the membrane fluidity might affect their interactions with
the membrane and thus their activities.

The importance of the SepF-SftA interaction
After DNA replication, segregation of the newly synthesized
chromosomes into the daughter cells must be completed before they are
separated by the new division septum. It is assumed that the conserved
DNA-translocase SftA is responsible for the transportation of genomic
DNA away from a closing septum. In chapter 3, I describe the biological
importance of the interaction between the conserved cell division
protein SepF and SftA. Our data suggest that SftA is recruited early to cell
division sites and that SepF supports this localization. In turn, SftA
impedes the polymerization of SepF and thus affects cell division.
Together, our genetic and biochemical data presented in chapter 3
support a model in which SftA delays the closure of the FtsZ ring in favor
of chromosome segregation and decatenation.

Cell division as cue for chemoreceptor sorting
A quarter of a century ago, work from the group of Lucy Shapiro reported
that chemoreceptors in E. coli cluster at the cell poles. Since then, many
models have been proposed to explain how these chemoreceptors end
up there. These models include stochastic nucleation, membrane
curvature driven localization, recruitment by the trans-enveloped
protein complex Tol-Pal and nucleoid occlusion (Thiem et al., 2007;
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Thiem and Sourjik, 2008; Greenfield et al., 2009; Santos et al., 2014). In
the final experimental part of my thesis (chapter 4), I have revisited the
chemoreceptors localization conundrum. A key notion in the Shapiro
study was that the majority of non-polar chemoreceptor clusters were
enriched at midcell, signifying that cell division might be important for
polar accumulation. Based on this, and recent findings from our lab in B.
subtilis (Strahl et al., 2015), our working hypothesis was that membrane
curvature

generated

during

cell

division

at

midcell

attracts

chemoreceptors. Localization of E. coli chemoreceptor Tar throughout
the cell cycle revealed that it accumulates at midcell well after the
divisome has been formed. Indeed, blocking cell division abolished this
midcell localization. However, Tar remained polar in the resulting
filamentous cells, and this localization was not related to the nucleoid as
proposed by the nucleoid occlusion model (Neeli-Venkata et al., 2016).
Based on previous work, we tested the role of the cell division
related Tol-Pal complex, and confirmed that chemoreceptors lose polar
localization upon inactivation of this complex. However, the absence of
the Tol-Pal complex also did not affect midcell localization of Tar,
suggesting that another mechanism is responsible for this localization.
Chemoreceptors form tripod-like structures that strongly bend the cell
membrane. We introduced mutations in Tar that abolish their
trimerization or rendered them flexible, which prevents their membrane
bending properties. Indeed, these mutants were no longer able to
clusters at cell division sites and cell poles. Thus, chemoreceptors like
Tar, require the curvature generated during cell division to localize at
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midcell, and the Tol-Pal complex is subsequently required to maintain
the Tar clusters at the new cell poles formed after cell division is
completed.

Future work
The minimal Bacillus divisome
In Chapter 2, I have shown that FtsZ and SepF are sufficient to form a
functional Z-ring capable of recruiting the late cell division proteins
required for the synthesis of the division septum. Of course, other,
unknown, proteins might still be necessary. To find these, an in vivo
crosslinking approach, using either FtsZ or SepF as bait proteins
expressed, in the minimal divisome strain BMD27 could be used.
An interesting aspect of the making of strain BMD27 was that the
removal of cell division related genes affected overall growth. This is
surprising since it is assumed that cell division does not affect
exponential growth since rod-shaped cells like B. subtilis and E. coli grow
by lateral cell wall synthesis, resulting in an exponential increase in cell
length that is independent of cell division (Westfall and Levin, 2017). To
find how cell division affects overall growth, a (transposon) mutagenesis
study could be used to find mutants that stimulate growth of strain
BMD27. This can reveal regulatory links between cell division and
growth-related processes in B. subtilis.
One of the key findings was the discovery that removal of the
branched chain amino acid transporter BraB stimulates cell division and
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increases the overall membrane fluidity. We speculated that these
phenotypes are related, but this needs to be further investigated. In the
braB mutant, the cell membrane contains more iso (less fluid) fatty acids,
more unsaturated and more short-chain (more fluid) fatty acids causing
overall increased membrane fluidity. Mimicking this change in
membrane fluidity by genetically blocking the branched chain fatty acids
synthesis pathway (Dhali et al., 2017), and feeding the mutant different
types of branched chain fatty acid precursors, followed by measuring the
effect on resistance to FtsZ targeting drugs, could be a first step to test
whether membrane fluidity affects cell division.

Direct relation between chromosome decatenation and cell division
In Chapter 3 I describe the interaction between the important cell
division protein SepF and the FtsK homologue SftA. Based on our data,
we speculate that SepF aids in recruiting SftA to cell division site, where
SftA delays Z-ring formation to provide time for sister chromosomes
decatenation and segregation. The question remains whether SftA binds
to specific DNA sequences and activates topoisomerases to decatenate
chromosomes, like FtsK does. To gain more information on this,
pulldown experiments with SftA to identify its interacting partners, and
Chip-seq to identify SftA binding sites on the genome, could be a starting
point. Finally, another key question that needs to be addressed is how
exactly SftA is recruited to the Z-ring. We have shown that SepF supports
this, but this protein is not essential for midcell localization of SftA.
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Nederlandse samenvatting
Het

minimalistische

divisoom

onthult

de

kracht

van

de

celdelingsmachine
In dit promotieonderzoek heb ik gekeken naar de minimale eiwitten die
noodzakelijk zijn om de celdelingsmachine van Bacillus subtilis te
vormen. Ook heb ik gekeken naar de interactie tussen een DNA
translocase en het belangrijke celdelingseiwit SepF. En tot slot
onderzocht ik de mechanismen die de chemereceptor Tar in de bacterie
Escherichia coli naar de cel polen lokaliseren. Ik gebruikte voor mijn
onderzoek verschillende microbiologische en biochemische technieken
zoals genetica, genoomsequencing, microscopie, eiwit lokalisatie, en
eiwit interactiemethode.
Celdeling in de meeste bacteriën zoals in bijvoorbeeld B. subtilis
en E. coli wordt uitgevoerd door tientallen eiwitten die gezamenlijk het
divisoom genoemd worden. De tubuline homologe FtsZ is het meest
essentiële eiwit van het divisoom. FtsZ polymeriseert zich tot FtsZ
polymeren waarna deze FtsZ polymeren zich bundelen in een kop-start
oriëntatie tot een ringvormige structuur genaamd de Z-ring (Bi and
Lutkenhaus, 1991; RayChaudhuri and Park, 1992; de Boer et al., 1992;
Mukherjee et al., 1993; Ma et al., 1996). Het geconserveerde eiwit ZapA
dient als bindmiddel om de FtsZ polymeren in de Z-ring bij elkaar te
houden

(Gueiros-Filho

and

Losick,

2002).

De

belangrijke

membraaneiwitten SepF en FtsA dienen als een membraan ankers voor
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de Z-ring in het midden van de cel alwaar de nieuwe scheidingswand
gevormd zal worden (Feucht et al., 2001; Duman et al., 2013). Een ander
belangrijk membraan eiwit EzrA reguleert de vorming van de Z-ring,
alhoewel, men niet precies weet wat de functie van dit eiwit is (Levin et
al., 1999; Cleverley et al., 2014). De twee systemen nucleoïd occlusie
(Noc) en Min zorgen door een negatieve werking op FtsZ polymerisatie
ervoor dat de Z-ring alleen in het midden van de cel gevormd wordt. Het
Noc systeem bestaat uit het eiwit Noc dat zowel aan het membraan als
het DNA bindt en het DNA naar de membraan rekruteert (Wu and Jeff
Errington, 2004; Adams et al., 2015). Het eiwit Noc blokkeert de formatie
van de Z-ring over het nucleoïd heen. Het Min systeem bestaat uit de
FtsZ remmer MinC, het adapter eiwit MinD, het transmembraan eiwit
MinJ en het krommingsgevoelig eiwit DivIVA. DivIVA is instaat de
kromming van de nieuwe scheidingswand te herkennen en MinJ naar
deze locatie te rekruteren (Edwards and J Errington, 1997; Marston et
al., 1998; Bramkamp et al., 2008; Patrick and Kearns, 2008). Vervolgens
rekruteert MinJ het eiwit MinD alwaar het dient als een adopter voor
MinC (Marston et al., 1998). Het DivIVA-MinJ-MinCD eiwitcomplex remt
de vorming van nieuwe Z-ring bij de kromming van de scheidingswand
en na de celdeling zorgt dit complex voor de destabilisatie van de Z-ring.
De vorming van de Z-ring is via het metabole enzym UgtP gelinkt aan de
beschikbaarheid van voedingstoffen (Weart et al., 2007).
Na de vorming van de Z-ring wordt er een nieuwe groep
essentiële eiwitten de zogenaamde late celdelingseiwitten gerekruteerd
door de Z-ring om de nieuwe delingswand te synthetiseren en te vormen.
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Het is bekend dat van de tientallen eiwitten betrokken bij de vorming
van de Z-ring alleen FtsZ essentieel is. De minimale vereiste eiwitten om
de Z-ring te vormen voor celdeling is tot nu toe niet bekend. In hoofdstuk
2 heb ik laten zien dat voor B. subtilis de eiwitten FtsZ en SepF voldoende
zijn om een functionele Z-ring te vormen. Verder, laat dit onderzoek zien
dat het achtereenvolgend verwijderen van de genen zapA, minC, ugtP,
minJ, ezrA, spxA, clpX, noc, ezrA en ftsA de letaliteit van noc en ezrA, sepF
en ezrA, clpX en minC, zapA en ezrA, ezrA en minC, en minC en noc
wegneemt (Levin et al., 1999; Gueiros-Filho and Losick, 2002; Wu and
Jeff Errington, 2004; Hamoen et al., 2006; Camberg et al., 2011). Het
analyseren van het genoom van alle opeenvolgende bacteriestammen
laat zien dat er na elke gen verwijdering er mutaties plaatsvinden in het
genoom van de resulterende bacteriestam. Een zo’n mutatie kwam voor
in het gen braB dat codeert voor het enzym BraB dat vertakte aminozuur
transporteert (Belitsky, 2015). Vervolg analyse van de deletie mutant van
braB liet een relatie zien tussen celdeling en membraanlipide. Opvallend
is, dat onderzoek van tientallen jaren geleden al speculeerden dat er
mogelijk een ingewikkelde relatie tussen membraanlipide, celdeling,
DNA-replicatie en membraan synthese zou moeten bestaan (Jacob et al.,
1966).
Voor dat celdeling plaats kan vinden, moet het gedupliceerde
DNA van de bacterie gesegregeerd en geplaatst in beide helften van de
cel. Er zijn speciale eiwitten die deze functies uitvoeren. Het meest
bestudeerde variant van zulke eiwitten is FtsK van E. coli. FtsK is een
essentieel eiwit: het eiwit is belangrijk om de eiwitten ParC en XerD te
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activeren die de laatste stap van DNA-segregatie voltooien en FtsK is ook
belangrijk voor hiërarchische rekrutering van de eiwitten FtsQ, FtsI en
FtsL naar het divisoom (Yu et al., 1998; Wang and Lutkenhaus, 1998;
Chen and Beckwith, 2001). In B. subtilis zijn er twee homologen van FtsK
namelijk SpoIIIE en SftA (Biller and Burkholder, 2009; Kaimer et al.,
2009). SpoIIIE is vooral actief tijdens de sporenvorming om het DNA in
de spoor te pompen terwijl SftA is exclusief actief tijdens de vegetatieve
groei (Wu and Jeffery Errington, 1994; Bath, 2000; Biller and Burkholder,
2009; Kaimer et al., 2009). In hoofdstuk 3 heb ik de interactie tussen SftA
en het belangrijke celdelingseiwit SepF bestudeerd. Hier liet ik zien dat
SftA door het divisoom naar de nieuwe delingswand wordt gerekruteerd
en niet de late celdelingseiwitten zoals eerder werd besproken en dat
SepF dit stimuleert (Biller and Burkholder, 2009). Ik liet ook in vitro zien
dat bij de aanwezigheid van overtollige SftA SepF niet meer instaat is om
de karakteristieke SepF ringen te vormen (Gündoğdu et al., 2011). Eerder
onderzoek van ons lab liet zien dat cellen waar het eiwit SepF niet tot
expressie is gebracht er problemen ontstaat met de (groeiende)
delingswand en dat dit fenotype in een ezrA deletie mutant verergerd is
(Hamoen et al., 2006). Inderdaad, wanneer ik SftA in overvloed tot
expressie breng in een ezrA deletie mutant er cel filamenten gevormd
worden die uiteindelijk doodgaan. Ik gebruikte fluorescentie microscopie
in combinatie met de eiwitten SepF, FtsA en PbpB gefuseerd aan een
fluorescent eiwit om het effect van de extra SftA op de lokalisatie van het
divisoom en de late celdelingseiwitten te bestuderen. Hieruit blijkt dat
vooral de lokalisatie van SepF het meest beïnvloed wordt. Dit resultaat
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versterkt de eerdere suggestie dat SftA de functie van SepF kan
beïnvloeden. En de lokalisatie van het late celdelingseiwit PbpB wordt
ook verhinderd. Dit is in lijn met een eerdere publicatie (Hamoen et al.,
2006). Ik vond verder dat in een sftA deletie er meer Z-ringen gevormd
worden over het nucleoïd. Het feit dat SftA ook zou kunnen dienen als
een DNA-pomp is gebaseerd op homologie van de sequentie met FtsK
(Biller and Burkholder, 2009; Kaimer et al., 2009). Gebaseerd op onze
resultaten en de beschikbare literatuur is het zeer waarschijnlijk dat SftA
niet als een pomp dient, maar eerder het divisoom remt om het
segregatie proces van het gedupliceerde chromosoom voldoende tijd te
gunnen.
Tenslotte herzag ik in hoofdstuk 4 hoe de clusters van
chemoreceptor Tar naar de cel polen in E. coli lokaliseren.
Chemoreceptoren zijn eiwitten die veranderingen in het milieu kunnen
waarnemen en deze veranderingen naar cellulaire processen in de cel
vertalen. Een chemoreceptor cluster bestaat uit een transmembraan
receptor, een histidine kinase CheA, de eiwitten CheW, -Y, -B en -R.
Ongeveer 25 jaar geleden liet men zien met immunolabeling microscopie
met goudendeeltjes dat chemoreceptor clusters van Tar zowel lateraal
als in de cel polen lokaliseren (Maddock and Shapiro, 1993). Sindsdien
zijn er talloze mechanismen voor deze lokalisatie patroon beschreven.
Deze mechanismen omvatten de stochastische nucleatie, nucleoïd
occlusie, membraankromming gedreven lokalisatie, en rekrutering door
het transmembraan eiwitcomplex Tol-Pal (Thiem et al., 2007; Thiem and
Sourjik, 2008; Greenfield et al., 2009; Santos et al., 2014). Een belangrijke
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opmerking in het werk van de groep Lucy Shapiro was dat een groot deel
van de laterale chemoreceptor clusters zich bevonden in de kromming
van de delende celwand. Dit duidt aan dat celdeling van belang zou
kunnen zijn voor de lokalisatie in de cel polen. Dit idee werd nog eens
versterkt door een recente bevinding van ons laboratorium dat in B.
subtilis celdeling belangrijk is voor de polaire lokalisatie van soortgelijke
chemoreceptor clusters (Strahl et al., 2015). Om te kijken of dit ook voor
E. coli geldt, liet ik eerst zien dat de lokalisatie van Tar in het midden van
de cel de lokalisatie van het divisome achtervolgt en dat deze patroon
van lokalisatie divisoom afhankelijk is. Het remmen van de celdeling
leidde tot langere cellen met normale nucleoïd distributie en polaire
clusters van Tar. Dit toont aan dat nucleoïd occlusie niet de drijvende
kracht is voor de polaire lokalisatie van Tar zoals eerder werd besproken
(Neeli-Venkata et al., 2016). Verder liet ik ook zien dat in een deletie
mutant van de celdeling gerelateerde Tol-Pal complex dat de polaire
lokalisatie maar niet de lokalisatie in de kromming van de celwand van
Tar is verstoord. Chemoreceptoren vormen een driepoot achtige
structuur die de lokalisatie naar de kromming van de celmembraan
bevordert. Ik bracht mutaties aan in de aminozuur sequentie van Tar die
deze driepotige structuur verstoren en liet zien dat deze gemuteerde
eiwitten niet meer instaat zijn naar het midden van de cel en de cel polen
te lokaliseren. Samen laten al deze resultaten zien dat de kromming die
ontstaat al gevolg van celdeling in het midden van de cel van groot
belang is voor de lokalisatie van chemoreceptoren in het midden van de
cel. En vervolgens is de celdeling gerelateerde Tol-Pal complex van
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eminent belang voor het behoud van de polaire lokalisatie van de
chemoreceptoren na de celdeling.
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Gaan tangi
Inside the lab
Outside the lab with and without science
Outside the lab without science

Gaan tangi
Het begon allemaal met een bevestigend email op 2 mei 2013 van
Leendert dat ik een van de drie goede kandidaten ben die een promotie
in zijn groep mag komen doen. Hierna volgen tal van e-mails om het
papier werk in orde te krijgen. “Had je nog plannen om op vakantie te
gaan? (Lijkt me verstandig want de PhD wordt hard werken)” stond in
een van deze eerste email berichten. We zijn nu inmiddels honderden
emailberichten, een postdoc, een PhD thesis met twee manuscripten, en
een eerste auteur publicatie verder en wordt het tijd om dit hoofdstuk
af te sluiten. ..en twee operaties!

Inside the lab
Ik ben mijn promotor Leendert Hamoen dankbaar dat ik mag
promoveren in zijn onderzoeksgroep en dat hij mij toevertrouwt om deze
projecten te mogen leiden. Vooral de manier hoe Leendert een idee tot
een publicatie ‘tovert’ en zijn liefde en passie voor de wetenschap zijn
indrukwekkend. En ook niet te vergeten is dat Leendert altijd
toegankelijk was met vraagstukken omtrent mijn projecten. Ook tijdens
het voorbereiden van de manuscripten was Leendert onverminderd
geïnteresseerd en geduldig.
Ik ben Tanneke den Blaauwen ook dankbaar voor de ontelbare
fijne discussies en adviezen zowel op wetenschappelijk als persoonlijk.
Haar kritische kijk om eerlijk en goed onderzoek te doen en ook altijd ook
het milieu in acht te nemen zijn stimulerend geweest.
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discussions during my PhD. Especially, the encounters during meetings,
conferences and the collaboration in one of my projects were amazing.
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Also, I have to thank the current members and past members of
the Bacterial Cell Biology and Physiology lab. Especially, Nils, and Edward
for their great discussions and for that they were always ready to listen
and cheer me up whenever I felt down. Of course, our squash afternoons
were legendary to discuss science, get rid of the stress and refocus on
the projects. Thank you very much mates. Further, I would like to thank
Jolanda, Tjalling, Norbert, Laura, Alejandro, Biwen, Yonqiang, Xiaolong,
Jinglan, Gaurav, Annelies, Laureen and Elisa for making my time and my
most Monday mornings memorable. A special thanks to all the students
and visiting scientists for their wonderful insights and additions to my
experience at the BCB. I am especially thankful for Buddy, Urša, Aleesha
and Imad to have them as students in my projects. Their inputs are of
great value for this thesis. I also especially thankful for the joyful
moments we created together with the BCB group.
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Outside the lab with and without science
Hallo Dennis, David en Pieter wanneer ik verzadigd was met werk dan
stonden jullie er altijd klaar om mij op te vangen en om samen ergens
heen te rijden voor een mini vakantie. BEDANKT dat jullie mijn
paranimfen willen zijn. Het is fantastisch om jullie als vrienden en
maatjes te hebben en vooral tijdens mij PhD waren jullie vriendschap en
broederschap onmisbaar. Onze uitjes waren dan ook een goede manier
om onze bier kennis te vergroten en wanneer de kanjers PAULINE, Else
en Aafke meegingen waren de wijntjes ook niet slecht. Ook mega dank
voor Else, Aafke en mijn vriendin Pauline.
Misschien waren deze uitjes dan ook een niet te missen moment
voor Pauline die dag in dag uit met mij te maken had. Hey PAULINE tof,
dat je er altijd een luisterend oor voor mij had en dat je altijd kon
meedenken voor als ik ongepland weg moest. Ook grote dank voor jou
familie.
Also I would like to thank Magali and co from Paris for their great
collaboration.

Outside the lab without science
Hier wil ik als eerste mijn grootmoeder Kööni bedanken voor alle liefde
en wijze woorden die altijd het goede in mij naar boven haalt. Gaan tangi
fii mi lobi ku waiti ouma. En mijn lieve moeder Margriet die deed er alles
aan zodat ik de beste educatie kon krijgen en mij er altijd herinnert dat
ik de positieve reden waarom ik iets doe niet vergeet. Hiervoor ben ik
eeuwig dankbaar. Mama, gaan tangi fii tu.
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Marie-Louise en Mieke zijn als lieve en zachtmoedige moeders
voor mij, bij wie ik altijd terecht kon voor advies, vragen en een kunstige
rust. Ik ben jullie voor altijd dankbaar dat jullie er altijd voor mij klaar
staan. Ik kom woorden te kort om jullie te bedanken voor de impact die
jullie op mijn leven en carrière hebben gemaakt. Ook voor de dank voor
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patient and support during the writing of this thesis.
Gaan taaaan giii!!!

229

