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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.

124

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)

150

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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