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CHAPTER 1: General introduction

7

Cell division is essential to bacterial life and ensures the propagation of genetic
material to the next generation. In general, a bacterial cell is born, doubles in size
while replicating its circular chromosome, and divides, resulting in the birth of two
daughter cells, each with a chromosomal copy. In the gram positive bacterium
Bacillus subtilis, the divisome is the protein complex responsible for cell division.
Over a dozen proteins have been identified to be part of the B. subtilis divisome,
although not all of them essential to cell division (Den Blaauwen et al., 2017). How
exactly the divisome is assembled and activated are still outstanding questions,
despite decades of study. New insights in the divisome of B. subtilis could
contribute to the discovery of drug targets for gram-positive pathogens such as B.
cereus, a causative agent of food-poisoning, B. anthracis, the causative agent of
anthrax and Staphylococcus aureus, for which several multi-drug resistant strains
are present in hospitals all over the world (e.g. Methicillin-resistant S. aureus or
MRSA).
In this introduction, the current understanding of how the divisome is
assembled will be discussed. Subsequently, known and putative regulators of the
divisome will be addressed. The focus of this thesis will be the investigation of
protein interactions in the divisome, specifically when divisome proteins interact
and where the interacting residues are located.

Divisome assembly
FtsZ polymerization
A universal component of bacterial cell division is the tubulin homologue FtsZ,
essential for cell division in all bacteria studied so far (Erickson, 1995). In B.
subtilis, it is the first protein to arrive at the future division site (Gamba et al.,
2009). Like tubulin, it is a GTPase and its ability to bind GTP is essential for its
8

polymerization (Mukherjee and Lutkenhaus, 1994). For FtsZ polymerization to
occur, a critical threshold concentration is necessary for its cooperative assembly
(Levin et al., 1999; Mukherjee and Lutkenhaus, 1999; Chen et al., 2005). In the
cell, FtsZ levels are tightly regulated. Deviations from the optimal FtsZ
concentration lead to division defects (Beall and Lutkenhaus, 1991). A decrease in
FtsZ

levels

will

interfere

with

the

critical

concentration

necessary

for

polymerization, while increased FtsZ levels might titrate essential interactions
partners away from the division site (Ward and Lutkenhaus, 1985; Dai and
Lutkenhaus, 1992). In addition, the expression of ftsZ corresponds to the increase
in cell volume when cells grow throughout their cell cycle, resulting in a constant
expression and levels of FtsZ during the cell cycle (Trip et al., 2013).
In vitro, FtsZ polymers are able to self-associate through Ca2+-dependent
lateral interactions, and form sheets and bundles (Erickson et al., 1996; Löwe and
Amos, 1999). The significance of these lateral interactions is illustrated by the
defect of the FtsZ(ts1) phenotype, which displays a temperature dependent
division defect (Beall and Lutkenhaus, 1991). In vitro FtsZ(ts1) is impaired in
formation of lateral interactions, and the temperature sensitive effect is rescued in
vivo by additional Ca2+ (Monahan et al., 2009).
FtsZ polymerization and lateral interactions are further controlled by other
members of the divisome and division regulators (Fig. 1A). UgtP and MinC inhibit
FtsZ polymerization interactions by binding FtsZ monomers, rendering them
unable to polymerize (Weart et al., 2007; Scheffers, 2008). EzrA is recruited to
the divisome where it binds to FtsZ polymers, thereby disrupting lateral
interactions between polymers (Levin et al., 1999; Haeusser et al., 2004; Cleverly
et al., 2014). Additionally, ZapA has been found to bind to FtsZ as a ZapAtetramer, connecting two FtsZ polymer strands and thereby contributing to the
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lateral interactions between polymers (Gueiros-Filho and Losick, 2002; Roseboom
et al., 2018).

Figure

1.

composition

Overview
and

of

divisome

division

site

selection in B. subtilis. A) A cartoon
representation of the divisome, with
FtsZ (black) interacting with its direct
binding

partners

(pink),

and

subsequent recruitment of the late
division proteins (blue). Note that proximity in the cartoon does not necessarily mean that
proteins interact, see main text for protein interactions so far characterized. B) Z-ring
positioning is determined by its negative regulators (red): at the pole FtsZ polymerization
is inhibited by MinCD, while Noc ensures that no Z-ring is formed over the nucleoid (blue).
Therefore, the Z-ring will form in an inhibitor free zone in the middle of the cell (green).

The resulting assembly of FtsZ polymerization and lateral interactions can
be observed in vivo as a ring at the future division site (Wang and Lutkenhaus,
1993; Levin et al., 1999). This FtsZ-ring, or Z-ring, is not a continuous ring: super
resolution microscopy techniques have shown gaps in this structure (Holden et al.,
2014). Also, the width of the ring is not uniform and has been described as beads
on a string (Strauss et al., 2012). These observations are in line with the lateral
interactions of FtsZ polymers, which could be contributing to irregularities in ringwidth.

FtsZ membrane anchoring
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During cell division, the cell membrane needs to invaginate and a division septum
needs to be synthesized between the daughter cells. This necessitates the
confinement of FtsZ polymers close to the cell membrane (Fig. 1A). In B. subtilis,
FtsZ is tethered to the membrane by its membrane anchors SepF and FtsA (Pichoff
and Lutkenhaus, 2005; Duman et al., 2013). Neither SepF nor FtsA is essential for
cell division in B. subtilis, but cells lacking both are unable to form a Z-ring
(Ishikawa et al., 2006; Hamoen et al., 2006). Interestingly, both FtsA and SepF
self-associate and both interact with the membrane through an amphipathic helix
(Pichoff and Lutkenhaus, 2005; Duman et al., 2013).
FtsA is an actin homologue and its ATPase activity and self-interaction has
been found to be essential for cell division in Escherichia coli (Pichoff and
Lutkenhaus, 2005; Pichoff and Lutkenhaus, 2007). In E. coli, the binding of ATP
stimulates self-interaction of FtsA, and an FtsA dimer subsequently interacts with
the FtsZ C-terminal domain (Pichoff and Lutkenhaus, 2007). Adding purified FtsZ
and FtsA on lipid surfaces resulted in dynamic spiral assemblies of approximately
1 μm in diameter, comparable to the diameter of cells (Loose and Mitchison, 2014).
The importance of FtsA was also highlighted by a direct fusion between the
membrane binding domain of FtsA and FtsZ. While in vitro this chimera is able to
form constricting rings in lipid cylindrical vesicles, it cannot complement E. coli
cells lacking FtsZ (Osawa et al., 2008).
SepF forms dimers (Fig. 2C), and these dimers form larger protein rings
(Gündoğdu et al., 2011; Duman et al., 2013). The dimerization interface of SepF
can be derived from the crystal-structure (Duman et al., 2013). The stacking in
the crystal structure suggests that dimers interact with other dimers through their
alpha-helices, which is supported by the fact that a G109K mutation is deficient in
ring formation (Duman et al., 2013).
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Figure 2. Schematic representation
of SepF. A) amino acid sequence of
SepF, with the amphipathic helix
coloured in blue-purple, depending on
hydrophobic

(blue)

or

hydrophilic

(purple) residues. The portion of SepF
that is crystalized and makes up the
more globular domain of SepF is
coloured in green. An unstructured linker is present between the amphipathic helix and the
globular domain. B) Helical wheel projection of the amphipathic helix of SepF
(http://www.bioinformatics.nl/cgi-bin/emboss/pepwheel).

Hydrophobic

(blue)

and

hydrophilic (purple) residues are colored as in A. C) Crystal structure of a SepF dimer, with
both strands colored in different shades of green (PDB: 3zih).

The membrane interaction of SepF is controlled through its N-terminal
amphipathic helix (Fig. 2A-B). The amphipathic helix by itself only poorly recruits
GFP to the membrane in cells. However, forced dimerization by fusing this domain
with a self-interacting leucine-zipper domain greatly stimulates membrane
interaction (Duman et al., 2013). This might indicate that the membrane
interaction is only strong when SepF is a dimer, which also seems to be the
configuration in which it interacts with the FtsZ C-terminus (Król et al., 2012).
The fact that SepF forms rings in vitro has been proposed to help position
the Z-ring on the leading edge of the septum. The diameter of the SepF rings
closely matches that of the septum width (Duman et al., 2013). In addition, cells
lacking SepF have aberrantly formed septa, which are generally much thicker than
wild type septa (Hamoen et al., 2006). In vitro, incubation of both FtsZ and SepF

12

leads to the formation of tubular structures with a diameter comparable to SepF
rings (Gündoğdu et al., 2011). In these tubules, FtsZ polymers run perpendicular
to the SepF rings, although it is difficult to discriminate whether the FtsZ polymers
are on the inside or outside of the SepF rings. Incubating SepF rings with lipid
vesicles shows the recruitment of these vesicles to the inside of the SepF rings
(Duman et al., 2013). Together, these observations are in line with a model where
SepF is on the edge of the leading septum, where it recruits FtsZ polymers.

Late complex formation
Once the Z-ring is formed, a second complex is recruited (Fig. 1A). This complex
is responsible for synthesis of the peptidoglycan (PG) at the cell division site that
will make up the division septum. It consists of the lipid-II flippase/peptidoglycan
transglycosylase FtsW and its cognate transpeptidase Pbp2B, in addition to the
structural proteins FtsL, DiviB and DivIC (Harry et al., 1993; Katis et al., 1997;
Daniel et al., 2000; Daniel and Errington, 2000; Mercer and Weiss, 2002; Gamba
et al., 2016; Meeske et al., 2016). These proteins are coordinating septum
synthesis, as in their absence no septation is observed, but they do not affect Zring formation. The exception is DivIB, which only has a temperature sensitive
phenotype on late complex formation (Harry et al., 1993). Interestingly, the PG
transpeptidation activity of Pbp2B is not essential for a functional late complex,
since an inactivated Pbp2B is still sufficient for septation (Morales Angeles et al.,
2017). Pbp2B and FtsW are most likely responsible for the recruitment of other
PG-synthesizing proteins, such as the bifunctional class-A Pbp, Pbp1A, through
interaction with EzrA (Claessen et al., 2008). The late protein complex has a high
number of protein-protein interactions (Daniel et al., 2006). DivIC and FtsL are
found to interact with each other, forming a coiled-coil heterodimer (Wadsworth
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et al., 2008). In addition, FtsL dimerizes, while also interacting with DivIB and
Pbp2B (Daniel et al., 2006). The DivIC-FtsL heterodimer is proposed to interact
with Pbp2B, and this interaction is stimulated by DivIB (Wadsworth et al., 2008).
In E. coli, the DivIB homologue FtsQ has been proposed to stabilize the FtsL-FtsB
(DivIC homologue) dimer and subsequently recruit it to FtsI (Pbp2B homologue)
(Wadsworth et al., 2008; Glas et al., 2015). However, such model it is difficult to
envision for B. subtilis where DivIB is not essential in late protein complex
formation at permissive temperatures. How FtsW binds the complex is yet unclear
but studies in E. coli suggests that Pbp2B and FtsW directly interact (Mercer and
Weiss, 2002; Pastoret et al., 2004). How the late-complex is recruited to the Zring remains unknown, as no direct interaction between essential Z-ring proteins
and late-complex proteins has been found.
Late

complex

interactions

have

been

shown

by

yeast-two-hybrid,

suggesting the complex can form in the absence of FtsZ (Daniel et al., 2006).
However, in cells depleted of FtsZ, no enrichment of late complex proteins is
observed at a potential division site (Katis et al., 2000; Daniel et al., 2000; Daniel
and Errington, 2000; Gamba et al., 2016). Interestingly, in the absence of one of
the late proteins, including DivIB at its non-permissive temperature, the other late
division proteins are affected in their recruitment to the Z-ring. This is indicative
of a strong protein interdependency in the late complex, and suggests cooperative
protein interactions that contribute to either recruitment to or retention at the
division site (Gamba et al., 2016). Given this all-or-nothing phenotype, it has been
challenging so far to identify the interaction site or sites between the Z-ring and
the late complex in B. subtilis and in other gram-positive bacteria.

Late complex stability
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The interdependency observed between the late divisio proteins and the all-ornothing localization are reminiscent of the cooperative assembly of the Z-ring. This
suggests that perhaps a critical concentration is necessary for late complex
recruitment. Interestingly, late division proteins FtsL and DivIC are found to be
highly instable, and upon depletion of FtsL, DivIC protein levels decrease rapidly
(Daniel et al., 1998), while FtsL levels decrease in a divIB null mutant (Daniel and
Errington, 2000). Depleting FtsL in a divIB background no longer changed the
protein levels of DivIC (Daniel et al., 2006), suggesting that the observed FtsLdependent instability of DivIC is mediated through DivIB. The instability of FtsL
has been attributed to targeted degradation by the intramembrane protease RasP
(Bramkamp et al., 2006). Expression of FtsL and RasP in E. coli lead to degradation
of FtsL, while additional expression of DivIC stabilized FtsL, suggesting that the
heterodimer is more resilient to degradation by RasP (Wadenpohl and Bramkamp,
2010). Together, these observations predict a stable FtsL-DivIC-DivIB complex,
while FtsL is degraded by RasP in the absence of either DivIC or DivIB.
In both E. coli and B. subtilis, a delay of approximately 25% of the cell cycle
is observed between the formation of the Z-ring and the recruitment of the late
complex (Aarsman et al., 2005; Gamba et al., 2009). The cause for this delay has
so far not been addressed, but it should be viewed in context of Z-ring dependency
of late complex mid-cell recruitment, the interdependency of late protein mid-cell
recruitment and the instability of late proteins in B. subtilis. Whether this delay is
a consequence of these three prerequisites or under control of a cell cycle
checkpoint mechanism is so far unknown.

Constriction
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Once the divisome is fully assembled, cells start to constrict. In E. coli this is mainly
controlled by the recruitment of FtsN, which coordinates the invagination of the
inner and outer membrane (Aarsman et al., 2005; Goehring et al., 2006; Tsang
and Bernhardt, 2015; Vischer et al., 2015). In E. coli, the rate of constriction is
also directly correlated with the growth rate of the cells, suggesting that the
availability

of

substrate

could

dictate

constriction

speed.

Mutating

the

transpeptidase activity of FtsI (Pbp2B homologue) further reduces constriction
speed in a growth rate independent way (Coltharp et al., 2016). However, PGsynthesis is not the only proposed mechanism for constriction. In vitro experiments
have shown that FtsZ can generate the force necessary to pinch in and constrict
the cell membrane (Osawa et al., 2008; Osawa et al., 2009; Erickson et al., 2010).
So far no consensus has been reached on whether septal PG-synthesis pushes in
the membrane during constriction, or whether FtsZ pulls in the cell membrane
thereby generating sufficient free space to be filled-up by subsequent PGsynthesis.
Recent studies in both E. coli and B. subtilis have shown that the FtsZ
GTPase activity drives polymer treadmilling, which is the growth of a polymer from
leading end and shrinking from the lagging end (Bisson Filho et al., 2017; Monteiro
et al., 2018; Ramirez-Diaz et al., 2018). Interestingly, septal PG synthesis is found
to be dependent on the rate of FtsZ treadmilling, as inhibiting treadmilling by
addition of the division inhibitor PC190723 or expression of a GTPase deficient
dominant negative FtsZ both lead to halted PG synthesis in E. coli and B. subtilis
(Bisson Filho et al., 2017; Yang et al., 2017). In S. aureus, inhibiting FtsZ
treadmilling only blocks the initial steps of constriction, while divisomes that
already have recruited the lipid-II flippase/transglycosylase MurJ continue to
constrict, irrespective of FtsZ treadmilling speed (Monteiro et al., 2018). This is
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not observed in B. subtilis, where all constricting divisomes are affected by
inhibiting FtsZ treadmilling (Bisson Filho et al., 2017). How these observations
should be interpreted within the context of a possible direct interactions between
the Z-ring and the late complex is so far unknown. Additionally, it remains
unknown how the treadmilling of FtsZ polymers regulates septal PG-synthesis and
what role additional proteins, such as MurJ, have in this regulation.

Divisome assembly regulation
Z-ring positioning
Cells need to carefully control where and when the divisome is assembled. In the
rod-shaped B. subtilis cells divide in the middle of the cell, resulting in two equallysized daughter cells. However, during sporulation B. subtilis is able to position its
division septum close to the pole, generating an asymmetric division event (Beall
and Lutkenhaus, 1991). Therefore, different division site selection mechanisms are
in place to ensure proper Z-ring formation and positioning in this organism (Fig.
1B).
In B. subtilis, a negative regulator of FtsZ polymerization, MinC, is
specifically recruited to the cell poles (Marston and Errington, 1999; Scheffers,
2008). Polar activity and localization of MinC is controlled by MinD (Marston and
Errington, 1999). MinD in turn is localized to the pole through MinJ (Bramkamp et
al., 2008; Patrick and Kearns, 2008), which binds to DivIVA (Marston et al., 1998).
DivIVA recognizes negative curvature, and in a non-dividing cell the highest
negative curvature is at the cell pole (Ramamurthi and Losick, 2009; Lenarcic et
al., 2009). Interestingly, upon septation the increase in negative curvature at the
division site results in the accumulation of DivIVA at the base of the growing
septum, and thus accumulation of MinCD (Gregory et al., 2008). Why a negative
17

regulator of Z-ring formation is recruited to the division site during constriction is
not fully understood, but the recruitment of MinCD is proposed to remove the
divisome from the newly formed cell poles upon finishing division, as B. subtilis
cells lacking a functional Min-system form minicells preferentially at the new poles
(Gregory et al., 2008). MinCD homologues play an important role in division site
selection in E. coli, although no MinJ or DivIVA is present in this organism (De Boer
et al., 1989). Instead, polar enrichment is achieved by the oscillating MinE ring,
which removes MinCD complexes when traveling from pole to pole, resulting in a
relative higher MinCD concentration at the poles compared to mid-cell (Hu and
Lutkenhaus, 2001).
In addition to preventing Z-ring formation at the poles, B. subtilis also has
a mechanism to prevent Z-ring formation over the nucleoid. This so called nucleoid
occlusion is facilitated by the protein Noc (Wu and Errington, 2004). Noc has been
found to bind specific DNA sequences that are absent from the terminal region of
the chromosome (Wu et al., 2009). In B. subtilis, the duplicated chromosome
orients itself in an origin–terminus–origin orientation along the cell axis after it has
finished replicating (Wang et al., 2014). The absence of Noc at the terminus region
ensures that even when the chromosome has not fully segregated, the Z-ring can
already start forming. In addition to binding specific sequences, Noc also binds the
cell membrane and this membrane binding is necessary for it to inhibit Z-ring
formation (Adams et al., 2015). These large membrane attached nucleoprotein
complexes are believed to interfere physically with FtsZ polymerization. A recent
study has linked the segregation machinery ParAB (Spo0J and Soj in B. subtilis)
to the activity of Noc (Hajduk et al., 2019). Upon blocking early stages of DNA
replication, both Noc and Spo0J are necessary to prevent Z-ring formation over
unsegregated DNA, although the mechanism by which Spo0J affects Noc activity
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was not addressed. In E. coli nucleoid occlusion is also present and is regulated by
SlmA, a protein that directly binds both DNA and FtsZ, thereby interfering with Zring formation (Bernhardt and De Boer, 2005).
Interestingly, cells lacking both a functional Min and nucleoid occlusion
system are still able to position the Z-ring between replicating nucleoids
(Rodrigues and Harry, 2012). In E. coli a third Z-ring positioning system is
observed, where FtsZ is linked to the chromosomal terminus through ZapA, which
binds ZapB, and ZapB binds to the DNA terminus recognizing protein MatP (Espéli
et al., 2012). However, cells lacking this system in addition to a mutated minCD
system and nucleoid occlusion system still efficiently position the Z-ring (Bailey et
al., 2014). If an additional system is responsible for Z-ring positioning in these
cells, or if the nucleoid itself would generate sufficient crowding by transertion
remains an unanswered question (Norris, 1995; Norris and Madsen, 1995).

Division block upon DNA damage
External and internal stresses contribute to DNA damage, which is recognized by
the protein RecA (Lovett et al., 1988). The resulting cellular response is the
inhibition of DNA replication initiation, a halt in existing replication and a block in
cell division. This SOS response is controlled by cleavage of the transcriptional
repressor DinR (LexA homologue in B. subtilis) by the RecA-DNA complex,
resulting in a broad transcriptional response (Winterling et al., 1997). A RecA
independent response was also observed, which included the downregulation of
DnaA (Goranov et al., 2005). In addition to initiating DNA replication (Fukuoka et
al., 1990), DnaA also functions as a transcriptional regulator that binds the
promotor of ftsL (Goranov et al., 2005). The downregulation of the ftsL-pbpB
operon results in an rapid decrease in FtsL levels (Daniel and Errington, 2000),
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unlike the more stable Pbp2B that is much more resilient to transcriptional
depletion (Daniel et al., 2000). This reduction in FtsL will result in an inability to
recruit the late complex, thereby blocking cell division.
However, a halt in cell division upon DNA damage is not exclusively due to
FtsL depletion. Deleting the yneABC operon was found to suppress cell
filamentation in a dinR mutant that experiences a constant SOS response (Kawai
et al., 2003). Expressing specifically YneA caused cell filamentation and a stop in
formation of new Z-rings (Kawai et al., 2003). YneA is a transmembrane protein
with an extracellular PG-binding LysM domain. The LysM domain is cleaved from
the transmembrane domain (Mo and Burkholder, 2010). It is assumed that the
full-length protein is inhibiting cell division while proteolytic turnover ensures that
cells can leave the SOS response. This proposed recovery is promoted by the
proteases YibL and CtpA, which are both found to interact with YneA (Burby et al.,
2018). Nevertheles, the exact mechanism by which YneA inhibits cell division is
still unknown, but cells expressing YneA do not finish constricting and do not form
new Z-rings (Mo and Burkholder, 2010). Interestingly, overexpression of FtsL
overcomes the inhibiting effect of YneA (Kawai and Ogasawara, 2006), possibly by
integrating both the RecA-dependent and -independent SOS responses to ensure
efficient recovery from the cell division block.

The effect of nutrient availability on Z-ring formation
B. subtilis also controls Z-ring formation as a response to nutrient availability. The
moonlighting UDP-glucose diacylglycerol glucosyltransferase UgtP is found to
contribute to the communication between cell division and metabolism. Cells
lacking UgtP are much shorter than wild type when grown in rich medium (Weart
et al., 2007). UgtP is involved in glycolipid biosynthesis and its localization is
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dependent on the availability of its substrate UDP-glucose (Weart et al., 2007;
Chien et al., 2012). When cells are grown in poor medium UgtP is localized in spots
throughout the cell, while it becomes enriched at the division site in rich medium.
(Weart et al., 2007). The enhanced self-interaction in the absence of UDP-glucose
most likely contributes to spot formation (Chien et al., 2012). This ensures a
weaker affinity for FtsZ, while under high UDP-glucose the affinity for FtsZ
increases (Chien et al., 2012). In vitro, purified UgtP inhibits FtsZ polymerization
in a concentration dependent manner, and this inhibition is further stimulated in
the presence of UDP-glucose (Weart et al., 2007; Chien et al., 2012). Together,
these studies show that UgtP inhibits Z-ring formation in rich medium conditions.
UgtP is not the only link between Z-ring formation and metabolism. A
suppressor screen for ftsZ(ts1) identified that deleting the pyruvate kinase Pyk
resulted in growth at the non-permissive temperature (Monahan et al., 2014).
Deleting pyk also led to an increase of aberrant polar Z-rings in wild type cells,
suggesting that pyruvate synthesis stimulates mid-cell Z-ring assembly. The
authors

suggested

that

this

might

be

regulated

through

the

pyruvate

dehydrogenase subunit E (PDH E1α), which changes its localization based on
pyruvate availability in the cell. In presence of intracellular pyruvate it co-localizes
with the nucleoid, while in absence of intracellular pyruvate, it is excluded from
the nucleus. The stimulating effect of PDH E1α on Z-ring formation was shown by
depleting it in an ezrA background, resulting in the inability to form Z-rings
(Monahan et al., 2014). Unfortunately, a direct stimulation of FtsZ polymerization
by PDH E1α and/or pyruvate was not shown. The presence of both negative and
positive regulators for Z-ring formation that use different metabolites as input
(UDP-glucose and pyruvate, respectively) allows the cell to fine-tune the necessary
critical threshold concentration for Z-ring formation given the available nutrients.
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The implication of cell size homeostasis on divisome assembly
An important reason to assume a link between metabolism and regulation of cell
division is the observation that cells can change their average cell size as a
response to nutrient availability. Over 70 years ago it was shown that Salmonella
typhimurium increases its cell size when growing faster, but only when the growth
rate was modulated by nutrient availability, not by temperature (Schaechter et al.,
1958). The observation that chromosomal replication in E. coli cannot be faster
than 40 minutes, even in cells that double every 20 minutes, led to the proposal
of multifork replication (Helmstetter and Cooper, 1968). Multifork replication are
overlapping replication cycles occurring during the division cycle. These additional
rounds of replication were proposed to contribute to the increased cellular volume
for cells in order to accommodate the additional DNA in these cells. This led to the
prediction of a regulator that ensures that initiation of DNA replication only occurs
once per origin per division cycle, at a given cell size per origin (Donachie, 1968;
Si et al., 2017). How, and even if, growth rate and chromosome replication are
linked to cell division is still debated (Levin and Taheri-Araghi, 2019).
In addition to having a reproducible average cell size that varies based on
nutrient availability, the variation in cells size is also controlled and corrected for.
Under steady state growth, cells have a reproducible cell size distribution (Collins
and Richmond, 1962). Recent advances in imaging software and micro-fluidics
allowed for the acquisition of large datasets on individual growing cells (Campos
et al., 2014; Taheri-Araghi et al., 2015). These studies revealed that E. coli and
B. subtilis cells grow a constant amount per division cycle, irrespective of initial
birth size. This constant addition per cell cycle, an ‘adder’ model for cell size
homeostasis, ensures that outliers return to an average size (Fig. 3). How this
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constant growth per division cycle is achieved is so far unknown. Since it takes
time to assemble the divisome and synthesize the septum, and since cells continue
to grow during this time, size homeostasis should be connected to timing of Z-ring
formation, late protein recruitment and/or constriction.

Figure 3. Schematic representation
of size-homeostasis according to an
adder

model.

1)

At

birth,

both

mother cells (small and large) differ
by size x. 2) After growing the same
(fixed, green) amount during their cell cycle, they divide in equally size daughter cells. 3)
The corresponding daughters still differ in size, however the difference is now smaller than
size x. This ensures that each division contributes to reducing the variation between large
and small cells.

Thesis overview
In B. subtilis, over a dozen proteins have been found to form the divisome.
However, a direct interaction between the Z-ring and the late protein complex has
so far not been found, although these complexes always co-localize (Harry et al.,
1993; Katis et al., 1997; Daniel et al., 2000; Daniel and Errington, 2000; Gamba
et al., 2016; Bisson Filho et al., 2017). Here, we set out to identify these
interactions, and to investigate the timing of late division protein recruitment.
In the first experimental chapter, Chapter 2, we tried to determine the
molecular

interactions

within

the

divisome

by

the

crosslinking

agent

bis(succinimidyl)-3-azidomethylglutarate (BAMG). BAMG specifically crosslinks
lysine residues that are in close enough proximity (Kasper et al., 2007). Previously,
a protocol was developed to enrich for crosslinked lysines from a complex peptide
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mixture and identify these by LC-MS/MS (Buncherd et al., 2014a; Buncherd et al.,
2014b). Since the divisome is highly dynamic (Adams et al., 2011), we wanted to
capture these interactions in vivo. In order to achieve this, a modified protocol was
developed to allow for residue-specific crosslinking in a growing culture without
the need of washing cells. A proteome-wide crosslinking analysis was performed
and this identified 82 unique crosslinks. The majority of these crosslinks are
between ribosomal subunits or RNA polymerase subunits, leading to the
identification of a novel putative binding site between the δ and β’ subunit of RNAP.
Unfortunately, a very limited number division proteins were identified, and no
crosslinks between division proteins were found.
In Chapter 3, we tried to specifically enrich for division proteins in the in
vivo crosslinking protocol. However, this was unsuccessful, and therefore we used
purified FtsZ and SepF for crosslinking with BAMG, in order to investigate where
the C-terminal peptide of FtsZ binds SepF. Although a putative interaction site
between FtsZ and SepF was not confirmed, crosslinks between FtsZ and FtsZ in
the absence of GTP were identified. These contacts did not map to the
polymerization interface, but close to a residue previously reported to be involved
in lateral interactions (Monahan et al., 2009). We propose a possible interaction
site that could facilitate lateral interactions between FtsZ in the absence of GTP.
Finally, in Chapter 4, we address the observed time delay between Z-ring
formation and late protein recruitment. To do so, a timelapse method was
developed to image both Z-ring formation and late protein recruitment in the same
cell. It appeared that this delay was highly variable between cells. We sought to
further explore this variation within the context of cell size homeostasis. Therefore,
we imaged Z-ring formation and late protein recruitment in various mutant
backgrounds affecting Z-ring formation and FtsL stability. From our observations
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we propose a mechanistic basis of how cells can ensure size-homeostasis at the
level of divisome formation. Additional observations that might give more insight
into the interaction between the Z-ring and late-complex are addressed in the final
discussion of this thesis, Chapter 5.
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Abstract
Identification of dynamic protein-protein interactions at the peptide level on a
proteomic scale is a challenging approach that is still in its infancy. We have
developed a system to cross-link cells directly in culture with the special lysine
cross-linker bis(succinimidyl)-3-azidomethyl-glutarate (BAMG). We used the Gram
positive model bacterium Bacillus subtilis as an exemplar system. Within 5 min
extensive intracellular cross-linking was detected, while intracellular cross-linking
in a Gram-negative species, Escherichia coli, was still undetectable after 30 min,
in agreement with the low permeability in this organism for lipophilic compounds
like BAMG. We were able to identify 82 unique inter-protein cross-linked peptides
with less than a 1% false discovery rate by mass spectrometry and genome-wide
data base searching. Nearly 60% of the inter-protein cross-links occur in
assemblies involved in transcription and translation. Several of these interactions
are new, and we identified a binding site between the δ and βʹ subunit of RNA
polymerase close to the downstream DNA channel, providing a clue into how δ
might regulate promoter selectivity and promote RNA polymerase recycling. Our
methodology

opens

new

avenues

to

investigate

the

functional

dynamic

organization of complex protein assemblies involved in bacterial growth. Data are
available via ProteomeXchange with identifier PXD006287.
Keywords
Bacillus subtilis, in vivo cross-linking, bis(succinimidyl)-3-azidomethyl-glutarate
(BAMG), diagonal strong cation exchange chromatography, RNA polymerase, delta
subunit,

mass

spectrometry,

NusA,

glutamate

biogenesis
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dehydrogenase,

ribosome

Introduction
Understanding how biological assemblies function at the molecular level requires
knowledge of the spatial arrangement of their composite proteins. Chemical
protein cross-linking coupled to identification of proteolytic cross-linked peptides
by mass spectrometry (CX-MS) has been successfully used to obtain information
about the 3D topology of isolated protein complexes 1. In this approach, the amino
acid sequences of a cross-linked peptide pair reveal the interacting protein
domains. However, since in vitro reconstitution of labile protein complexes can be
difficult and might not properly reflect the natural situation, in vivo cross-linking
methods can be crucial to gain insight into the configuration of dynamic multiprotein complexes. The continued increase in peptide identification sensitivity by
improved MS techniques and equipment combined with affinity purification of low
abundant target proteins has opened the door to proteome-wide protein
interaction studies by cross-linking living cells. Such a systems-level view on
dynamic protein interactions would be a tremendously powerful tool to study cell
biology.
The only large scale in vivo CX-MS studies with bacteria thus far have been
performed with four Gram-negative species after repeated washings by pelleting
and resuspension in phosphate buffered saline of the cells before addition of the
cross-linker.

2-5

This approach has provided valuable data about the 3D topology

of outer membrane and periplasmic protein complexes. However, there is
uncertainty whether all protein-protein interactions that exist under a defined
physiological condition survive the pretreatment of the cells before additions of the
cross-linker used in this approach. Here we have developed conditions that enable
rapid cross-linking of intracellular proteins by adding the cross-linking agent
directly in the growth medium of bacteria. Avoiding harvesting and washing the
38

cells before cross-linking offers the best possible surety that labile and dynamic
interactions occurring under a defined condition can be experimentally trapped in
way that the in vivo spatial arrangement of proteins in the cell can be studied in
great detail.
We used the Gram positive model Bacillus subtilis, widely studied for
processes guided by dynamic protein-protein interactions involved in gene
expression, cell division, sporulation and germination.

6

Cross-linking was

accomplished by a previously designed reagent, bis(succinimidyl)-3-azidomethylglutarate (BAMG) (Figure S1).7

This bifunctional N-hydroxysuccinimidyl ester

covalently links proximal lysine residues on protein surfaces via two amide bonds
bridged by a spacer of 5 carbon atoms. The relatively short spacer results in highresolution cross-link maps. A cross-linker with the same spacer length and similar
hydrophobicity, disuccinimidyl glutarate (DSG) (Figure S1), is membrane
permeable and has been used before for cross-linking in living human cells.8
Importantly, to prevent possible dissociation of transient intracellular protein
interactions by washing and medium change, we added the cross-linker directly in
the culture medium containing a low concentration of primary amines to minimize
reaction with and quenching of the cross-linker.
A main limitation of cross-linking studies is the identification of proteolytic
cross-linked peptides obtained from complex cell extracts. This is facilitated both
by separation of cross-linked peptides from the bulk of unmodified species and by
determination of the masses of the two linked peptides. To this end BAMG provides
the cross-linked peptides with additional chemical properties that greatly facilitate
cross-link identification by virtue of the presence of a 3-azidomethylene group in
the spacer domain. The azido group can be reduced to an amine group, enabling
isolation of the low abundant cross-linked peptides by two-dimensional strong
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cation exchange chromatography. 9 In addition, chemical reduction renders the
two cross-link amide bonds of BAMG-cross-linked peptides scissile in the gas phase
by collision-induced dissociation, in a way that the masses of the two composite
peptides can be determined from an MS/MS spectrum, thereby facilitating peptide
identification by searching an entire genomic database.

10

Identification of cross-

linked peptides from a single MS/MS spectrum provides BAMG with a large
advantage over the two other cleavable reagents used up to now that require
multi-stage tandem mass spectrometry to map cross-links formed in vivo.

3, 11

To

obtain sufficient cross-linked material by labeling directly in culture, adequate
amounts of cross-linker are necessary, and in this report we also include a scalable
new synthesis route for BAMG.
Using our novel in vivo crosslinking procedure, we were able to detect
several transient protein-protein interactions at the peptide level in B. subtilis cells.
Many of the inter-protein crosslinks could be corroborated by structural data from
previous studies, but other crosslinks represent new interactions. This approach
can be readily modified to allow the identification of less abundant protein
complexes or to investigate in depth the dynamic assembly of specific protein
complexes.

Experimental Procedures
Synthesis of BAMG

Scheme 1. Formation of BAMG
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Tetra-ester 1.
Dimethyl malonate (3.42 ml, 30 mmol) was added dropwise to a stirred suspension
of sodium hydride (60% dispersion in oil, 2.46 g, 66.0 mmol) in THF (120 ml) at
RT. After stirring for 45 minutes tert.butyl bromoacetate (9.45 ml, 64 mmol) was
added dropwise. The reaction was stirred for 16 h, cooled in ice, and the excess
sodium hydride was carefully neutralized with acetic acid (ca 6 mmol). Extractive
workup with sat. aquous NH4Cl and ether, drying over MgSO4 and evaporation
gave tetra-ester 1 as an oil (quantitative) which was immediately used for the next
step. 1H-NMR (400 MHz, CDCl3): δ 3.77 (s, 6H); 3.06 (s, 4H); 1.45 (s, 18H).

Carboxylic acid 2.
A solution of tetra-ester 1 (30 mmol) in THF (150 ml) and methanol (40 ml) was
diluted with a solution of lithium hydroxide (2.94 g, 70 mmol) in water (150 ml)
and refluxed for 2 h. After removal of the organic solvents in vacuo the aqueous
layer was extracted with a 1 : 1 mixture of diethyl ether and PE 40/60. Acidification
of the water layer (pH ca 1), extraction with diethyl ether, drying with MgSO4 and
evaporation gave a mixture of mono- and di-carboxylic acids. This mixture was
refluxed in toluene (150 ml) for 2 h. Evaporation of the toluene gave carboxylic
acid 2 (5.5 gr, 19.1 mmol, 64% from dimethyl malonate) as a slowly solidifying
oil. 1H-NMR (400 MHz, CDCl3): δ 3.23 (m, 1H); 2.68 (dd, 1H, J = 7.2, J = 16.6
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Hz); 2.54 (dd, 1H, J = 6.2, J = 16.6 Hz); 1.46 (s, 18H). 13C-NMR (100 MHz, CDCl3):
δ 179.7, 170.4, 81.1, 37.5, 36.2, 27.8; IR (film, cm-1): 3200, 1728, 1711 cm-1.

Alcohol 3.
Borane dimethylsulfide (1.45 ml, 15 mmol) was added dropwise to a solution of
carboxylic acid 2 (1.3 g, 4.5 mmol) in anhydrous THF (30 ml) at 0 °C. The reaction
was stirred at RT for 16 h and carefully quenched with saturated aqueous NH4Cl
and diethyl ether. Extractive workup and flash chromatography with a mixture of
PE 40/60 and ethyl acetate (3 : 1 an 1 : 1) gave alcohol 3 (0.78 gr, 2.85 mmol,
63%) as an oil. 1H-NMR (400 MHz, CDCl3): δ 3.65 (d, 2H, J = 5.2 Hz); 2.45 (m,
1H); 2.3 – 2.4 (m, 4H); 1.47 (s, 18JH);

13

C-NMR (100 MHz, CDCl3): δ 172.1, 80.6,

80.55, 65.0, 64.9, 37.2, 37.1, 34.8, 27.9; IR: 3500, 1726 cm-1. IR (film, cm-1):
3500, 1726.

Mesylate 4.
Methanesulfonyl chloride (0.255 ml, 3.3 mmol) was added dropwise to a solution
of alcohol 3 (0.78 g, 2.85 mmol) and triethylamine (0.526 ml, 4.0 ml) in anhydrous
dichloromethane (20 ml) at 0 °C. After stirring for 1 h at 0 °C the reaction was
diluted with diethyl ether (ca 50 ml) and quenched with water. Extractive workup
gave mesylate 4 (1.0 g, 2.84 mmol, quantitative). 1H-NMR (400 MHz, CDCl3): δ
4.31 (d, 2H, J = 5.1 Hz); 2.67 (m, 1H); 2.35 – 2.47 (m, 4H); 1.47 (m, 18H);

13

C-

NMR (100 MHz, CDCl3): δ 170.6, 80.9, 80.85, 71.1, 36.95, 35.9, 31.9, 27.9; IR
(film, cm-1): 1725.

Azide 5.
A mixture of mesylate 4 (1.0 g, 2.84 mmol) and sodium azide (0.554 g, 8.5 mmol)
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in anhydrous DMF (10 ml) was stirred at 80 °C for 3 h. Extractive workup with
water and diethyl ether, followed by chromatography (PE 40/60 : ethyl acetate 6
: 1) gave pure azide 5 (0.84 g, 2.8 mmol, 98% from 3). 1H-NMR (400 MHz, CDCl3):
δ 3.44 (d, 2H, J = 5.7 Hz); 2.50 (m, 1H); 2.3 – .45 (m, 4H); 1.48 (s, 18H); 13CNMR (100 MHz, CDCl3): δ 170.8, 80.6, 54.1, 32.4, 27.9; IR (film, cm-1): 2102,
1728.

3-(Azidomethyl)-glutaric acid 6.
Azide 5 (0.638 g, 2.13 mmol) was stirred in a mixture of dichloromethane (16 ml)
and trifluoroacetic acid (4 ml) for 6 h at RT. Toluene (30 ml) was added and the
solvents were removed in vacuo. Drying of the resulting glass (0.02 mbar, 50 °C)
gave pure di-acid 6 in quantitative yield. 1H-NMR (400 MHz, CDCl3 + 10% CD3OD):
δ 3.44 (d, 2H, J = 5.7 Hz);

13

C-NMR (100 MHz, CDCl3 + 10% CD3OD): δ 176.2,

54.0, 35.7, 31.8; IR (film, cm-1): 3100 (broad), 2103, 1708.

BAMG: Bis(succinimidyl) 3-azidomethyl-glutarate.
This step was carried out according to a described procedure.

12

Trifluoroacetic

anhydride (1.4 ml) was added to a solution of di-acid 6 (0.415 g, 2.1 mmol) and
N-hydroxysuccinimide (1.15 g, 10.0 mmol) in a mixture of dichloromethane (8 ml)
and anhydrous pyridine (4 ml) at 0 °C. The cooling bath was removed and stirring
was continued for 1.5 h. The reaction mixture was diluted with dichloromethane,
and extracted with three 50 ml portions of 1M HCl and finally with NaHCO3 (2 x 50
ml). Drying over MgSO4, evaporation of the solvent and drying (0.02 mbar, 40 °C)
gave BAMG (0.76 g, 2.0 mmol, 95%) as a slightly yellow syrup. BAMG was stored
at -80 °C. Before storage, BAMG was dissolved in acetonitrile, divided in aliquots
and dried by vacuum centrifugation. 1H-NMR (400 MHz, CDCl3): δ 3.65 (d, 2H, J
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= 5.5 Hz); 2.83 – 2.90 (m, 12H), 2.75 (m, 1H);

13

C-NMR (100 MHz,CDCl3): δδ

169.0, 166.6, 52.5, 32.3, 32.2, 25.4; IR (film, cm-1): 2108, 18,14, 1783, 1735.

Growth of bacteria
B. subtilis strain 168 (trp-) was grown in a MOPS minimal medium
described for B. subtilis

14

13

modified as

and supplemented with 0.2 % glucose, 1.2 mM

glutamine and 0.2 mM tryptophan. To obtain an exponentially growing culture for
cross-linking, streaks from a glycerol stock of cells grown on liquid LB medium
were first put on an LB agar plate. Following overnight growth at 37 °C a single
colony was suspended in 10 ml minimal medium in 100 ml culture flasks. From
the suspension, dilutions were made into 10 ml minimal medium for overnight
growth in 100 ml flasks placed at 37 °C in a water bath shaking at 240 rpm. An
overnight culture in mid exponential growth as determined by an OD 600 nm = 0.30.5 was used for dilution to OD 600 nm = 0.01 in pre-warmed minimal medium in
Erlenmeyer flasks to obtain exponentially growing cultures for cross-linking.
Escherichia coli strain MC4100 was cultured in MOPS medium supplemented with
0.16% (w/v) glucosamine and 0.1 mM NH4Cl. To obtain an exponentially growing
culture for cross-linking, an overnight culture in this growth medium was 40 times
diluted in fresh medium to an OD600 nm = 0.08.

Cross-linking in vivo
In exponentially growing B. subtilis cultures at OD

600 nm

= 0.45 – 0.50, cross-

linking was started by the addition of 2.0 mM BAMG from a freshly prepared stock
solution of 1 M in DMSO. A magnetic stirrer was used for rapid mixing with the
culture. Cross-linking was for 5 min in the shaking water bath at 37 °C. The crosslinking reaction was quenched by the addition of 1M Tris-Cl (pH 8.0) to a final
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concentration of 50 mM. Cross-linked cells were harvested by centrifugation for 5
min at 4000 g and cell pellets were stored frozen at -20 °C.

Exponentially growing Escherichia coli cells were cross-linked at OD 600 nm = 0.7,
corresponding to 0.21 μg dry weight per ml,

15

with 2 mM BAMG for 5, 10 and 30

min. The cross-linking reaction was quenched by the addition of 50 mM Tris-Cl (pH
8.0). We assess that 2.76 mM glucose, formed from an equivalent amount of Nacetylglucosamine,

16

has been consumed for energy and biomass production at

the time of cross-linking.

13

Deamination of glucosamine, after deacetylation of N-

acetylglucosamine, results in the formation of an equivalent amount of NH4+ of
which 1.88 mM NH4+ has been consumed for biomass production.

13

This implies

that the culture contains 0.88 mM free NH4+ that can react with BAMG, leaving
1.12 mM BAMG for protein cross-linking. Cross-linked cells were harvested by
centrifugation for 5 min at 4000 g and cell pellets were stored frozen at -20 °C.

Protein extraction
Frozen B. subtilis cell pellets from 2-40 ml culture medium were resuspended in 1
ml of a solution containing 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.5). Cell
suspensions of 1 ml in 2 ml polypropylene Eppendorf vials placed in ice water were
lysed by sonication with a micro tip, mounted in an MSE ultrasonic integrator
operated at 21 kHz and amplitude setting 3, in 6 periods of 15 s with 15 s intervals
in between. Lysates were centrifuged for 15 min at 16000 g. Supernatants were
used for further analysis. Cell extracts from Escherichia coli were prepared by
suspending cell pellets from 1 ml cultures in SDS-PAGE sample buffer

17

without

β-mercaptoethanol. Suspensions were incubated for 1 h at 60 °C and then
centrifuged for 2 min at 13000 g. Proteins were concentrated with 0.5 ml Amicon
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Ultra 10 kDa cut off centrifugal filters (Millipore) before SDS-PAGE analysis.

Gel filtration
A cross-linked protein fraction with a size distribution of approx. 400 kDa to 1-2
MDa was obtained by gel filtration on a Superose 6 10/300 GL column (GE
Healthcare) operated on an Akta FPLC system (GE Healthcare) in a buffer
containing 20 mM HEPES pH 7.9, 300 mM KCl, 0.2 mM EDTA, 0.1 mM DTT and
20% glycerol (gel filtration buffer) at a flow rate of 0.5 ml min−1. Fractions of 1 ml
were collected and snap frozen in liquid nitrogen for storage at -20 °C.

Protein determination and polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulphate (SDS-PAGE)
Protein was measured with the bicinchoninic acid method
kit (Pierce). SDS-PAGE

17

18

using a protein assay

was carried out using 10% or 12% precast Novex gels

(Themo Fisher Scientific).

Protein digestion
Pooled gel filtration fractions of extracted cross-linked proteins in the 400 kDa to
1-2 MDa range were concentrated to about 10 mg protein/ml with 0.5 ml Amicon
Ultra 10 kDa cut off centrifugal filters (Millipore). Prior to digestion, cysteines were
alkylated by addition of a solution of 0.8 M iodoacetamide (Sigma–Aldrich),
followed by the addition of solutions of 1 M Tris-HCl pH 8.0 and 9.6 M urea
(Bioreagent grade, Sigma–Aldrich) to obtain final concentrations of 40 mM
iodoacetamide, 0.1 M Tris HCl and 6 M urea, respectively. Incubation was for 30
min at room temperature in the dark. The solution was diluted 6 times by the
addition of 0.1 M Tris–HCl pH 8.0 and digested with trypsin (Trypsin Gold,

46

Promega, Madison, WI, USA) overnight at 30 °C at a 1:50 (w/w) ratio of enzyme
and substrate. Peptides were desalted on C18 reversed phase TT3 top tips (Glygen,
Columbia, USA), eluted with 0.1% TFA in 50% acetonitrile and dried in a vacuum
centrifuge.

Diagonal SCX chromatography
A protocol described earlier

9

was used with several modifications. The main

difference was the use of a solution of ammonium formate instead of KCl for salt
gradient elution. The use of the volatile ammonium formate avoids timeconsuming desalting steps and prevents loss of material. Dry desalted peptides
(240 μg) were reconstituted with 10 μl of a solution containing 0.1% TFA and 25%
acetonitrile followed by the addition of 0.2 ml 10 mM ammonium formate and 25%
acetonitrile pH 3.0 (buffer A) and 0.2 ml of the mixture was loaded on a Polysulfoethyl aspartamide column (2.1 mm ID, 10 cm length) (Poly LC Inc., Columbia,
USA) operated on an Ultimate HPLC system (LC Packings, Amsterdam, The
Netherlands). For elution, at a flow rate of 0.4 ml min −1, increasing amounts of
buffer B (500 mM ammonium formate pH 3.0) were mixed with buffer A, according
to the following scheme. At t = 5 min, 1% buffer B was added, at t = 10 min a
linear gradient from 1% to 50% buffer B was started over 10 min, followed by a
gradient from 50% to 100% buffer B over 3 min. Elution with 100% B lasted 2
min after which the column was washed with buffer A for 19 min. A UV detector
was used to measure absorbance at 280 nm of the eluent. Peptides started to elute
at t = 14 min and were manually collected in 0.2 ml fractions and lyophilized. For
secondary SCX runs, dried cross-linked enriched peptides (fractions 7-16) were
dissolved in 20 μl 40 mM TCEP (BioVectra) in 20% acetonitrile and incubated under
argon for 2 h at 60 °C. The peptide solution was then diluted with 0.19 ml buffer
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A just before loading for the secondary SCX runs. Elution occurred under the same
conditions as in the primary SCX run. Material was collected when the absorbance
at 280 nm started to rise again (about 30s after the end of the elution time window
of the primary fraction, until it came back to base level (high salt shifted fraction).
Collected eluent was lyophilized.

LC-MS/MS for protein identification
Identification of proteins by LC-MS/MS analysis of peptides in SCX fractions was
performed with an amaZon Speed Iontrap with a CaptiveSpray ion source (Bruker)
coupled with an EASY-nLC II (Proxeon,Thermo Scientific) chromatographic
system. About 200 ng peptides from the first 12 fractions obtained by SCX
chromatography were injected and separated at flow rate of 300 nL/min on an
EASY-Column 10 cm (SC 200 Thermo Scientific coupled with an SC001 2 cm
precolumn) using a 30 min gradient of 0 − 50% acetonitrile and 0.1% formic acid.
MS1 scans were recorded in enhanced mode (resolution about 3000) at an MS1
mass range m/z 400 − 1500; CID was performed in SmartFrag mode with variable
energy. MS/MS scan were recorded in extreme mode in a mass window starting
from m/z 100. Five precursor ions per scan cycle were selected at a mass window
of m/z 4 using data-dependent acquisition with active exclusion for 30 s. LCMS/MS data were processed with the Bruker Daltonics DataAnalysis software
version 4.2. The processed data from the 12 SCX fractions combined into one mgf
file were searched with the MASCOT server program 2.3.02 against B. subtilis
strain 168 protein database from the UniProt consortium with both forward and
reversed (decoy) sequences (March, 2015, release; 8436 entries in total). Trypsin
was used as the enzyme, with 2 missed cleavage allowed. Carbamidomethylation
of cysteine was used as a fixed modification. Both precursor and MS/MS fragment
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mass tolerance was set at 0.3 Da. A threshold peptide ions score of 20 and a
protein score of 20 were applied as criteria for peptide assignment and protein
identification at a FDR of 4.4%.

LC-MS/MS for identification of cross-linked peptides
Identification of cross-linked peptides enriched by diagonal SCX chromatography
by LC-MS/MS analysis was performed with an Eksigent Expert nanoLC 425 system
connected to the Nano spray source of a TripleTOF 5600+ mass spectrometer.
Peptides were loaded onto an Eksigent trap column (Nano LC trap set, ChromXP
C18, 120 Å, 350 µm x 0.5 mm) in a solution containing 0.1 % TFA, and 2 %
acetonitrile and desalted with 3% TFA and 0.1 % formic acid at 2 µL/min. After
loading, peptides were separated on an in-house packed 7 cm long, 75 µm inner
diameter analytical column (Magic C18 resin, 100 Å pore size, 5 µm) at 300
nL/min. Mobile phase A consisted of 0.1% formic acid in water and mobile phase
B consisted of 0.1 % formic acid in acetonitrile. The gradient consisted of 5% B for
5 min, then 5-10 % B over 10 min, followed by 10-35 % B over 60 min and then
the gradient was constant at 80 % B for 10 min. After each run the column was
equilibrated for 20 min at starting conditions. The TripleTOF 5600+ mass
spectrometer was operated with nebulizer gas of 6 PSI, curtain gas of 30 PSI, an
ion spray voltage of 2.4 kV and an interface temperature of 150 °C. The instrument
was operated in high sensitivity mode. For information-dependent acquisition,
survey scans were acquired in 50 ms in the m/z range 400-1250 Da. In each cycle,
20 product ion scans were collected for 50 ms in the m/z range 100-1800 Da, if
exceeding 100 counts per seconds and if the charge state was 3+ to 5+. Dynamic
exclusion was used for half of the peak width (15 s) and rolling collision energy
was used.
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Before acquisition of two samples the mass spectrometer was calibrated using the
built-in autocalibration function of Analyst 1.7. For MS calibration, 25 fmol of βgalactosidase digest (Sciex) was injected. For TOF MS calibration, ions with the
following m/z values were selected: 433.88, 450.70, 528.93, 550.28, 607.86,
671.34, 714.85 and 729.40 Da. The ion at m/z 729.4 Da was selected for
fragmentation and product ions were used for TOF MS/MS calibration.
For 27 out of 29 LC-MS/MS runs, average mass deviations from calculated values
of identified components varied from -4.0 ± 2.4 to 15.3 ± 4.1 ppm. For data
processing of MS/MS (MS1MS2) data by Reang (described below) and database
searching of MS/MS (MS1MS2) data by Mascot, 25 ppm mass tolerance was
allowed in these cases for both M1 and MS2. In the two remaining runs average
mass deviations of identified components were 31.9 ± 12.0 and 62.5 ± 7.8 ppm,
respectively. In these cases, a mass tolerances of 50 ppm and 75 ppm,
respectively, was allowed for both MS1 and MS2

Data processing
Raw LC- MS1MS2 data were processed with Mascot Distiller version 2.2.6.0 and
MS2 data were deconvoluted to MH+ values at the QStar default settings using the
option to calculate masses for 3+ to 6+ charged precursor ions in case the charge
state could not be assessed unambiguously.

Identification of candidate cross-linked peptides
For cross-link identification using the entire B. subtilis sequence database, a
software tool named Reang

10

was used for further MS1MS2 data processing. The

rationale of the processing by Reang described below is based on the notion that
an MS1MS2 spectrum of BAMG-cross-linked peptides provides both the information
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for the masses of the candidate composing peptides as well as the fragment ions
for identification of the composing peptides. In brief, Reang identifies precursor
ions with mass > 1500 Da, potentially corresponding to a BAMG-cross-linked
peptide pair A and B with the azide reduced to an amine, showing evidence for
cleavage of the cross-linked amide bonds in the presumed cross-link. Such
cleavage events result in product ions of the unmodified peptides A and B and in
modified peptides Am and Bm fulfilling the following mass relationships
MAm−MA = MBm−MB = 125.0477 (equation 1)
MA + MBm = MAm + MB = MP (equation 2)
where MAm and MBm, resp., are the masses of peptides A and B modified with the
remnant m of the cross-linker in the form of a γ-lactam with elemental composition
C6H7NO2, corresponding to a mass of 125.0477 Da, MA and MB are the masses of
peptide A and peptide B, resp., and MP is the mass of the precursor P.
Reang identifies among the 30 product ions of highest signal intensity within a
mass error of 25, 50 or75 ppm depending on the LC-MS/MS run (see section LCMS/MS for identification of cross-linked peptides) (i) pairs of mass values of
fragment ions > 500 Da differing 125.0477 Da, i.e., a candidate A and Am pair or
B and Bm pair, (ii) pairs of mass values for A and B fulfilling the equation MA + MB
+ 125.0477 = MP (equation 3) and (iii) pairs of mass values for Am and Bm fulfilling
the equation MAm + MBm -125.0477 = MP (equation 4). The mass values of the
other pairs in the cases (i), (ii) and (iii) are calculated from eq. 1 and eq. 2.
MS1 values of entries in the MS1MS2 data files with MS2 data fulfilling at least one
of the equations 1, 3 or 4 are replaced by MS1 values corresponding to MA, MAm,
MB and MBm. Furthermore, fragment ions corresponding to MA, MAm, MB and MBm
are removed from the new MS1MS2 entries as well as fragments ions larger than
the new MS1 values.
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The new MS1MS2 files in pkl format are input for Mascot to nominate candidate
peptides for A, Am, B and Bm by interrogating the B. subtilis strain 168 database
containing both forward and reversed sequences. Reang combines the nominated
peptides with a Mascot score ≥ 1 into candidate cross-linked peptides and assigns
these candidates with a mass tolerance of 25, 50 or75 ppm (depending on the LCMS/MS run, see section LC-MS/MS for identification of cross-linked peptides) to
precursor ions in the original MS1MS2 data file. Candidates are validated based on
the original MS1MS2 data files. The principle of our approach is that an MS1MS2
spectrum of cross-linked peptides provides both the information for the masses of
the candidate composing peptides as well as the fragment ions for identification of
the composition of the peptides.

Cross-link mapping and validation
Validation and false discovery rate determination is facilitated by a software tool,
called Yeun Yan.

10

Only one candidate cross-linked peptide or cross-linked decoy

peptide is assigned for each precursor ion, at least if the candidate fulfills certain
criteria with respect to a minimum number of y ions that should be assigned with
a mass tolerance of 25, 50 or75 ppm (depending on the LC-MS/MS run, see section
LC-MS/MS for identification of cross-linked peptides) to each of the composing
peptides in a cross-linked peptide pair. Only assigned y ions among the 100
fragments of highest signal intensity are taken into account. The number of
required assigned y ions differs for intra-protein and inter-protein cross-linked
peptides, the latter type of cross-links requiring more stringent criteria for
assignment than the former type. This difference is based on the notion

10, 19-21

that that the probability of identifying cross-links as the result of a random event
from a sequence database of many proteins is higher for cross-linked peptides
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from different protein sequences (inter-protein cross-links) than for cross-linked
peptides comprising different peptide sequences from the same protein sequence
(intra-protein cross-links). Intra-protein cross-links comprise peptides from the
same protein sequence, whereas inter-protein cross-links comprise peptides from
different protein sequences, unless the peptides have identical sequences, and,
therefore, must have originated from two identical protein molecules in a complex,
assuming that a given protein sequence does not yield two or more identical tryptic
peptides. In the case of an intra-protein cross-link, at least one unambiguous y
ion should be assigned for each composing peptide and both the number of
assigned y ions for each composing peptide and the score, called the Yeun Yan
score, defined below, should be the same as or more than the number of assigned
y ions and the score for other possible candidates with forward sequences or one
or more decoy sequences for the same precursor. No intra-protein cross-link decoy
sequences consisting of reversed sequences from the same protein or hybrid
forward and reversed sequences from the same protein were observed. For an
inter-protein cross-linked peptide pair between different proteins or decoy crosslinks, the number of assigned y ions should be at least 3 for each peptide built up
from up to 10 amino acid residues and at least 4 for peptides consisting of 11
amino acids or more. The number of assigned y ions for each peptide should be
the same or more than the number of assigned y ions for each peptide of other
possible candidates for the same precursor ion. Both the total number of y ions
and the Yeun Yan score for a candidate cross-linked peptide should exceed the
total number of y ions and the score for other possible candidates for the same
precursor. These criteria are also used for assignment of inter-protein cross-links
comprising two identical sequences. For both intra- and inter-protein cross-links,
a Yeun Yan score of more than 40 is required. We do not take into account the
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number of b ions as a requirement for assignment, since b ions in our dataset
occur more than four times less than y ions, and taking them into account would
require application of different statistical weights for assignment of b and y ions,
which would complicate the calculations. Some spectra with a precursor mass
difference of +1 Da compared with an identified cross-linked peptide were
manually inspected to verify whether the precursor represents a cross-linked
peptide in which the azide group was converted by TCEP to a hydroxyl group
instead of an amine group.7 This appeared to be the case on a single occasion.
For proposed candidate cross-linked peptides, Yeun Yan calculates the masses of
possible b and y fragments, b and y fragments resulting from water loss (b0, y0)
and ammonia loss (b*, y*), fragment ions resulting from cleavage of the amide
bonds of the cross-link, and b, b0, b*, y, y0 and y* fragments resulting from
secondary fragmentations of cleavage products. A prerequisite for nomination by
Yeun Yan as a candidate and calculation of the corresponding score is the presence
in the MS2 spectrum of at least ten fragment ions and assignment of one
unambiguous y ion per peptide. A y ion is considered ambiguous if it can also be
assigned to one or more other fragments. A y ion resulting from primary and
secondary cleavage at the same position is counted only once for the requirement
with respect to the minimal number of unambiguous y ions for validation and
assignment.
The YY score is calculated according to the equation
YY score = (fassigned/ftotal) × 100 (equation 3)
in which fassigned is the total number of matching fragment ions, including primary
b and y fragments, b and y fragments resulting from water loss (b0, y0) and
ammonia loss (b*, y*), fragment ions resulting from cleavage of the amide bonds
of the cross-link, and b, b0, b*,y, y0 and y* fragments resulting from secondary
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fragmentation of products resulting from cross-link amide bond cleavages, and ftotal
is the total number of fragments ions in the spectrum with a maximum of 40,
starting from the fragment ion of highest intensity.

Cross-linking of isolated RNAP
RNAP was purified from a pellet from 2L of culture of B. subtilis BS200 (trpC2
spo0A3 rpoC-6his spc) as follows. Following lysis in 20 mM KH2PO4 pH8.0, 500 mM
NaCl, 0.1mM DTT and clarification, RNAP was initially purified by Ni2+ affinity
chromatography. Pooled RNAP containing fractions were dialysed in 20 mM TrisHCl pH7.8, 150 mM NaCl, 1 mM EDTA, 0.1 mM DTT and loaded onto a MonoQ
column(GE Healthcare) in dialysis buffer without EDTA. RNAP was eluted using a
gradient over 10 column volumes in dialysis buffer supplemented with 2M NaCl.
RNAP containing fractions were pooled and dialysed in 20 mM Tris-HCl pH7.8, 150
mM NaCl, 10 mM MgCl2, 30% glycerol, 0.1 mM DTT prior to flash freezing and
storage at -80 °C. Before cross-linking RNAP was dialyzed in 20 mM HEPES, 150
mM NaCl, 10% glycerol, pH 7.4 (cross-linking buffer). RNAP was cross-linked at a
protein concentration of 0.5 mg/ml for 30 min at room temperature. The crosslink reaction was started by the addition of a solution containing 80 mM BAMG in
acetonitrile to obtain a final concentration of 0.4 mM BAMG and 0.5% acetonitrile.
The reaction was quenched by adding 1 M Tris–HCl pH 8.0 to a final concentration
of 50 mM. Digestion of the cross-linked protein and isolation and identification of
cross-linked peptides was carried out as described previously.

22

Determination of spatial distances between cross-linked residues
PDB files of structural models were downloaded from the protein data bank
(http://www.rcsb.org/pdb/home/home.do). Only PDB files of B. subtilis proteins
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or proteins with at least 40% sequence identity were used. Sequences were
aligned

using

the

BLAST

algorithm

to

identify

corresponding

residues

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). For RNAP, a homology
model of B. subtilis elongation complex (EC)
as with PDB file 2O5I.

24

23

was used. It gives similar results

Structures were inspected with DeepView - Swiss-

PdbViewer (http://spdbv.vital-it.ch/refs.html) for distance measurements.

In silico docking
A homology model of B. subtilis EC

23

was used along with other published

structures identified by their protein data bank IDs (PDB ID) detailed below. The
N-terminal domain of δ (PDB ID 2M4K) was used along with the EC model and in
vitro and in vivo cross-linking data to produce a model using the HADDOCK2.2
web server Easy interface:
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40 models in 10 clusters (4 models per cluster) were

obtained and analysed for compliance to the maximum Cα-Cα cross-link distance
permitted by BAMG (29.7Å) in PyMol v1.8.2.0. The total cumulative distance of
β’K208-δ48, β’K1104-δ48, and β’K1152-δ48 Cα measurements was used to
identify models that were most compliant (lowest cumulative distance) with crosslink criteria. To co-localise δ and σA region 1.1, E. coli RNAP holoenzyme in which
σ70 region 1.1 was present (PDB ID 4LK1) 26 was super-imposed over the B. subtilis
EC model and all but σ70 region 1.1 deleted.

Results
Defined growth medium for in vivo cross-linking
Addition of the cross-linker directly to a growth medium enables trapping of
transient protein interactions in living cells that may otherwise dissociate upon
washing and medium exchange. This requires a low concentration of primary
56

amines to minimize quenching of the cross-linker in the medium. We found that
the growth rate of B. subtilis in minimal medium containing only 1.2 mM glutamine
as the nitrogen source was almost identical to the growth rate using the standard
5 mM glutamine, with doubling times of 45 and 43 min, respectively (Figure 1a).
Addition of 2 mM of the cross-linker BAMG resulted in an immediate end to the
increase in OD600

nm,

indicating that biomass production ceased instantaneously

(Figure S2). As shown by SDS-PAGE analysis (Figure 1b), most extracted proteins
become cross-linked upon treatment of the cells with 2 mM BAMG for 5 min. The
same results were obtained with disuccinimidyl glutarate (DSG) (Figure 1b). This
indicates that the azidomethylene group in BAMG does not affect membrane
permeability, with DSG and BAMG having about the same protein cross-linking
efficiency.7 SDS-PAGE analysis (Figure S3) shows that the cross-linked proteins
could be digested efficiently, establishing a set of experimental conditions suitable
for the identification of in vivo cross-linked peptides.
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Figure 1. In vivo cross-linking in of B. subtilis in culture. a, Growth curves of B. subtilis in
minimal medium with 1.2 mM glutamine (filled diamonds) and 5 mM glutamine (open
squares); b, SDS-PAGE analysis of in vivo cross-linking with BAMG and DSG of
exponentially growing B. subtilis directly in the growth medium. Control, soluble proteins
from untreated exponentially growing B. subtilis. 2 mM BAMG or DSG, soluble proteins
from exponentially growing B. subtilis treated with 2 mM BAMG or DSG, respectively.
Molecular weights (kDa) are shown on the left hand side adjacent to pre-stained molecular
weight markers (MW markers).

In vivo cross-linking of Gram-negative species
It is well known that the outer membrane of Gram negative bacteria forms a barrier
for the diffusion of lipophilic compounds, due to the relatively low fluidity of the
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bilayer imposed by the lipopolysaccharide outer leaflet.

27

To test whether this

property prevents the use of BAMG as an effective cross-linker for soluble proteins
in Gram negative species, we used Escherichia coli as an example. Cells were
grown in a MOPS medium with 0.16% N-acetylglucosamine as the only source for
energy, carbon and nitrogen. The culture medium was also supplied with 0.1 mM
NH4Cl to provide the cells with a small amount of a nitrogen source to enable a
rapid start of growth. When the NH4+ in the medium has been consumed, cells
have to rely on the ammonia that is formed intracellularly during catabolism of Nacetylglucosamine. Based on published data 13 it can be calculated that the amount
of NH4+ thus formed will be enough for fast growth, and will not accumulate to
concentrations that will decrease the concentration of BAMG by more than 1 mM
by reaction with the cross-linker (Experimental procedures). The doubling time
under these conditions is 56 min during mid exponential growth. This compares
favorably with a similar, but slightly faster, doubling time of 50-55 min reported
by others using a medium containing N-acetylglucosamine supplemented with 9.5
mM NH4Cl as a nitrogen source.

16

Upon addition of 2 mM BAMG to the

exponentially growing cells in this medium, inhibition of growth occurred (Figure
S4). However, in striking contrast with the Bacillus subtilis results (Figure 1b),
SDS-PAGE analysis provided no evidence for large scale cross-linking of extracted
proteins from BAMG-treated E. coli cells, since the Coomassie-blue-stained
patterns in the lanes from control cells and cross-linked cells were indistinguishable
(Figure SI-5). These results are in agreement with the known slow diffusion rate
of hydrophobic compounds through the outer membrane and put limitations on
the use of Gram-negative organisms for rapid in vivo cross-linking by Nhydroxysuccinimidyl esters.
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Mass spectrometric analysis reveals a large number of cross-linked
peptides at a low false discovery rate
The work-flow for sample preparation of cross-linked peptides from in vivo crosslinked B. subtilis cells for LC-MS/MS analysis is shown in Figure 2b. After crosslinking and protein extraction, cross-linked proteins were fractionated by size
exclusion chromatography to obtain a sample expected to be enriched in crosslinks formed during transient interaction. To this end samples with a size
distribution of roughly 400 to 2000 kDa were used for further analysis. This fraction
was enriched in RNAP and also contained ribosomes, i.e., protein complexes
involved in processes guided by many transient protein-protein interactions. A list
of proteins present in this fraction, identified by peptide fragment fingerprinting,
and sorted according to their abundance index, 28 is presented in Table S1. Besides
subunits from ribosomes and RNAP, we also detected many proteins of high
abundance with a known molecular weight far below 400 kDa, that included all
glycolytic and TCA cycle enzymes, and many enzymes involved in amino acid
synthesis, indicating that these proteins have cross-linked in vivo with other
proteins.
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Figure 2. Workflow for peptide level identification of protein cross-links introduced by
BAMG in exponentially growing B. subtilis. a, overview; b, left part, reaction products
formed (1) in the cross-link reaction with BAMG, (2) by TCEP-induced reduction and (3)
by cross-link amide bond cleavages and peptide bond cleavages by collision with gas
molecules during LC-MS/MS leading to formation of unmodified peptide ions and peptide
ions modified by the cross-linker remnant in the form of a γ-lactam, along with b and y
ions. A, peptide A; B, peptide B. Depicted peptide charge states after (1) and (2) are
calculated for pH 3, assuming full protonation of basic amino acids and carboxylic acids.
Depicted charge states in the gas phase after (3) are arbitrary, assuming a net charge
state of +4 of the intact precursor ion. Right part of panel b, principles of isolation of crosslinked peptides by diagonal strong cation exchange (DSCX) chromatography. After
digestion,

the

peptide

mixture

from

a

protein

extract

is

fractionated

by

SCX

chromatography, using a mobile phase of pH 3 and a salt gradient of ammonium formate
to elute bound peptides (1st run). Cyan, cross-linked peptides; grey, unmodified peptides.
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(Figure 2 continued) Subsequently, fractions containing cross-linked peptides are treated
with TCEP to reduce the azido group to an amine group, which becomes protonated at pH
3, adding one positive charge to cross-linked peptides. TCEP-treated fractions are then
separately subjected to a second run of diagonal chromatography. The change in
chromatographic behavior caused by the charge increase of cross-linked peptides leads to
their separation from the bulk of unmodified peptides present in the same primary SCX
fraction.

After trypsin digestion of the extracted proteins in the high molecular weight
fraction, cross-linked peptides were enriched by diagonal strong cation exchange
(SCX) chromatography. 9 The principle of the enrichment is schematically depicted
in Figure 2b. Peptides in the cross-link-enriched SCX fractions were subjected to
LC-MS/MS, data processing and database searching, according to the workflow
schematically depicted in Figure 3.10

For efficient identification of cross-linked

peptides from the entire B. subtilis sequence database with MS/MS data, it is
necessary to know the masses of the two peptides in a cross-link. This is possible
due to abundant signals in MS/MS spectra arising from cleavage of the two crosslinked amide bonds

10

shown as an example in the mass spectrum in Figure 4.

Following this protocol, we identified 82 unique inter-protein cross-links (Table S2)
and 369 unique intra-protein cross-links (Table S3) in 299 and 1920 precursor
ions, respectively, that fulfilled all criteria mentioned in Figure 3. Importantly, no
decoy peptides fulfilled these criteria, indicating a low false discovery rate (FDR).
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Figure 3. Overview of identification and validation of cross-linked peptides by mass
spectrometry and database searching. A, B, Am, Bm, free peptides A and B and peptides
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A and B modified by the cross-linker in the form of a γ-lactam; MA, MB, MAm, MBm, masses
of peptides A and B and their γ-lactam modifications; MP, precursor mass; fassigned, total
number of assigned fragment ions; ftotal, total number of fragment ions of highest intensity
taken into account with a minimum of 10 and a maximum of 40 fragments; totaldecoy, total
number of assigned decoy peptides; total target, total number of assigned target peptides.

About 39% of the 82 unique inter-protein cross-linked peptides are from
enzymes involved in intermediary metabolism, protein and RNA folding, and
protein and RNA degradation. Most of these cross-links comprise peptides with
identical sequences, showing that the parent proteins occurred in symmetric
homodimers, possibly organized in higher order assemblies. About 40% of all
inter-protein cross-links are from translation complexes, i.e., ribosomes and
auxiliary proteins involved in translation, and about 18% are from transcription
complexes, i.e., RNAP and initiation and elongation factors (Table SI-2).
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Figure 4. Mass spectrum of product ions generated by collision induced dissociation of a
precursor ion of a BAMG-cross-linked peptide pair. The spectrum shows characteristic
features of the fragmentation pattern of a cross-linked peptide in which the azido group in
the spacer of the cross-linker has been reduced to an amine group. These features are (i)
signals of high intensity resulting from cleavage of the cross-linked amide bonds leading
to unmodified peptide A (CA) and peptide A modified by the remnant of the cross-linker in
the form of a γ-lactam (CAm), adding 125.0477 Da to the mass of peptide and (ii)
secondary fragments resulting from cleavage of a cross-linked amide bond along with
peptide bond cleavages of an unmodified peptide (blue, subscript An, Bn) or a peptide
lactam (red, subscript Am, Bm). These secondary cleavages occur along with primary
cleavages of the peptide bonds (black, subscript A, B). The presence of both primary
fragments (resulting from cleavages of the cross-link amide bonds and peptide bonds) and
secondary fragments tremendously facilitates identification of cross-linked peptides
according to the work flow schematically depicted in Fig. 3b. *, fragment with NH 3 loss.
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It is interesting to note that the ratio of identified inter-and intra-protein
cross-links is about 1:1 and about 1:2, respectively in the group of proteins
associated with transcription and translation, while this ratio is only about 1:9 in
the group of other proteins that end up in the > 400 kDa gel filtration fraction
(Table S2 and Table S3). The paucity of identified inter-protein cross-links in this
group can be explained by assuming that a certain degree of random distribution
of many low molecular weight proteins and protein complexes in the crowded
cytoplasm has resulted in heterogeneous cross-linking leading to formation of
covalent complexes > 400 kDa. Identification of such heterogeneous cross-links
with respect to protein identity and linked residues is likely below the detection
limit, in contrast to cross-links formed between proteins engaged in a more defined
spatial distribution, as required for transcription and translation.

Use of different assignment criteria for inter-protein and intra-protein
cross-linked peptides
To obtain a low FDR of both intra-protein and inter-protein cross-links we used
different assignment criteria for these two types of cross-links (Figure 3). Since
the probability of identifying false positive cross-linked peptide pairs from a
complete sequence database is much higher for inter-protein cross-links than for
intra-protein cross-links, false discoveries are practically all confined to interprotein cross-links if the same assignment criteria are employed for both crosslink types.

10, 20, 21

In Table S4 it is shown how variations in assignment criteria

affect the number of identified cross-links and the FDR. Applying the more
stringent criteria for assignment of inter-protein cross-links to intra-protein crosslinks only leads to a decrease of approximately 20% assigned unique cross-linked
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peptides. Consequently, the number of assigned inter-protein cross-links slightly
increases upon relaxing the stringency of the criteria for assignment. However,
this increase is accompanied by a relatively large increase in FDR. So, the stringent
criteria that we apply here for inter-protein cross-links result in efficient
identification and a low FDR.

Biological consistency of identified cross-linked peptides
To corroborate identified cross-linked peptides by comparison with published data
we determined spatial distances between Cα atoms of linked residues. In models
of crystal structures, the maximal distance that can be spanned by BAMG varies
between 25.7 to 29.7 Å, assuming a spacer length of BAMG of 7.7 Å, a lysine side
chain length of 6.5 Å and a coordinate error of 2.5 – 4.5 Å. The distances between
95.6% (n = 135) of Cα atom pairs of linked residues in cross-links with nonoverlapping sequences from one protein (denoted intra-protein cross-links) are
less than 25.7 Å, including 14 inter-protein cross-links between identical proteins
that fitted better than intra-protein species (Table S3 and Figure S6). The
distances between Cα atoms of linked residues of only 2 cross-links out of the 135
exceed 29.7 Å. These results underscore the high biological consistency and,
thereby, reliability of identified cross-linked peptides.
Table 1 lists the inter-protein cross-linked peptides from transcription and
translation complexes. The distances between the Cα atoms of interlinked lysine
residues of all 9 cross-links comprising peptides from proteins involved in
transcription are in agreement with models based on crystal structures. Also 5
small ribosomal inter-protein cross-linked peptides nicely fit in the available
structural model of a stalled ribosome.

29

However, five small ribosomal inter-

protein cross-links that exceed 29.7 Å by more than 45 Å were notable exceptions.
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Since the FDR is low and the large majority of our dataset is biologically consistent,
it is reasonable to assume that formation of these cross-links actually took place.
Most likely these distance measurements represent the detection of ribosomal
assembly intermediates and/or covalent links between proximal ribosomes.
Table 1. Inter-protein cross-linked peptides from proteins involved in transcription and
translation

(template)
pdb
file
model

distance
(Å)
in
structure
model

Mass
(Da)

sequence peptide
A

uniprot
entry
name

position
XL
residue

sequence peptide B

uniprot
entry
name

position
XL
residue

1788.0

XSLEEVK

RPOA

294

XSLEEVK

RPOA

294

2194.2

IXELGPR

RSPB

112

DTXLGPEEITR

RPOB

803

2298.2

MYLXEIGR

SIGA

107

QLLSEXEYR

RPOC

153

2527.4

LLTVXIPVR

GUDB

52

XDVVDEVYDQR

NUSA

62

2629.4

IGAEVXDGDLLVGK

RPOB

837

GYTPADANXR

RPOA

155

2O5I$

12.3

2672.5

XLALK

RPOA

84

VAVAANSLXNVTFTEEQR

RPOC

545

2O5I$

20.0

2762.5

AQEXVFPMTAEGK

GREA

5

XGFTATVIPNR

RPOB

156

4WQT

n.a.

2974.6

DTXLGPEEITR

RPOB

803

TLXPEKDGLFCER

RPOC

40

2O5I$

12.7

3026.6

XGFTATVIPNR

RPOB

156

DXQQEIVVQGAVETR

RPOC

987

2O5I$

21.1

3066.7

IAAQTAXQVVTQR

NUSA

111

VTPXGVTELTAEER

RPOB

849

3387.6

VTPXGVTELTAEER

RPOB

849

IFGPTXDWECHCGK

RPOC

56

2O5I$

14.4

3510.8

LVPAGTGMMXYR

RPOC

1179

ALEEIDAGLLSFEXEDRE

RPOZ

63

2O5I$

13.8

3780.0

XEELGDR

RPOE

48

VIDAGDTDVLPGTLLDIHQFTEANXK

RPOC

1104

4572.3

GILAKPLXEGTETIER

RPOC

830

SFGDLSENSEYDSAXEEQAFVEGR

GREA

55

4WQT

28.0

4695.7

IGAEVXDGDLLVGK

RPOB

837

GYTPADANXRDDQPIGVIPIDSIYTPVSR

RPOA

155

2O5I$

12.3

6461.1

DTXLGPEEITR

RPOB

803

EILXIAQEPVSLETPIGEEDDSHLGDF-

SIGA

258

4IGC

11.6

n.a.
n.a.
4IGC

16.1
n.a.

n.a.

n.a.

IEDQEATSPSDHAAYELLK
1694.0

VIXVVR

RL7

73

GPXGELTR

RL6

31

1838.1

XEVVQLK

RS2

132

GEVLPTXK

RS3

210

1947.0

DIIDXLK

RS13

62

QXFASADGR

RL31

48

2083.2

GXILPR

RS18

43

SVSXTGTLQEAR

RS21

25

2217.2

XFVSER

RS18

36

IDPSXLELEER

RS5

8

3J9W

86.2

2383.4

XAVIER

RS6

20

ILDQSAEXIVETAK

RS10

24

3J9W

149.7

2392.3

AEDVAXLR

RS5

155

VFLXYGQNNER

RS8

65

3J9W

12.4

2429.3

XNEEGGK

RS3

212

ILDQSAEXIVETAK

RS10

24

3J9W

< 20.9*

2433.3

XFVSER

RS18

36

ILDQSAEXIVETAK

RS10

24

3J9W

116.1

2438.3

GEVLPTXK

RS3

210

VXVLDVNENEER

RS1H

326

n.a.

2457.3

ILDQSAEXIVETAKR

RS10

24

NEEGGX

RS3

218

n.a.

2498.5

XALNSLTGK

RS3

88

VXVLDVNENEER

RS1H

326

n.a.

2500.3

GIVTXVEDK

RS1H

25

QAQDSVXEEAQR

RS2

81

2539.4

GEVLPTXK

RS3

210

ILDQSAEXIVETAK

RS10

24

3J9W

18.5

2557.4

XKNEEGGK

RS3

211

ILDQSAEXIVETAK

RS10

24

3J9W

16.9

2571.4

XALNSLTGK

RS3

88

XQAQDSVKEEAQR

RS2

74

3J9W

87.4

2654.4

EITGLGLXEAK

RL7

84

XAAGIESGSGEPNR

RL11

81

n.a.

2701.6

VVXVVK

RL11

7

MLVITPYDXTAIGDIEK

RRF

72

n.a.

2725.4

GPQAANVTXEA

CSPB

65

XQAQDSVKEEAQR

RS2

74

n.a.

2728.5

SVSXTGTLQEAR

RS21

25

IDPSXLELEER

RS5

8

n.a.

2733.4

XNESLEDALR

RS21

8

XLSEYGLQLQEK

RS4

43

2739.4

YEVGEGIEXR

EFTS

278

AEVYVLSXEEGGR

EFTU

316

2749.4

ELVDNTPXPLK

RL7

95

XAAGIESGSGEPNR

RL11

81

n.a.

2845.5

AXLSGTAERPR

RL18

21

GGDDTLFAXIDGTVK

RL28

70

n.a.

2861.5

XNESLEDALR

RS21

8

XKLSEYGLQLQEK

RS4

42

n.a.

2881.5

IDPSXLELEER

RS5

8

VXVLSVDRDNER

RS1H

240

n.a.

2882.6

IAXIEVVR

RL19

83

XLLDYAEAGDNIGALLR

EFTU

266

n.a.

3080.6

VHINILEIXR

RS3

106

ELEETPXADQEDYR

RS1H

349

n.a.

3153.8

EAXELVDNTPKPLK

RL7

87

LALETGTAFIEXR

MTNK

377

3184.7

XQAQDSVKEEAQR

RS2

74

ILDQSAEXIVETAK

RS10

24

3427.8

EAXELVDNTPKPLK

RL7

87

SLLGNMVEGVSXGFER

RL6

82

n.a.

3524.8

VNITIHTAXPGMVIGK

RS1

71

ELEETPXADQEDYR

RS1H

349

n.a.

3789.9

EAXELVDNTPKPLK

RL7

87

AXEAEAAGADFVGDTDYINK

RL1

85

n.a.

68

n.a.
3J9W

22.3
n.a.
n.a.

n.a.

n.a.
1EFU

18.6

n.a.
3J9W

75.4

(table 1 continued) X, cross-linked K residue; *, linked residue K212 (RS3) is not in
structure model; distance is assumed based on a maximal distance of 4 Å between Cα
atoms of K211 and K212; $, the structure of the RNAP elongation complex was modelled
as described Methods; n.a., model not available or linked residue not in structure. Uniprot
entry names RPOA, RPOB, RPOC, RPOE and RPOZ, correspond to subunits α, β, βʹ, δ and
ω of RNAP.

Many cross-links reveal transient protein-protein interactions
The power of our approach was demonstrated by the detection of several transient
interactions between translation factors and ribosomes and between transcription
factors and core RNAP (Table 1). Ribosome-recycling factor RRF forms a cross-link
with ribosomal protein RL11, in agreement with cryo-EM data showing an
interaction between these two proteins in the post-termination complex.

30

A

cross-link between RL19 and EF-Tu is in agreement with the presence of RL19 near
the EF-Tu binding site on the ribosome.

31

Cross-linked peptides were found

between K4 and K55 of the transcription elongation factor GreA and residues βK156 and β'-K830, respectively, in the RNAP secondary channel. This position fits
with the known function of GreA and with a crystal structure of a chimeric Gfh1GreA in complex with RNAP.

32

Likewise, the binding of NusA close to the RNA exit

channel of RNAP, as revealed by a cross-link between NusA-K111 and β-K849, is
in agreement with results obtained previously that indicates the N-terminal domain
of NusA binds to the β-flap tip of RNAP.

23, 33

Two cross-linked peptides between

the sigma A factor (σA) and RNAP were identified. The distances between Cα atoms
of corresponding residues in the structure of the E. coli RNAP holoenzyme

34

are

16.1 Å and 11.6 Å. Thus, the spatial arrangements of the proteins involved in these
transient interactions, are in agreement with previously published in vitro data,
underscoring the reliability of our in vivo cross-link approach.
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Of great interest was the identification of novel transient interactions. A
binding site of the RNA chaperone CspB on ribosomes, as revealed by a cross-link
between CspB and RS2, has not been observed before to our knowledge. This
interaction makes sense, since cold shock proteins co-localise with ribosomes in
live cells and are involved in coupling transcription and translation.

35, 36

The

biological significance of the interaction between glutamate dehydrogenase GudB
and transcription elongation factor NusA is not known, but recent work may
suggest a functional link between the two proteins. The gudB gene encodes a
cryptic glutamate dehydrogenase (GDH), which is highly expressed but not active.
If the main GDH (RocG) is inactivated, a frame-shift mutation activates GudB. This
mutation depends on transcription of gudB, and requires the transcription-repair
coupling factor Mfd.
repair.

38

37

Interestingly, NusA is also involved in transcription-coupled

Whether the interaction of GudB with NusA is relevant for the regulation

of this gene decryption remains to be established.
Another noteworthy interaction is revealed by a cross-link between the βʹ
subunit of RNAP and a protein originally found associated with isolated RNAP
named δ.

39

Importantly, δ has a complex effect on transcription. It inhibits

initiation from weak promoters mediated by σA,
transcription from certain other promotors
speed

41, 42

42, 43

in synergy with the DNA helicase HelD,

40, 41

stimulates or inhibits

and increases RNAP recycling
44

probably by dissociation of

stalled RNAP-DNA or RNAP-RNA complexes. Transcriptomics experiments indicate
δ reduces non-specific initiation of transcription which is relatively prevalent in
Gram positive bacteria. 45, 46 Up to now it has remained elusive how these different
effects on transcription are brought about.
The 20.4 kDa δ occurs exclusively in Gram-positive bacteria. It consists of
an amino-terminal globular domain and a nucleic acid-mimicking highly acidic
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unstructured C-terminal half.

47, 48

The δ protein forms a complex with the RNAP

core enzyme in a 1:1 stoichiometry.

42, 47, 49

A truncated form of δ lacking the C-

terminal half is sufficient for binding to RNAP. Intact δ, as well as the acidic
unstructured C-terminal domain, but not the truncated N-terminal domain inhibits
the binding of nucleic acids to RNAP. It has been proposed that the amino-terminal
RNAP-binding domain may act both to orient and increase the local concentration
of the flexible negatively charged carboxyl terminal domain to effectively shield
nearby positively charged nucleic acid binding sites on RNAP.

47

The effect of δ on

promoter selectivity by σA -mediated initiation suggests an interaction of δ with
the preinitiation complex. Indeed, it has been reported that δ and σA can bind
simultaneously to core RNAP, with negative cooperativity.

50

However, other

experiments indicated mutual exclusion of the binding of δ and σA to core RNAP.
42, 51

We identified a cross-link between K48 of the δ subunit (RpoE) and K1104
of the RNAP β' subunit (RpoC) (Figure 4). K1104 is located in the so-called
downstream clamp region. This suggests a binding site for the δ subunit on RNAP
close to the downstream DNA binding cleft. To confirm this finding, we performed
in vitro cross-linking with purified δ-containing RNAP. This resulted in two
additional cross-links, one between K48 of δ and residue β'-K208, and one between
δ-K48 and β'-K1152, both in close proximity to β'-K1104, thereby corroborating
our in vivo findings. Since only one residue in the N-terminal domain of δ was
involved in cross-linking, further evidence is required to assign a preferential
orientation of delta with respect to the clamp region. To this end we used in an in
silico docking analysis using a B. subtilis RNAP elongation complex model and the
known N-terminal domain structure of δ.

23, 52

The best 10 output models were

analyzed to establish which complied with the maximum Cα-Cα cross-link distance
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achievable with BAMG (Table S5). In all but one model, at least one cross-link
exceeded the 29.7 Å maximum distance, however, in published structures of RNAP,
crystallographic B factors are relatively high around positions β’-K1104 and β’K1152, implying some conformational flexibility in those regions. The model which
gave the lowest cumulative Cα-Cα cross-link distance, with all predicted cross-links
< 29.7 Å places δ in the downstream side of the DNA binding cleft of RNAP (Figure
5a). A position of δ inside the DNA binding cleft as shown in Figure 5b suggests
that the N-terminal domain of δ could sterically inhibit the binding of downstream
DNA. In this position δ could also sterically inhibit the binding of the 1.1 region of
σA, since this region is expected to interact with an overlapping binding site, based
on crystal structures of E. coli RNAP holoenzyme with the homologous σ70 factor.
26, 34

The model with the next lowest aggregate score also placed δ in this region,

but the remaining 8 placed it on top of the β’ subunit outside of the DNA binding
cleft (Figure 5c). This position of the N-terminal domain of δ outside the
downstream DNA channel but close to its entrance implies that interference with
DNA binding and binding of the 1.1 region of the σ factor requires penetration of
the C-terminal unstructured acid domain into the channel to interact with positive
charges of the polymerase involved in DNA binding and in binding of the σ 1.1
region. Since δ is known to displace RNA more efficiently than it can DNA

47

important in RNAP recycling following the termination of transcription,

and is

44

we

expect that it must be oriented so that the acidic C-terminal domain is able to
influence RNA binding through contact with the transcript close to or even within
the RNA exit channel. However, the data prevent discrimination between models
placing δ inside or outside the downstream DNA channel, since both the aggregate
distance scores (Table S5) and the HADDOCK scores of the best models show only
small differences.
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Figure 5. Model of B. subtilis RNAP in complex with δ. a, a zoomed region of δ (blue)
located within the DNA binding cleft of RNAP (grey). The cross-linked amino acids are
shown in red and the distances in Å between the cα carbon of δ K48 and RNAP β’ K208,
K1104 and K1152 indicated. b, a model of RNAP (grey) in complex with δ (blue) with σ
region 1.1 (purple) and DNA (green, template strand; orange, non-template strand) shown
as semi-transparent cartoons. The active site Mg2+ is shown as a cyan sphere and RNA as
a red cartoon. (Part of) the unstructered C-terminal domain, attached at the C-terminal
end of the structured N-terminal domain, is depicted as a yellow squiggle pointing in the
direction of the RNA export channel. c, compilation of all 10 docked models (all cyan) with
the C-terminal 5 amino acids of the structured N-terminal domain colored red.

Discussion
We have developed a new method for large scale identification of cross-links
introduced in vivo by N-hydroxysuccinimidyl esters directly in a bacterial cell
culture. Within as little as 5 min extensive cross-linking was observed, using 2 mM
BAMG. This implies that cross-link analysis on a time scale of seconds could be a
future development, enabling, for instance, monitoring at the peptide level
transient protein-protein interactions involved in rapid cellular adaptation. Rapid
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in vivo cross-linking requires a Gram-positive organism, since the outer membrane
of Gram-negative species forms a barrier for diffusion.
With our method we identified many inter-protein cross-links confirming
several known stable and transient protein interactions, underscoring the reliability
of the approach. In addition, we found intriguing new interactions that deserve
further investigation to understand their functional significance, like the interaction
between GudB and NusA. Another intriguing cross-link was found between the δ
and βʹ subunits of RNAP. This cross-link revealed that δ binds to the clamp region
of RNAP close to the entrance of the downstream DNA binding cleft. However, the
cross-link data combined with in silico docking experiments did not provide enough
evidence to assign an unambiguous orientation of δ with respect to the channel.
This implies that different scenarios are possible for the molecular mechanism by
which δ regulates promoter selectivity and promotes RNAP recycling. However, the
knowledge that δ binds to the clamp region of βʹ will help to design experiments
aimed at developing a better understanding of the mechanism of action of δ.
Besides membrane permeability, the unique chemical properties of BAMG,
combined with our statistical analysis, are at the heart of the large number of
identified cross-linked peptides with high biological consistency and low false
discovery rate. This is also the first study in which a large number of cross-links
from intracellular protein complexes generated in undisturbed growing cells have
been identified by mass spectrometry and database searching using a complete
species specific database. Our dataset consists of about 18% inter-protein and
82% intra-protein cross-links. This percentage of inter-protein cross-links is
relatively low in comparison with other datasets obtained either by in vivo crosslinking of bacteria
complexity.

53, 54

2-5

or by cross-linking bacterial cellular protein extracts of high

Also, the reported fractions of inter-protein cross-links identified
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in human cells, 23-25% of the total number of cross-links,

55, 56

compared with the 10% that we obtained in a previous study.

is relatively high
10

We consider it

important for the future development of the technology to understand the causes
of such differences. In one of these studies

56

we noticed that many sequences of

the peptides from identified cross-links, classified as intermolecular species, are
not unique, and therefore that many cross-linked peptide pairs could either be
from the same protein or from different proteins. Furthermore, in protein extracts
non-specific interactions may be formed dependent on extraction conditions.
However, a key difference between these reports

2-5, 53-56

and our approach

concerns the statistical analysis, in which we make a distinction between interand intra-molecular cross-links. If this distinction is not made, an overestimation
of intermolecular cross-links occurs at the expense of a relatively large number of
false positives.
In this study we provide an efficient layout for large scale crosslink
identification using in-culture crosslinking. Several modifications to the method
can be made to tailor specific experimental requirements. For example, in complex
mixtures low abundance cross-links can escape detection by LC-MS/MS. The use
of affinity tagged target proteins will enable enrichment of these complexes for
subsequent inter-peptide

cross-link

identification of transient interactions.

Furthermore, in this study we have focused on the soluble fraction of cross-linked
cells. Further extraction and digestion of the insoluble fraction, enriched in
membrane and cell wall proteins, is likely to reveal a rich source of interesting
protein crosslinks. Relative quantification of cross-linked peptides can also be
employed with commercially available isotope-labeled starting materials for the
synthesis route of BAMG presented here. Finally, our analytical strategy may also
benefit from the option of mass spectrometry to combine collision-induced
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dissociation with electron transfer dissociation

56, 57

to increase efficiency of

identification of cross-linked peptides. The high average precursor charge state of
slightly more than +4 of all identified BAMG-cross-linked peptides in our dataset
is favorable for the latter fragmentation method.

58

Overall, we believe that the in

vivo cross-linking and data analysis methods developed here will pave the way to
a systems level view on dynamic protein interactions. Such a view will lead to a
deeper understanding of the molecular mechanisms of biological processes guided
by dynamic protein-protein interactions in the cell.

Conclusions
A system has been developed for rapid in vivo protein cross-linking by an aminespecific bifunctional reagent added directly to a culture of Bacillus subtilis. We
identified several stable and dynamic interactions in intracellular protein
complexes with a size range of about 400 to 2000 kDa by mass spectrometric
analysis of isolated cross-linked peptides and database searching using the entire
species specific sequence database. In culture cross-linking of cytoplasmic protein
in Gram-positive bacteria is much faster than in Gram-negative species. In
combination with affinity purification of target proteins, our in vivo cross-link
technology will be useful to obtain insight in the molecular mechanisms of
processes guided by dynamic protein-protein interactions in large assemblies.
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Table S4
Supplementary Table 4. Effect of variations of assignment criteria on the number of identified cross-linked peptides
(spectral counts) and the false discovery rate (FDR)
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XL type

score

spectral counts

minimum nr of minimum nr of
assigned y ions assigned y ions
to peptides ≤ to peptides > 10
10 amino acids
amino acids

unique

total

unique

total

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

2%

0.4%

14%

4%

0%

0%

0%

0%

0%

0%

intra protein

≥ 40

3

4

295

1273

decoy intra protein

≥ 40

3

4

0

0

intraprotein

≥ 40

2

3

343

1614

decoy intra protein

≥ 40

2

3

0

0

intraprotein

≥ 40

1

1

369

1920

decoy intra protein

≥ 40

1

1

0

0

intra protein

≥ 25

1

1

370

1990

decoy intra protein

≥ 25

1

1

0

0

interprotein (different peptides)

≥ 40

3

4

58

231

decoy interprotein

≥ 40

3

4

0

0

interprotein

≥ 25

3

4

decoy interprotein
interprotein
decoy interprotein

≥ 25
≥ 40
≥ 40

3
2
2

4
3
3

interprotein same peptides (homodimers)

≥ 40

3

4

decoy homodimers

≥ 40

3

4

homodimers

≥ 40

2

3

decoy homodimers

≥ 40

2

3

homodimers

≥ 25

3

4

decoy homodimers

≥ 25

3

4

59
1
80
13
24
0
24
0
25
0

236
1
285
13
67
0
68
0
76
0
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Table S5. Distance measurements for HADDOCK output data on the combined in vitro and
in vivo cross-linking data for the interaction of δ with the β’ subunit of RNAP.
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Figure S1. Structures of cross-linkers used in this study. BAMG, bis(succinimidyl)-3azidomethyl-glutarate; DSG, disuccinimidyl-glutarate.
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Figure S2. Growth arrest of Bacillus subtilis after addition of various concentrations of
BAMG. Six culture flasks with 10 ml pre-warmed minimal medium containing 1.2 mM
glutamine were inoculated with 0.4 ml from an exponentially growing pre-culture to obtain
a final OD600 nm = 0.012. Growth was followed in one culture flask. At t = 240 min, 50 μl of
a DMSO solution containing the required amount of BAMG was rapidly added to the each
of the five other cultures. After 5 min the reaction was quenched by addition of 0.5 ml 1
M Tris-HCL pH 8.0 and 10 min later the OD600 nm was measured. Values were corrected for
volume changes by the additions of cross-linker and quenching solutions. Extracts of crosslinked samples were subjected to SDS-PAGE analysis before and after digestion with
trypsin (See Figure S3).
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Figure S3. Extracted proteins after in vivo cross-linking with different concentrations
BAMG of exponentially growing B. subtilis can be digested efficiently. Proteins before and
after digestion were concentrated by centrifugation on a 10 kDa cut-off filter before SDSPAGE analysis on 12% gels. -, before digestion with trypsin; +, after digestion with trypsin.
Gels were stained with Coomassie Briliant Blue.
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Figure S4. Growth curve of E coli in MOPS medium supplemented with 0.16% Nacetylglucosamine and 0.1 mM NH4Cl. Blue triangels, undisturbed growth; arrow, addition
of 2 mM BAMG or DMSO (control). Brown squares, growth after addition of BAMG.
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Figure S5. Coomassie Briliant Blue stained SDS-PAGE of extracted proteins from
exponentially growing E. coli before and after addition of 2mM of the cross-linker BAMG
directly in the growth medium. The similarity of the protein band patterns in the different
lanes indicates that no substantial cross-linking had occurred, in contrast with in vivo crosslinking of exponentially growing B. subtilis.
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Figure S6. Distribution of 135 cross-link distances derived from 31 crystal structures
comprising 43 different proteins with non-overlapping cross-linked peptide sequences from
the same protein sequence, denoted intra-protein cross-links. The dataset was obtained
from 12 crystal structures comprising 20 B. subtilis proteins and 19 crystal structures from
homologous proteins, selected for 23 other B. subtilis proteins with at least three crosslinked peptides (Table S3). Upper panel, distribution of distances assuming only intraprotein cross-linked peptides. The majority (85,2%,) of the cross-links is within the 25.7
Å limit of BAMG. Lower panel, distribution of distances upon mapping cross-links exceeding
the 25.7 Å between identical proteins in the crystal structures (inter-protein cross-links).
This was the case with 14 cross-links, raising the percentage of species with distances <
25.7 Å to 95.6%.
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Abstract
In Bacillus subtilis the tubulin homologue FtsZ needs to be tethered to the
membrane during the formation of the essential division protein complex, the
divisome. FtsA and SepF both can serve as FtsZ membrane anchors, however SepF
alone is sufficient in B. subtilis. A previous co-elution study has suggested that
SepF binds to the C-terminus of FtsZ. In this study, the SepF–FtsZ interaction was
further investigated by crosslinking and mass spec analysis. Crosslinking B. subtilis
directly in the medium and subsequent affinity purification of FtsZ-GFP did not pull
down any SepF. Therefore, purified FtsZ and MBP-SepF were crosslinked in vitro
and this confirmed the homo-dimerization of SepF. Interestingly, FtsZ was found
to be self-interacting under crosslink conditions as well, although no GTP was
added. The interaction was mapped to the lateral sides of the protein, next to the
A240 residue previously shown to affect FtsZ lateral interactions. Only two
crosslinks were found between FtsZ and MBP-SepF, which did not allow for the
exact mapping of the FtsZ C-terminal peptide onto SepF. In silico docking of B.
subtilis FtsZ C-terminal peptide on the SepF dimer structure, in addition to
crosslinks between SepF residues, led to a proposed binding pocket for the FtsZ
C-terminus created by two stacked SepF dimers.

94

Introduction
Bacterial cell division is executed by a large protein complex called the divisome
(Errington et al., 2003). Central to the divisome is the tubulin homologue FtsZ
(Amos and Lowe, 1998; Nogales et al., 1998), which forms polymers that in the
gram-positive model bacterium Bacillus subtilis are tethered to the membrane by
the membrane anchors FtsA and SepF (Mukherjee and Lutkenhaus, 1994; Pichoff
and Lutkenhaus, 2005; Duman et al., 2013). FtsZ polymers themselves laterally
interact (Löwe and Amos, 1999), which can be further stimulated by ZapA
tetramers connecting two FtsZ polymers (Low et al., 2004; Roseboom et al.,
2018). The spectrin homologue EzrA forms arches that can trap a single FtsZ
polymer, shielding it from lateral interactions (Cleverly et al., 2014). The above
interactions all contribute to the formation of a functional Z-ring. The Z-ring then
recruits the late division proteins responsible for synthesis of the septum that leads
to cell division (Aarsman et al., 2005; Gamba et al., 2009). The flexible C-terminal
domain of FtsZ is the docking site for many proteins, including FtsA, EzrA, MinC,
ClpX and SepF (Pichoff and Lutkenhaus, 2007; Camberg et al., 2009; Shen and
Lutkenhaus, 2009; Cleverly et al., 2014). Although these proteins all bind to the
16 amino acid long C-terminal domain of FtsZ, they do not possess a common FtsZ
binding motive. The Escherichia coli division protein ZipA has been co-crystalized
with the FtsZ C-terminal peptide (Mosyak et al., 2000). The groove in which the
FtsZ peptide is docked shows no apparent similarity with the FtsZ-interaction site
on FtsA, which was identified by amino acid substitution experiments (Pichoff and
Lutkenhaus, 2007). In this study, we tried to identify the FtsZ docking site of SepF.
FtsZ polymerizes when GTP binds in a pocket on the top of one monomer,
which is coordinated by a loop of the next monomer (Erickson et al., 2010). The
FtsZ dimer exhibits GTPase activity which changes the conformation of the polymer
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and destabilizes the interaction between monomers (Mukherjee and Lutkenhaus,
1998). This results in treadmilling of the polymer, with growth of the filament by
binding GTP-bound monomers to one end and shrinkage of the filament by
disassembly of GDP-bound monomers at the other end (Mukherjee and
Lutkenhaus, 1994; Bisson Filho et al., 2017; Yang et al., 2017; Ramirez-Diaz et
al., 2018). This treadmilling is important for the function of FtsZ in septum
synthesis (Bisson Filho et al., 2017; Yang et al., 2017).

Tethering

of

FtsZ

polymers to the membrane is essential, and B. subtilis cells lacking both FtsA and
SepF are unable to form Z-rings (Ishikawa et al., 2006). FtsA was originally found
to function as membrane anchor for FtsZ polymers in Escherichia coli. The protein
contains a C-terminal amphipathic helix that interacts with the cell membrane
(Pichoff and Lutkenhaus, 2005). FtsA is not essential in B. subtilis (Jensen et al.,
2005), since SepF can take over this function.
In vitro, purified SepF forms large protein rings with an average diameter of
40 nm (Duman et al., 2013). When mixed with FtsZ, these rings will bundle FtsZ
polymers into long tubular structures that show some resemblance to microtubules
(Gündoğdu et al., 2011). The SepF rings appear to be oriented perpendicularly to
the FtsZ polymers (Gündoğdu et al., 2011). Mutants that lack SepF form irregular
division septa indicating that bundling of FtsZ polymers by SepF polymers is
essential for normal Z-ring formation (Hamoen et al., 2006). SepF contains an Nterminal amphipathic helix that interacts with the cell membrane (Fig. 1A) (Duman
et al., 2013). Mixing SepF rings with artificial liposomes showed that they bind
inside the rings, suggesting that the amphipathic helix is located at the inner side
of the rings (Duman et al., 2013). Another peculiarity of the SepF rings is that
their diameter correspond to the average septum diameter in B. subtilis. Based on
these findings a model was put forward whereby SepF forms arches on the leading
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edge of the septum, with the membrane binding domain on the inside of the arch
and aligning FtsZ polymers perpendicular to the arches (Duman et al., 2013).
Figure 1. SepF residues necessary for
FtsZ binding. A) Secondary structure
prediction

of

(Drozdetskiy

SepF
et

using

al.,

Jpred4

2015).

The

amphipathic helix is indicated as AH,
while

subsequent

beta-sheets

are

numbered as B1-5 and alpha-helices
are numberd H1-3. Residues that are
crystalized

are

colored

green.

Residues that when mutated result in
a

loss

FtsZ–SepF

interaction

are

colored red. B) Crystal structure of a
SepF

dimer,

with

one

monomer

colored dark green, one light green
and mutated residues colored red.
The crystal structure used is PDB: 3ZIH. (Gündoğdu et al., 2011; Król et al., 2012; Duman
et al., 2013).

SepF residues 63 to 130 were found to be sufficient and essential for both
SepF self-interaction and SepF–FtsZ interaction (Duman et al., 2013). The crystal
structure of SepF dimers have been elucidated, comprising residues S61 to I139
(Duman et al., 2013). Two beta-sheets are responsible for dimer formation, and
the interaction between two dimers appears to occur by hydrophobic interactions
of two alpha helices, and is perturbed by a G109K mutation (Fig. 1B) (Duman et
al., 2013). Using yeast two-hybrid experiments, over 10 different residues have
been found that affect SepF’s ability to bind FtsZ, but not affect self-interaction
97

(Gündoğdu et al., 2011; Król et al., 2012; Duman et al., 2013). These residues
map to the beta-sheets and alpha-helices involved in SepF self-interaction (Fig.
1B).
Co-elution experiments using MBP-tagged SepF revealed that the C-terminal
16 amino acids of FtsZ binds to SepF, for which FtsZ residues P372 and F374 are
critical (Król et al., 2012). To determine how exactly this domain interacts with
SepF, we employed a relative new crosslinking procedure using bis(succinimidyl)3-azidomethyl- glutarate (BAMG). BAMG is similar to other succinidimyl esters like
DSG and DSP and crosslinks free amines, particularly lysine residues. An azide
residue in the linker can be reduced to an amine, which will be protonated at low
pH. This protonation adds an extra charge to crosslinked peptides, which is used
to enrich these peptides by strong cation exchange chromatography (SCX). This
greatly improves the identification of the crosslinked peptides (Buncherd et al.,
2014b; Buncherd et al., 2014a). In vitro BAMG crosslinking confirmed the SepF
homo-dimer as determined by crystallography. However, only a single crosslink
between SepF and FtsZ was found. Therefore in silico docking was used to find a
potential FtsZ binding site on the SepF structure.
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Results
In vivo BAMG crosslinking
A previous in vivo proteome wide crosslinking study using BAMG did not yield any
interaction between FtsZ and other cell division proteins (De Jong et al., 2017).
The reason for this is that the large amount of abundant proteins, such as
ribosomal proteins, reduces the sensitive for less abundant protein interactions
(De Jong et al., 2017). Therefore, we tried to use affinity purification, using a
biologically active GFP-tagged FtsZ fusion protein, to enrich for FtsZ-SepF
crosslinked complexes. Cells were grown in a MOPS buffered medium with limited
glutamine as the only nitrogen source, which reduces the level of free amines in
the medium and allows for direct crosslinking of cells in the growth medium (De
Jong et al., 2017). The effect of crosslinking on the Z-ring stability was tested by
the addition of 1 mM DSP. DSP was used in the optimization of the protocol as only
limited amount of BAMG was available, and since it is also a succinidimyl ester, a
similar crosslinking efficiency was expected to BAMG and DSP (Lee et al., 2013;
De Jong et al., 2017). The addition of 1 mM DSP for 5 min did not interfere with
the localization of FtsZ-GFP and in fact stabilized the Z-ring compared to cells
treated with DMSO (Fig. 2A). Unfortunately, the crosslinking resulted in a strong
reduction in affinity purified material (Fig. 2B). This was not specific to FtsZ-GFP,
as in a control experiment the yield of crosslinked cytosolic GFP was reduced to
only 25 % of non-crosslinked GFP (Fig. 2C). Nevertheless, we performed an
experiment with BAMG, and analyzed the eluted crosslinked material by trypsin
digestion and LC-MS/MS analysis. In total 189 proteins were identified in the pulldown fraction (Table 1). Most of them were high-abundant proteins unrelated to
cell division. Only FtsA, ClpX and ClpP were identified as known FtsZ interaction
partners. Given the absence of SepF, we decided to perform the BAMG crosslinking
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using purified components.

Figure 2. Crosslinking of GFP by DSP reduces affinity purification efficiency. A) Cells
expressing FtsZ-GFP under control of a xylose-inducible promoter were grown in LB with
0.15 % xylose. Cells are collected and resuspended in prewarmed PBS and incubated for
5 min with either 1 mM final DSP concentration or just DMSO. The crosslinking reaction
was quenched with 50 mM Tris-Cl pH7.5 and cells were imaged afterwards. B) Westernblot
of affinity purification of BAMG crosslinked FtsZ-GFP using GFP-specific antibodies. The
final well (R) has non-crosslinked affinity purified FtsZ-GFP as a reference yield. IN: input,
FT: flow through, W: wash, E: eluate, R: reference. C) Coomassie of an SDS-PAGE with
different elution conditions loaded.. Lysate was obtained from crosslinked (+ DSP) or noncrosslinked (- DSP) cultures. Band intensity was quantified in ImageJ and the normalized
intensity is indicated below the lane.

Table 1 Proteins crosslinked to FtsZ-GFP by BAMG and identified by LC-MS/MS. Proteins
are ordered in protein score (prot. score) and the number of (significant) entries mapped
to the protein also given (prot. mat. and sign. mat.), as are the number of unique
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(significant) peptides identified (prot. seq. and sign. seq.). As a cutoff a protein score of
>15 was used.

protein
FTSZ
EFTU
FLA
CH60
G3P1
AROG
ILVC
RS2
LEU3
TIG
MTNK
KPYK
RPOB
SERA
ATPB
LEU1
PURL
RL14
DNAK
SUCC
SRFAA
RPOC
EFG
PDXS
MTNA
RL2
RL27
MDH
RS12
EFTS
GLTA
ODPB
SRFAB
RS11
RS3
RL7
RS7
SUCD
RL35
GLYA

gene
ftsZ
tuf
hag
groL
gapA
aroA
ilvC
rpsB
leuB
tig
mtnK
pyk
rpoB
serA
atpD
leuA
purL
rplN
dnaK
sucC
srfAA
rpoC
fusA
pdxS
mtnA
rplB
rpmA
mdh
rpsL
tsf
gltA
pdhB
srfAB
rpsK
rpsC
rplL
rpsG
sucD
rpmI
glyA

prot.
score
1735
1014
309
303
298
296
281
267
265
252
235
234
226
220
211
209
207
197
196
194
190
174
174
173
164
161
148
142
141
135
124
119
114
114
113
112
111
111
111
109

prot.
mat.
47
31
11
11
9
10
11
14
7
9
9
8
13
9
5
5
10
6
5
9
12
12
8
7
5
6
5
7
5
6
5
3
11
3
4
4
4
3
3
4

sign.
mat.
42
28
9
10
8
9
10
13
7
7
8
6
10
6
5
5
9
6
5
8
10
10
5
6
4
4
4
4
5
5
5
3
7
3
4
4
2
2
3
4

prot.
seq.
21
17
10
11
8
9
10
9
7
8
9
7
13
9
5
5
10
6
5
8
12
12
8
6
5
6
5
6
4
5
5
3
11
3
4
4
4
3
3
4

sign.
seq.
19
17
9
10
8
8
10
9
7
6
8
5
10
6
5
5
9
6
5
7
10
10
5
5
4
4
4
3
4
5
5
3
7
3
4
4
2
2
3
4
101

protein
NADA
RS9
SUFD
YJLD
THIC
AK2
YMXG
NADC
AROA
ARGJ
RS4
RS19
RS6
RL4
RL32
RL36
RS13
TPIS
PUR2
ODO1
PUR9
ACNA
RPOA
YHEA
RS8
SDHA
SUFC
IMDH
CSHA
FABL
RL24
HPRK
ILVE2
ACP
CODY
RL23
RL13
ALF
ODP2
RS14

gene
nadA
rpsI
sufD
yjlD
thiC
lysC
ymxG
nadC
aroA
argJ
rpsD
rpsS
rpsF
rplD
rpmF
rpmJ
rpsM
tpiA
purD
odhA
purH
citB
rpoA
yheA
rpsH
sdhA
sufC
guaB
cshA
fabL
rplX
hprK
ilvK
acpA
codY
rplW
rplM
fbaA
pdhC
rpsN1

prot.
score
49
48
46
46
46
46
46
45
45
45
44
44
44
44
44
43
43
42
42
41
41
41
40
40
39
38
37
37
37
37
35
35
35
35
35
34
34
34
34
34

prot.
mat.
1
2
3
3
2
1
1
3
1
1
3
3
2
2
1
2
1
1
1
2
2
1
2
1
3
3
2
1
1
1
2
2
1
1
1
5
2
2
1
1

sign.
mat.
1
2
2
2
1
1
1
2
1
1
2
1
2
2
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1
1

prot.
seq.
1
2
3
3
2
1
1
3
1
1
3
2
2
2
1
2
1
1
1
2
2
1
2
1
3
3
2
1
1
1
2
2
1
1
1
4
2
2
1
1

sign.
seq.
1
2
2
2
1
1
1
2
1
1
2
1
2
2
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1
1

PFKA
IDH
PTF3A
ILVB
RL10
ENO
RS5
ASSY
RL6
METE
RL30
RL16
FOLD
RL3
RL5
GTAB
ATPF
DLDH1
FTSA
RL17
GLPX
RS10
CLPX
GATA
GUDB
RL19
CYSC1
IF2
LUTC
RL1
GLNA
CISY2
RL22
RS20
DHOM
RL331
THIG
CLPP
DIV4A
GREA
YXKC
ODO2
THRC
RS16
PPIB
PPAC

pfkA
icd
fruA
ilvB
rplJ
eno
rpsE
argG
rplF
metE
rpmD
rplP
folD
rplC
rplE
gtaB
atpF
pdhD
ftsA
rplQ
glpX
rpsJ
clpX
gatA
gudB
rplS
cysC
infB
lutC
rplA
glnA
citZ
rplV
rpsT
hom
rpmGA
thiG
clpP
divIVA
greA
yxkC
odhB
thrC
rpsP
ppiB
ppaC

107
101
101
99
98
95
95
94
94
91
85
84
82
80
78
78
78
77
77
76
75
74
74
73
73
72
71
71
69
68
68
68
67
66
65
64
64
64
63
62
61
59
58
57
57
56

4
6
3
7
6
5
4
3
2
9
4
3
3
4
5
5
2
3
1
2
1
4
3
2
2
4
2
1
2
2
2
2
3
3
2
3
1
1
1
2
1
4
1
2
2
3

4
5
3
4
4
4
4
3
2
4
3
3
2
3
3
3
2
2
1
2
1
2
2
2
2
3
1
1
2
2
2
2
3
3
2
2
1
1
1
1
1
3
1
1
2
2

4
6
3
7
5
5
4
2
2
8
3
3
3
4
5
4
2
3
1
2
1
4
3
2
2
4
2
1
2
2
1
2
3
3
2
3
1
1
1
2
1
4
1
1
1
3

4
5
3
4
4
4
4
2
2
4
3
3
2
3
3
3
2
2
1
2
1
2
2
2
2
3
1
1
2
2
1
2
3
3
2
2
1
1
1
1
1
3
1
1
1
2

ATPA
YITU
YQEY
YWGB
ILVD
PYRH
PNCB
PTFA
RS1H
ILVA
DEGU
SUFS
YXJG
NUSA
ERA
PURA
PNP
RL15
RNY
SYH
THID
YITJ
KPRS
CCPA
MCAT
PGK
RL21
ARGC
AHPC
RL31
LUTB
SIGI
GERBC
TRXB
PYC
G6PI
SUFB
FABZ
GLMS
TYPA
GATB
PYRG
GUAA
TAL
CARB
IF3
102

atpA
yitU
yqeY
ywgB
ilvD
pyrH
pncB
levD
ypfD
ilvA
degU
sufS
yxjG
nusA
era
purA
pnp
rplO
rny
hisS
thiD
yitJ
prs
ccpA
ydbD
pgk
rplU
argC
ahpC
rpmE
lutB
sigI
gerBC
trxB
pyc
pgi
sufB
fabZ
glmS
typA
gatB
pyrG
guaA
tal
pyrAB
infC

33
33
33
33
32
31
31
31
30
30
30
30
29
29
29
28
28
28
27
27
27
27
27
27
27
26
26
26
25
25
25
25
25
24
24
24
24
24
24
23
23
23
22
21
21
19

2
1
1
1
2
1
1
1
2
1
1
1
2
1
1
2
1
1
2
1
1
1
1
1
1
2
1
1
2
2
2
1
1
2
1
1
1
1
1
2
1
1
2
1
1
2

1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
0
0
1
0
1
0
0
0
0
0
0
0
0

2
1
1
1
2
1
1
1
2
1
1
1
2
1
1
2
1
1
2
1
1
1
1
1
1
2
1
1
2
2
2
1
1
2
1
1
1
1
1
2
1
1
2
1
1
2

1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
0
0
1
0
1
0
0
0
0
0
0
0
0

CARA
XYLA
RL18
DHLE
CLPC
YJLC
RL29
PURQ
TKT

pyrAA
xylA
rplR
yqiT
clpC
yjlC
rpmC
purQ
tkt

56
54
53
51
51
50
50
50
49

3
1
4
3
1
2
1
1
2

2
1
2
3
1
2
1
1
2

3
1
3
3
1
2
1
1
2

2
1
2
3
1
2
1
1
2

YVAQ
NDK
YJAV
RBSD
SAT1
PUR1
SYT1
ODBB

yvaQ
ndk
yjaV
rbsD
sat
purF
thrS
bfmBAB

18
17
17
17
16
16
16
16

1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0

In vitro crosslinking of FtsZ and MBP-SepF
FtsZ was purified by ammonium precipitation and SepF was purified as a fusion to
maltose binding protein (MBP). A previous study had shown that this fusion protein
interacts specifically to the FtsZ C-terminus (Król et al., 2012), and since the MBP
moiety helps to keep SepF in solution, we used the fusion protein for the
crosslinking experiments. Crosslinking conditions were first optimized using the
alternative succinidimyl ester crosslinker DSG, due to limited amount of BAMG that
was available. Proteins were crosslinked at room temperature for 15 minutes in a
HEPES buffered solution at pH 7.5 with increasing crosslinker concentrations.
Addition of both 1 mM MgCl2 and 150 mM NaCl increased the amount of high
molecular weight material, indicating that it increases protein–protein interactions
(not shown). MBP-SepF and FtsZ were crosslinked alone or together and the
degree of crosslinking was visualized by SDS-PAGE (Fig. 3A). With increasing DSG
concentration, MBP-SepF migrated from 57 kDA in the absence of DSG to above
250 kDa at higher crosslinking concentrations. MBP-SepF is known to dimerize,
although only a faint band can be observed at the expected 114 kDa dimer height,
and only at lower crosslinking concentrations. Previous studies have shown that
MBP-SepF is unable to form rings (Gündoğdu et al., 2011), however the presence
of material above 250 kDa suggests that at least tetramers are formed under our
crosslinking conditions.
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The FtsZ protein band disappeared with increasing DSG concentrations,
however western blotting showed that FtsZ shifts to a higher molecular weight in
the presence of DSG (Fig. 3B). This was unexpected, given that no GTP was added
to the crosslinking reaction. Interestingly, the western blot shows the presence of
a small amount of dimer when no crosslinker was added. It has been reported that
purified FtsZ can be up to 80% GTP bound (Huecas and Andreu, 2003; Oliva et
al., 2003). However, such a dimer is surprising, as the sample is denatured by
SDS when run on the gel. The amount of crosslinked FtsZ at high molecular weight
appears to be slightly increased when MBP-SepF is present, but no distinct (MBPSepF)-FtsZ dimers could be seen (Fig. 3A-B).

Figure 3. FtsZ and MBP-SepF crosslink into high molecular weight complexes. A) A
coomassie-stained SDS-PAGE of different crosslinking conditions. Samples were incubated
for 15 min with the indicated concentration of DSG cross linker. B) the corresponding antiFtsZ western blot of the same samples used in A. The bands in the second right-most lane
correspond to some overflow from the marker.

BAMG crosslinking analysis
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For the BAMG crosslinking a final concentration of 0.5 mM was used, since at this
concentration approximately half of the material was crosslinked by DSG (Fig. 3A),
and excessive crosslinking should be avoided as lysines crosslinked by BAMG can
no longer be recognized by trypsin, thereby reducing digestion efficiency (Kasper
et al., 2007). Crosslinked complexes were digested by trypsin and peptides were
separated by strong cation exchange chromatography (SCX) at pH 3. At this acidic
pH amines and carboxyl groups will be protonated and tryptic peptides will have a
minimum +2 charge, while crosslinked peptides will have a minimum +4 charge.
The higher salt fractions at which the crosslinked peptides were expected, were
collected (Fig. 4) and reduced by TCEP. The reduction of the azide in the BAMG
linker to an amine will add another charge at pH 3, which causes crosslinked
peptides to shift to a higher salt concentration when rerun by SCX. High salt
fractions of the secondary SCX run were analyzed using LC-MS/MS (Table 2). In
total 611 crosslinked peptides were identified, 177 of which are unique
combinations of crosslinked lysine (Table 3).
Figure 4. Primary SCX chromatography
fractions. Trypsin digested peptides were
subjected

to

strong

cation

exchange

chromatography (SCX) and fractionated
every 30 sec. Fractions from 14 up to 24
min were reduced by TCEP and rerun by
SCX, collecting high salt fractions. These high salt fractions were analyzed by both LCMS/MS using an IonTrap and a FTMS.
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Table 2 Identified peptides per machine. FDR: False Discovery Rate.
Iontrap

FTMS

Total (FDR)

Unique

Total (FDR)

Unique

Total

459 (0 %)

162

157 (0.64 %)

70

Intraprotein

456 (0 %)

161

156 (0.64 %)

69

MBP-SepF

383

22

126

57

FtsZ

73

139

29

12

Interprotein

3 (0 %)

1

1 (0 %)

1

Table 3. Crosslinked lysine residues found in this study. Residues are numbered as in their
respective PDB file: FtsZ (2vxy), MBP (1ytv) and SepF (3zih). Distances between residues
are measured in PyMol if residues are within the crystal structure and given in Angstrom.
If one or both of the residues is outside the crystal structure, the distance is annotated as
not available (n.a.).
Protein A
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP

Position A
58
58
58
64
64
64
64
64
64
64
79
79
79
80
155
155
175
175
175
175
221
221
242
15
15
15
15
15
15
15
15
15
20
29
29
29
39
39
39

Protein B
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
FtsZ
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP

Position B
79
80
86
79
80
86
175
221
242
347
86
175
221
175
324
347
242
324
343
347
324
343
324
39
40
43
48
60
97
133
287
327
311
43
156
311
40
43
48
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Distance (Å)
18.3
18.7
15
13.5
10.5
13.2
44.2
36.6
47.4
n.a.
10.3
36.9
24
40
n.a.
n.a.
18.6
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
23.4
25.4
25
16.6
15.7
33.3
51.7
14.5
45.3
24.9
7.6
34.1
5.8
6.2
6.2
7.6

MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP

39
39
39
39
40
40
43
43
43
43
43
43
43
43
56
97
97
97
97
97
116
133
133
133
133
151
151
151
151
151
151
151
189
189
193
193
311
4
4
4
4
4
6
6
8
38
38
45
45
45
49
49
60
60
60
63
63
63
15
15
15
29
29
29
39
39
39
39
40
43
43

MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF

56
97
193
216
214
309
97
151
189
193
214
216
309
311
133
189
193
270
311
327
189
151
189
193
216
151
156
189
193
216
265
270
189
287
327
216
327
8
38
60
63
83
63
83
63
60
63
60
63
83
60
63
60
63
101
63
83
101
4
38
63
4
6
38
38
45
63
101
63
6
38
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25.2
28.3
46.9
49.2
52.7
15.3
28.7
57
45.3
51.2
57
55.3
20.7
23.4
33.9
25.2
35.8
19.2
29.9
28.4
15.6
18.1
44.5
44.5
23.4
dimer
8.9
46.5
41.9
9.3
20.6
56
dimer
30.4
42.2
36.5
17.7
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
dimer
n.a.
n.a.
11.5
13.2
25.7
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
MBP
SepF
FtsZ

43
43
43
56
56
56
97
97
97
97
97
97
102
102
102
116
116
133
133
133
133
133
141
141
141
151
151
151
151
189
189
189
189
189
189
189
193
193
193
193
193
193
193
203
203
214
214
214
214
216
216
287
287
287
287
287
311
311
311
327
327
327
376
376
376
101
347

SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
SepF
FtsZ
MBP

45
49
63
4
6
45
4
38
45
60
63
101
45
63
101
6
101
38
45
60
63
101
6
45
101
4
45
63
101
6
38
45
49
60
63
101
4
38
45
49
60
63
101
38
45
4
45
63
101
4
63
6
38
45
60
63
4
6
45
4
6
45
6
38
101
175
151
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n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

MBP-SepF crosslinks
Out of the 177 crosslinked lysine combinations, 152 were between MBP and/or
SepF residues (Table 3). Crosslinked lysine residues of which the alpha carbons
(Cα) are within 25.7 Å distance in the crystal structure would constitute an
intraprotein crosslink, given the linker length, lysine length and coordinate error
(De Jong et al., 2017). For crosslinks between MBP peptides, 25 crosslinked lysine
residues have a Cα distance less than 25.7 Å in the crystal structure, while 26
crosslinked lysine residues have a Cα distance that exceeds 25.7 Å. Given that MBPSepF forms multimers under these crosslinking conditions (Fig. 3A), this large
number of crosslinks exceeding 25.7 Å most likely represent interprotein
crosslinks. The majority of crosslinks (17 out of 21) between two SepF peptides
do not map to the crystal structure, as at least one of the crosslinked lysines is
present in the amphipatic helix or unstructured linker between the amphipathic
helix and the globular domain. This is the case for crosslinks to SepF residues K4,
K6, K8, K38, K45, K49 and K60 (Table 3, distance is indicated as n.a.). However,
for the three crosslinks between SepF peptides that map to the crystal structure,
two are at a Cα distance of less than 25.7 Å: the homodimeric K63–K63 crosslink
and the K63–K83 crosslink. The K63–K101 crosslink has a distance of 25.7 Å,
which makes it difficult to determine if it is an inter- or intraprotein crosslink. This
will be further addressed in the discussion.
Since MBP-SepF is a fusion protein, crosslinks between a SepF lysine residue
that is within the SepF crystal structure and an MBP lysine residue that is within
the MBP crystral structure, might give insight in how the two crystal structures are
oriented in the fusion protein. However, mapping MBP residues crosslinked to SepF
residues on a linear representation does not reveal a clear enrichment of crosslinks
to specific sites on the proteins (Fig. 5A). Mapping crosslinks between residues on
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the respective crystal structures also does not give additional insight in the
orientation of SepF and MBP in the fusion protein (Fig. 5B).
Figure 5. MBP-SepF crosslinking
residues. A) Crosslinked residues
between SepF and MBP moiety,
displayed as a linear peptide. B)
Crosslinked

residues

between

SepF and MBP displayed on the
crystal structure. The crosslinked
lysine residues are shown

as

sticks and colored blue on MBP
and yellow on SepF. SepF PDB:
3ZIH, MBP PDB: 1YTV.

MBP-SepF forms dimers (Fig. 3A), and this was confirmed by the
identification of 4 crosslinked pairs of homodimeric peptides (Table 3). The
homodimeric crosslinks between SepF K60-K60 and K63-K63 are in good
agreement with the crystal structure of the SepF dimer (Fig. 6A, Table 3). The K63
residues are 11.5 Å apart, and although K60 falls just outside of the crystal
structure, the distance between S61 and S61 is only 11 Å (Fig. 6A). For MBP,
homodimeric crosslinks between MBP K151-K151 and K189-K189 were identified.
These, in addition to crosslinks between two MBP residues that exceeded 25.7 Å,
were used in an attempt to orient the two MBP moieties in the MBP-SepF dimer.
However, mapping these crosslinks on a linear representation does not reveal a
clear enrichment of crosslinks to specific sites on the proteins (Fig. 5B). Orienting
two MBP structures by the two homodimeric crosslinks (blue lines, Fig 6B) does
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not reduce the distance between the other crosslinks to below 25.7 Å (Fig. 6B).
Together, these data confirm that the SepF moiety dimerizes and this dimerization
brings the MBP moieties close together. A fixed orientation between the two
moieties could not be identified, very likely due to the 74 amino acids long flexible
linker in between MBP and SepF containing both the factor Xa cleavage site and
the unstructured linker present in SepF between the amphipathic helix and
globular domain (Fig. 1A).
Figure 6. MBP-SepF dimerizing
crosslinks.

A)

Homodimeric

crosslinks between SepF residues
in the SepF dimer crystal structure.
The dimer is viewed from the top
when compared to Figure 1. B)
Crosslinked residues within MBP
that exceed 25.7 Å Cα distance are
displayed

as

a

linear

peptide.

Homodimeric crosslinks between
K151–K151 and K189–K189 are
displayed as thicker dark blue
lines. C). Crosslinks between MBP
lysine residues that exceed 25.7 Å
Cα distance displayed on two MBP
crystal structures. The crosslinked
lysine residues are shown as sticks
and

colored

blue

or

green,

contrasting with the color of the
protein they are part of. SepF PDB:
3ZIH, MBP PDB: 1YTV.
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FtsZ-FtsZ crosslinks
In total, 23 crosslinks were found between two FtsZ peptides. For 9 crosslinks,
either one or both lysine residues are located in the unstructured C-terminal tail,
which is not crystalized. This is the case for crosslinks to FtsZ residues K324, K343
and K347 (Table 3, distances indicated as n.a.). For another 9 crosslinks, the Cα
distance is less than 25.7 Å, constituting intraprotein crosslinks. For the remaining
five crosslinks the Cα distance is more than 25.7 Å. Given that FtsZ forms also
dimers under the crosslinking conditions used (Fig. 3B), the crosslinks exceeding
25.7 Å most likely represent interprotein crosslinks. Interestingly, these crosslinks
map to two distinct surfaces on the protein (Fig. 7A), however these surfaces do
not correspond to the polymerization interface, but are located more on the side
of the protein (Fig. 7B). A possible orientation that puts all interprotein crosslinks
within 25.7 Å of each other, positions the two FtsZ proteins in an anti-parallel
orientation (Fig. 7C-D).

112

Figure 7. FtsZ crosslinking residues exceeding 25.7 Å Cα distance. Crosslinked residues
within FtsZ that exceed a 25 Å Cα distance are displayed as a linear peptide A) or on the
crystal structure B). The orientation of the two FtsZ monomers is according to (Erickson et
al., 2010). The crosslinks cluster in two groups, either blue or purple. C) A possible
orientation between two FtsZ structures where all crosslinks are below 25 Å C α distance.
Orientation of the FtsZ structures can be derived from the position of the GTP (green) and
D210 (red) that coordinates with the GTP of the next FtsZ in the polymer. D) A top view
of the orientation in C). The dark blue residues on the cyan FtsZ are arginine residues
(positively charged), while the red residues on the yellow FtsZ are glutamate residues
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(Figure 7 continued) (negatively charged). In C-D), the yellow FtsZ is flipped on its head
with respect to its orientation in B), so the backside is facing the front now.

Crosslinks between FtsZ and MBP-SepF
Only two crosslinks were found between FtsZ and MBP-SepF, with FtsZ K175 to
SepF K101 and FtsZ K347 to MBP K151 (Fig. 8A). FtsZ K175 is located in the loop
between H5 and HL2 (according to the topology in (Amos and Lowe, 1998)) and
SepF K101 is located at the C-terminal end of the second helix in the globular
domain at the bottom of the helix when oriented as in Fig. 1B. The FtsZ K347
residue is present in the unstructured C-terminal tail of FtsZ, and MBP K151 is
located on a corner of the protein. As only one of the residues is within the SepF
moiety, no conclusive orientation can be extracted from the two crosslinks (Fig.
8B).
Figure 8. FtsZ residues crosslinked
to MBP-SepF residues. A) A linear
representations

of

the

crosslinks

between FtsZ and MBP-SepF. B)
MBP-SepF is oriented as in Fig. 5,
while FtsZ is oriented such that the
GTP (green) is facing away, while the
D210 (red) is facing towards the
viewer. Crosslinked lysine residues
are shown as sticks and in case of
FtsZ K347 as a dot, and colored as
the protein they are crosslinked to.
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Molecular docking of C-terminus
Since it was previously reported that the FtsZ C-terminal peptide alone could
interact with MBP-SepF, crosslinks in or near the C-terminal peptide were
expected. FtsZ K380, which is present in the C-terminal peptide, was not found in
a single crosslink, either between FtsZ residues or between FtsZ and MBP-SepF
residues. An explanation could be that there is no SepF lysine in sufficiently close
proximity, or that maybe FtsZ K380 is not sufficiently surface exposed, reducing
accessibility of the crosslinker (Luchini et al., 2014). In order to further address
this, the FtsZ C-terminal peptide (D367 to G382) was docked on the SepF dimer
crystal structure using CABS-dock online software tool (Kurcinski et al., 2015).
The two best scoring orientations dock on either side of the SepF monomer,
between the first beta-sheet and third alpha helix with the N-terminus of the
peptide at the N-terminus of the SepF dimer (Fig. 9A and 10A, magenta) and
between the fourth alpha-helix and third beta-sheet with the C-terminus of the
peptide at the N-terminus of the SepF dimer (Fig. 9A and 10B, cyan). Most other
iterations also dock to either of these locations (not shown). Residues essential for
FtsZ interaction by yeast two-hybrid map predominantly close to the cyan
orientation, making this a likely binding site (Fig. 9B). Interestingly, the lysine
residues in this area of SepF are within crosslinking distance of the lysine in the Cterminal peptide in either of the two orientations (Fig. 9A). Why no crosslinks were
found between these residues is addressed in the discussion.
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Figure 9. FtsZ C-terminal peptide docked onto SepF dimer crystal structure. FtsZ
D367 to G382 was docked onto SepF dimer crystal structure using CABS-dock online
software tool (Kurcinski et al., 2015). The best two scoring orientations are shown in cyan
and magenta. A) Lysine residues in both the C-terminal peptide and in the SepF dimer are
shown as sticks. B). Residues essential for FtsZ–SepF interaction by yeast two-hybrid are
shown as sticks and colored red (Gündoğdu et al., 2011; Duman et al., 2013).
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Discussion
In this study the interaction between SepF and FtsZ was investigated using BAMG
crosslinking of purified FtsZ and MBP-SepF followed by LC-MS/MS identification of
crosslinked residues. The crosslinking analysis confirmed the dimerization of SepF
as previously observed (Duman et al., 2013). FtsZ self-interaction was also
observed (Fig. 3), although not at the polymerization interface (Fig. 7B).
Interestingly, a previously found mutation (A240V) that inhibits FtsZ lateral
bundling in vitro maps close to one of the surfaces (Michie et al., 2006; Monahan
et al., 2009). This lateral interaction could possibly be coordinated by salt bridges,
since K175, K221 and K242 surround a surface with several arginine residues (Fig.
7D), while K63, K79 and K80 are close to an alpha helix containing four glutamate
residues. These crosslinks put the laterally interacting FtsZ proteins in an antiparallel orientation (Fig. 7C). Further studies will have to confirm this, though in
vivo treadmilling studies have shown that FtsZ treadmills in both directions in the
same Z-ring (Bisson Filho et al., 2017; Yang et al., 2017).
Two crosslinks were found between MBP-SepF and FtsZ, one in the MBP
moiety and one in the SepF moiety. Given that a clear orientation between MBP
and SepF is lacking, the crosslinks that are found between FtsZ and MBP-SepF are
not sufficient to specify an interaction site, although the only FtsZ lysine that
crosslinked with SepF was not located in its C-terminal domain. In silico docking
between the FtsZ C-terminal peptide and the SepF globular dimer propose two
interaction sites on either side of the protein (Fig. 9A). The cyan orientation has
the FtsZ C-terminal peptide closes to residues essential for FtsZ–SepF interaction
based on the yeast two hybrid data (Gündoğdu et al., 2011; Duman et al., 2013).
The cyan orientation would also put the K380 residue in the FtsZ C-terminus within
25.7 Å distance of SepF K63, K83 and K101. Therefore, the complete absence of
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any crosslinks with FtsZ K380 is peculiar. In a previous study investigating the
interaction between E. coli FtsZ and ZapA, the lysine in the C-terminal FtsZ peptide
was found to crosslink extensively with other regions of FtsZ (Roseboom et al.,
2018), both within the same protein and between two FtsZ proteins. This was
interpreted as the C-terminal peptide having a high degree of freedom (to be
‘flopping’ around). ZapA does not interact with the C-terminal peptide of FtsZ,
while SepF is found to bind this domain (Król et al., 2012; Roseboom et al., 2018).
The absence of any crosslinks in the C-terminal peptide could therefore be
interpreted as a loss in movement freedom, potentially because of the interaction
with SepF. Alternatively, the presence of R376, R378 and R381 can result in very
short tryptic peptide NKR under complete digestion (the crosslinked lysine would
not be recognized by trypsin), which would not have been identified with the
analysis method used. The settings that were used would allow for the
identification of the partially digested peptide NKRG. It cannot be ruled out that
the C-terminal peptide is digested very efficiently. However, the observation that
for most crosslinks both a fully digested and a partially digested peptide is
identified (data not shown), makes the complete absence of any of C-terminal
peptides peculiar.
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Figure 10. Proposed FtsZ binding pocket. SepF dimer is colored as in Fig. 1 and 8, with
one subunit in dark green and one subunit in bright green. The orientation and docking of
the FtsZ C-terminal peptide is colored corresponding to the two different orientations in
Fig. 8, either the cyan (A) or magenta (B) orientation. C) Rotating the magenta orientation
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(Figure 10 continued) 180° clockwise puts the FtsZ C-terminal peptide in the same
orientation in both cases. D) Possible residue interactions that contribute to pocket
formation. E) Pocket formation brings K101 and K63 within 11 Å distance, down from 25.7
Å within the normal dimer configuration. F) Amino acid substitutions that lead to a loss of
FtsZ interaction in yeast two-hybrid, but not to a loss of self-interaction (with the exception
of G109R). The only dimerization residues that did not map to this proposed pocket are
Y72 and F106 (Duman et al., 2013).

EM images have indicated that SepF rings are approximately 6 nm wide
(Duman et al., 2013), which allows for either 2 or 3 dimers to be stacked in a ring.
This suggests that in addition to the proposed dimer–dimer interaction through the
hydrophobic interactions between the alpha-helices (Duman et al., 2013), an
additional dimer–dimer interaction site could be present on SepF. MBP-SepF has
not been found to form rings (Gündoğdu et al., 2011), but at least a tetramer is
observed under the crosslinking conditions used (Fig. 3A). These stacked dimers
could generate a binding pocket for the FtsZ C-terminal peptide that might also
shield the K380 residue from the crosslinker (Luchini et al., 2014).
Given that the cyan and magenta orientation of the FtsZ C-terminal peptide
are anti-parallel, this could mean that stacking two SepF dimers in an anti-parallel
fashion could allow the two dimers to share a single FtsZ C-terminal peptide (Fig.
10C). Possible residues that could assist in this pocket formation are on one side
a salt bridge between K101 and D134, and a possible hydrophobic interaction
between I139 and Y112 (Fig. 10D, view 1). On the other side of the pocket, this
could be facilitated by salt bridge between K83 and E141, which is two residues
after the final I139 in the crystal structure (Fig. 10D, view 2). As these contacts
are present on three separate SepF proteins, this suggests that the pocket only
forms when two dimers interact.
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Interestingly, this orientation also puts SepF K63 and K101 within a 11 Å
distance, while in the dimer structure this crosslink was at the cutoff of 25.7 Å
(Fig. 10E). Additionally, out of the reported 10 residue substitutions that affect
FtsZ–SepF interaction, 8 of those residues map to the proposed binding pocket
(Fig. 10F). The residues Y72 and F106 do not map to the pocket and are on the
alpha-helices that are proposed to facilitate the interaction between dimers.
However, these could assist in further stabilization of the interaction pocket, as
these alpha-helical interactions are also contributing to SepF ring formation. In the
SepF ring, the proposed stacked dimer from Figure 10C would be present in a
repeating pattern, potentially contributing to ring formation, while creating
simultaneously the SepF binding pocket. If SepF–SepF interactions contribute to
both formation of the FtsZ binding pocket and SepF ring formation, this might
ensure that FtsZ membrane-tethering is restricted only to the leading edge of the
septum, since here the SepF dimers are oriented effectively by FtsZ polymers. A
co-crystallization of the C-terminal peptide with the SepF globular domain could
validate the proposed binding pocket, while cryo-electron microscopy of SepF rings
could further elucidate the stacking of SepF in these rings (Topf et al., 2008).
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Experimental Procedures
Bacterial strains, growth conditions and general techniques
Strains and plasmid used in this study are listed in table 4. B. subtilis strains were
grown in either Luria-Bertani (LB) medium or modified MOPS medium (80 mM
MOPS-KOH pH7.6, 4 mM Tricine, 10 μM FeSO4, 0.276 mM K2SO4, 0.14 mM CaCl2,
6.4 mM MgCl2, 0.1 mM MnCl2, micronutrients (3 x 10-7 M (NH4)6(MO7)24, 4 x 10-5
M H3BO3, 3 x 10-6 M CoCl2, 1 x 10-6 M CuS04, 1 x 10-6 M ZnSO4), 1.32 mM K2HPO4,
22.2 mM fructose, 1.2 mM glutamine, 0.245 mM trypthophan). Cells grown in LB
were inoculated from frozen stocks and grown overnight at 30°C at 210 rpm.
Cultures were diluted 1:200 into pre-warmed LB and expression was induced by
addition of 0.15 % xylose (w/v) and grown at 30°C at 210 rpm. Cells were
crosslinked or imaged at an OD600nm of approximately 0.5.
Cells grown in MOPS medium were incubated from a fresh single
colony on LB agar plates (supplemented with appropriate antibiotics) in
modified MOPS medium overnight at 30°C at 210 rpm in several dilutions.
The next morning, exponentially growing cells (OD500nm < 0.5) were
diluted to an OD500nm of 0.05 in pre-warmed MOPS medium, 0.15 %
xylose was added to induce expression and cells were grown at 30°C at 210
rpm. Cells were crosslinked or imaged at an OD500nm of approximately 0.5.

In culture crosslinking
For in culture crosslinking, a modified version of our previous protocol was used
(De Jong et al., 2017). A fresh single colony was incubated in modified MOPS
medium overnight at 30°C in several dilutions. The next morning, exponentially
growing cells (OD500nm < 0.5) were diluted to an OD500nm of 0.05 in prewarmed MOPS medium and 0.15 % xylose was added to induce expression. Cells
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were crosslinked at and OD500nm of approximately 0.5 by addition of a final
concentration of 0.5 mM BAMG or DSP. After 5 minutes of crosslinking, the reaction
was quenched by 50 mM Tris-Cl pH8.0 and cells were pelleted at 4°C and washed
in ice-cold PBS. Pellets were flash frozen in liquid nitrogen and stored at -80°C.
For imaging of the stability of FtsZ-GFP rings in crosslinked cells, LB grown
cells were crosslinked. At an OD600nm+ of approximately 0.5, cells were pelleted for
2 minutes at 12800g and resuspended in pre-warmed PBS. Cells were incubated
in a tabletop shaker with 0.5 mM DPS dissolved in DMSO or just DMSO for 15
minutes at 30°C at 800rpm after which cells were imaged.

Fluorescence microscopy
For slide preparation, 0.3μl cell suspension was immobilized on a 1.2 % (w/v)
agarose pad on an object glass and covered by a coverslip. Cells or beads were
imaged on a Nikon Eclipse Ti equipped with a CFI Plan Apochromat DM 100x oil
objective using Type 37 Cargille immersion oil, an Intensilight HG 130 W lamp, a
C11440‐22CU Hamamatsu ORCA camera, and NIS elements software, version
4.20.01. Images were analyzed and quantified in ImageJ.

Affinity purification pull-down
Cell pellets were resuspended in a small volume of lysis buffer (10 mM Trix-Cl pH
7.5, 150 mM NaCl, Roche Protease Inhibitor, 1 mM PMSF), subsequently adding
0.5 μl benzonase per 100ml cell culture and 750 U / OD Ready-lyse lysozyme and
incubated for 15 minutes at 37°C, after which the total volume was increased to
25 ml to be compatible with French press disruption (3 passes at 1500 psi). Cell
lysate was cleared at 12800 g for 20 minutes at 4°C. Supernatant was incubated
with pre-equilibrated magnetic anti-GFP beads by Chromotek and incubated
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rotating for two hours at 4°C. Binding affinity was determined by measuring 509
nm emission of both input and flow through in a fluorescent plate-reader. Beads
were washed for 3 times in wash buffer (10 mM Tris-Cl pH7.5, 150 mM NaCl, 0.5
mM EDTA). Bound protein was either microscopically image, eluted from the beads
by boiling them in 2x SDS-loading buffer to analyze by SDS-PAGE or western blot,
or digested on the beads (according to manufacturer’s protocol). Trypsin digested
peptides were desalted on C18 reversed-phase TT3 top tips (Glygen, Columbia,
MD), eluted with 0.1 % TFA in 50 % acetonitrile, and dried in a vacuum centrifuge.

Protein determination SDS-PAGE and western blotting
SDS-loading buffer was added to samples and these were heated for 10 minutes
at 95°C and run on a 12 % polyacrylamide gel. After gel electrophoresis proteins
were either stained with Coomassie brilliant blue and imaged or transferred by
Western blot onto a PVDF membrane. Tank blotting was performed at 55 V for 2
hours in an ice cooled tank and membranes were blocked overnight at 4°C with 5
% milk powder (w/v) in TBST (Tris buffered saline solution, pH7.4, 0.05 % Tween
20 (w/v)). Primary antibody was diluted into (1:5000 for both rabbit anti-GFP or
rabbit anti-FtsZ) 1 % milk powder (w/v) in TBS and PVDF membranes were
incubated for two hours at room temperature. Secondary antibody was diluted into
(IRDye 680LT Goat anti-Mouse IgG, 1:10000) 1 % milk powder (w/v), 0.01 %
SDS (w/v) in TBST and incubated with the PVDF membrane for one hour at room
temperature. After both incubations, the membrane was washed for three times
10 minutes in TBST. Blots were imaged in a Licor Odyssey Fc and analyzed in
ImageJ.

LC-MS/MS peptide fingerprinting
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Identification of FtsZ crosslinked proteins in the peptide mixture by LC-MS/MS was
performed on an Amazon Speed Iontrap with a CaptiveSpray ion source (Bruker)
coupled to an EASY-nLC II (Proxeon, Thermo Scientific) chromotagraphic system.
Peptides were injected and separated on an EASY-Column 10 cm (SC 200 Thermop
Scientific coupled with a SC001 2 cm precolumn) at a flow rate of 300 nl/min using
a 30 minute gradient of 0-50 % acetonitrile and 0.1 % formic acid. MS1 scans
were recorded in enhanced mode (resolution about 3000) at an MS1 mass range
m/z 400−1500; CID was performed in SmartFrag mode with variable energy.
MS/MS scan were recorded in extreme mode in a mass window starting from m/z
100. Five precursor ions per scan cycle were selected at a mass window of m/z 4
using data-dependent acquisition with active exclusion for 30 s. LC-MS/MS data
was processed using Mascot Distiller and searched with the MASCOT server
program against the B. subtilis 168 protein database from Uniprot. Trypsin was
used

as

the

enzyme

with

3

miss

cleavages

allowed.

Cysteine

carbamidomethylation was used as a fixed modification, methionine oxidation as
a variable modification. Peptide mass tolerance of 0.3 Da and fragment mass
tolerance of 0.6 Da was set. Peptides were evaluated at a significance threshold of
0.05 and an ion score cut-off of 15.

Protein purification
FtsZ was purified as previously described (Saeloh et al., 2017). In short, FtsZ was
expressed in BL21(DE3) and purified by ammonium precipitation. The resulting
pellet was dissolved in and loaded on a HiTrap Q HP column for strong cation
exchange chromatography on an Akta FPLC system. Eluted peaks fractions were
run on SDS-PAGE to determine protein weight and identify sample purity.
MBP-SepF was purified as previously described (Gündoğdu et al., 2011).
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In vitro crosslinking
Purified proteins were buffer exchanged on Millipore 10 kDa cutoff filters to 50 mM
HEPES pH7.5 and protein concentrations were determined by Nanodrop 280nm
absorbance. Absorbance was adjusted for extinction coefficients, which were
determined by ExPasy translate web tool. Per crosslinking reaction, FtsZ and MBPSepF were diluted to a final concentration of 10 μM each in crosslinking buffer (50
mM HEPES pH7.5, 150 mM NaCl, 1 mM MgCl2) and crosslinked with indicated final
concentration of cross linker (BAMG or DSG) for 15 minutes. The reaction was
quenched by the addition of final concentration of 50 mM Tris-Cl pH8. Crosslinking
reactions were either analyzed by SDS-PAGE followed by Western blot or digested
by trypsin.

Protein digestion
The crosslinking reaction was concentrated and washed with 250 mM Tris-Cl pH8
on a 10kDa filter at 13000 rpm for 12 minutes. Concentrated proteins were
denatured for 5 minutes by addition of a saturated urea solution (10M) to a final
concentration of 6M at room temperature. The solution was diluted to a final urea
concentration of 1M by addition of 100 mM Tris-Cl pH8 and incubated with trypsin
at 1:50 ratio (w/w) overnight at 30°C. Peptides were desalted on C18 reversedphase TT3 top tips, eluted in 0.1 % TFA in 50 % acetonitrile. Peptides were freezedried and stored in -80°C until analyzed.

LC-MS/MS identification of cross-linked peptides
FTMS LC–MS/MS data were acquired as described previously (Buncherd et al.,
2014a). In short, Maswith an ApexUltra Fourier transform ion cyclotron resonance
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(FTICR) mass spectrometer (Bruker Daltonic, Bremen, Germany) equipped with a
7 T magnet and a nano-electrospray Apollo II DualSourceTM coupled to an Ultimate 3000 HPLC system (Dionex, Sunnyvale, CA, USA). Peptides were injected as
a 10 μl 0.1 % trifluoroacetic acid, 3 % acetonitrile aqueous solution and loaded
onto a PepMap100 C18 (5-μm particle size, 100 Å pore size, 300-μm inner diameter
× 5 mm length) precolumn. Following injection, the peptides were eluted via an
Acclaim PepMap 100 C18 (3 μm particle size, 100-Å pore size, 75-μm inner
diameter × 250 mm length) analytical column (Thermo Scientific, Etten-Leur, The
Netherlands) to the nano-electrospray source. A 60 min linear acetonitrile gradient
profile in 0.1 % formic acid was used at a flow rate of 300 nl/min. In each MS duty
cycle up to 3 data dependent Q-selected peptide ions were fragmented in the
hexapole collision cell at an Argon pressure of 6 × 10−6 mbar (measured at the
ion gauge) using a CID activation kinetic energy profile optimized for different
peptide charge states. Target peptides already selected were dynamically excluded
for 25 s. The resulting fragment ions were detected in the ICR cell at a resolution
of up to 60,000. The instrument was mass calibrated at 1.5 ppm over an m/z range
up to 1400 using the CID fragment ions from off-line electro-sprayed human
[Glu1]-fibrinopeptide (Sigma–Aldrich).

Data processing and crosslink peptide identification
Raw LC-MS/MS data was processed with Mascot Distiller as previously described
(De Jong et al., 2017). The MS2 data was deconvoluted to MH+ values at the Qstar
default settings. Crosslinked peptides were identified by the previously described
Biner approach and validated the Yeun Yan approach (Buncherd et al., 2014a).
These approaches make us of a crosslink database, where all forward and reverse
peptides of FtsZ, SepF and MBP are crosslinked. Based on precursor mass, each
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spectra is given candidate crosslink peptides (Biner). These matched spectra and
candidates are then validated by scoring the actual spectra on the proposed
candidates (Yuen Yan). Candidates were evaluated based on their Yean Yan score
(25 or higher) and for the amount of identified b- or y-ions (minimum 2 per peptide
for interprotein crosslinks).

Alpha carbon distance calculation
For FtsZ (2vxy), MBP (1ytv) and SepF (3zih) the crystal structures are resolved
(PDB number). Using PyMol, alpha carbon (Cα) distance can be measured.
Distances within 25.7 Å were considered to be in agreement with the crystal
structure (De Jong et al., 2017).

In silico peptide docking using CABS-dock
The CABS-dock webtool (http://biocomp.chem.uw.edu.pl/CABSdock) was used to
dock B. subtilis C-terminal peptides DTLDIPTFLRNRNKRG to the SepF crystal
structure (3zih).
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Abstract
In many bacteria cell size homeostasis is controlled by an adder model. How this
is achieved is not yet known. Here, we reasoned that the variation in timing in
divisome assembly may be responsible for adder regulation. To investigate this,
time-lapse microscopy was done on single Bacillus subtilis cells expressing both
fluorescently labeled early and late cell division proteins, ZapA and Pbp2B,
respectively, to time the formation of Z-rings, recruitment of late proteins and
septum synthesis. For wild type, variations in birth size negatively correlated with
divisome maturation, from Z-ring formation to constriction. Mutants affected either
in Z-ring formation (ΔsepF and FtsZ over-expression) or late complex stability
(ΔdivIB and ΔrasP) are generally born larger and the longer birth sizes negatively
correlated to Z-ring initiation, with the largest cells already starting ring formation
before birth. For all strains a continuous increase in both ZapA and Pbp2B intensity
at midcell is observed, with reproducible average intensities at the subsequent
division steps. ZapA intensity negatively correlates to division step progression,
with high ZapA intensity resulting in shorter step intervals. We propose that
increasing divisome threshold levels incorporate growth dependent accumulation
of cell division proteins, allowing for cell size homeostasis to be directly connecting
to cell growth.
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Introduction
Many rod shaped bacteria, including Escherichia coli and Bacillus subtilis, grow
exponentially in length by continuously synthesizing peptidoglycan along their
lateral cell wall. The average cell length remains constant due to cell size
homeostasis (Schaechter et al., 1958), resulting in an inverse correlation between
birth size and division cycle duration (Campos et al., 2014; Taheri-Araghi et al.,
2015). Phenomenologically homeostasis is achieved by addition of a fixed cell
length per division cycle, or adder-model (Campos et al., 2014; Taheri-Araghi et
al., 2015). Due to the exponential growth in cell length, this means that cells that
were born small will take more time to divide compared to cells that were longer
when they were born (Campos et al., 2014; Taheri-Araghi et al., 2015). In this
study, we set out to explore what step in the synthesis of the division septum
accounts for cell size homeostasis, using the model bacterium B. subtilis.
Septum synthesis is executed by a large protein complex referred to as the
divisome (Den Blaauwen et al., 2017). Assembly of the divisome commences with
polymerization of the tubulin homologue FtsZ (Bramhill and Thompson, 1994;
Mukherjee and Lutkenhaus, 1994; Erickson, 1995; Erickson et al., 1996). The FtsZ
polymers form a ring-like assembly at midcell, the Z-ring, which functions as a
scaffold for the late cell division proteins that synthesize the septum. FtsZ
polymerization requires GTP and in turn polymerization stimulates FtsZ GTPase
activity, resulting in treadmilling (Bisson Filho et al., 2017; Yang et al., 2017;
Ramirez-Diaz et al., 2018). FtsZ polymers are interlinked by ZapA and attached to
the cell membrane by peripheral membrane proteins FtsA and/or SepF (Low et al.,
2004; Pichoff and Lutkenhaus, 2005; Duman et al., 2013). The latter is only found
in Gram-positive bacteria (Hamoen et al., 2006; Duman et al., 2013). In Bacilli
the transmembrane protein EzrA forms large protein arcs, encompassing and
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regulating the lateral assembly of FtsZ polymers (Levin et al., 1999; Cleverly et
al., 2014). Together these proteins are referred to as early cell division proteins.
The next step in septum synthesis is the recruitment to the Z-ring of the so
called late cell division proteins, responsible for synthesis of the septal wall. In B.
subtilis, these include the peptidoglycan transglycosylase FtsW, the transpeptidase
PBP2B, and the structural proteins FtsL, DivIC and DivIB (Yanouri et al., 1993;
Katis et al., 1997; Daniel et al., 1998; Meeske et al., 2016). FtsL, DivIC and DivIB
form a complex that interacts with Pbp2B. The assembly of these transmembrane
proteins is highly cooperative and interdependent, meaning that if one is missing,
the others do not accumulate at the Z-ring (Daniel et al., 2000; Daniel and
Errington, 2000; Daniel et al., 2006; Gamba et al., 2016). The exception is DivIB,
which is only essential at high growth temperatures (Beall and Lutkenhaus, 1989;
Harry et al., 1993). How exactly these late proteins interact with the Z-ring is not
yet known for Gram-positive bacteria. In E. coli the assembly of late proteins is a
more step-wise process instead of an all-or-nothing event (Goehring et al., 2005;
Goehring et al., 2006).
Cell division is controlled at different levels, first and foremost by the
regulation of FtsZ polymerization. In many rod-shaped bacteria the polarly
localized protein couple MinCD prevents aberrant division close to cell poles, which
would result in minicells, by locally interfering with FtsZ polymerization (De Boer
et al., 1989; Levin et al., 1992; Marston et al., 1998; Marston and Errington, 1999;
Cordell et al., 2001; Bramkamp et al., 2008). The nucleoid occlusion mechanism
coordinates cell division with DNA segregation by preventing FtsZ polymerization
over unsegregated chromosomes. In B. subtilis this is regulated by Noc which
binds both DNA and the cell membrane, forming membrane attached nucleoprotein
complexes that interfere with FtsZ polymerization (Wu et al., 2009; Adams et al.,
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2015). The metabolic state of cells can also influence septum synthesis. For
example, a specific glucosyltransferase (UgtP or OpgH, respectively) reduces FtsZ
polymerization under fast growth conditions in B. subtilis and E. coli (Weart et al.,
2007; Hill et al., 2013).
Another control step is the recruitment of late cell division proteins.
Assembly of these proteins at the Z-ring is delayed by approximately 20% of the
cell cycle relative to Z-ring formation (Aarsman et al., 2005; Gamba et al., 2009),
and it has been speculated that this time interval represents a cell division
checkpoint, possibly involving the proteolytic control of FtsL (Bramkamp et al.,
2006; Parrell et al., 2017; Burby et al., 2018). FtsL is instable and rapidly degraded
by the intramembrane protease RasP (Bramkamp et al., 2006). Interaction with
DivIC and DivIB protects FtsL from degradation (Daniel and Errington, 2000;
Wadenpohl and Bramkamp, 2010). DNA damage results in a cell division block to
allow time for DNA repair, and in B. subtilis this is controlled by a downregulation
of ftsL and pbpB transcription (Goranov et al., 2005), and expression of the
transmembrane protein YneA, which blocks a late step in cell division (Kawai et
al., 2003; Kawai and Ogasawara, 2006; Mo and Burkholder, 2010; Burby et al.,
2018). The final step, synthesis of the septal wall, might be subjected to some sort
of regulation as well since the rate of septal peptidoglycan synthesis has been
shown to correlate with the treadmilling rate of FtsZ polymers (Bisson Filho et al.,
2017; Yang et al., 2017), and this treadmilling rate can be affected by certain
proteins (Bisson Filho et al., 2017).
To determine how these different cell division steps contribute to cell size
homeostasis, we used the natural variation in birth size and studied the correlation
between this variation and the variation in the duration of the subsequent cell
division steps. These experiments revealed several unexpected results and
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questions the existence of a discrete time delay in the recruitment of late cell
division proteins, and a role for FtsL in this. We found that the amount of Z-ring
material is the best prediction for interval duration, and this phenomenon, together
with the fact that the Z-ring concentration continuously increases, provides a
robust mechanism for adder cell size homeostasis
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Results

Time lapse microscopy
Divisome assembly of early and late cell division proteins have been extensively
investigated but most studies use cell averages for this, and thus far the cellular
variation in assembly and recruitment of early and late division proteins has not
been explored. We assumed that such variation could be used to determine which
cell division step is responsible for cell size homeostasis. To follow assembly of
early and late cell division proteins and septum synthesis in individual B. subtilis
cells, a strain was constructed expressing an mCherry-ZapA fusion as marker for
Z-ring formation, and an mGFP-Pbp2B fusion as marker for the assembly of the
late cell division proteins. For both fluorescent proteins, monomeric (m) versions
were used to prevent artificial clustering (Costantini et al., 2012). Since ZapA links
FtsZ polymers it is reasonable to assume that the concentration of ZapA at midcell
can be used as a measure for the concentration of FtsZ polymers. ZapA was
preferred as fluorescent marker over FtsZ, since FtsZ fusions can affect Z-ring
assembly (Levin et al., 1999). The recruitment of late cell division proteins is highly
cooperative and relies on the presence of both FtsL, DivIC, FtsW and Pbp2B. It
seems therefore also reasonable to assume that the fluorescence of an mGFPPbp2B fusion can be used as indicator for the concentration of late cell division
proteins. The Pbp2B reporter fusion was expressed from the ectopic locus amyE
and the ZapA reporter fusion was put downstream of the original zapA copy and
both were expressed using the xylose inducible Pxyl promoter. A low amount of
xylose was used, 0.05%, to prevent possible interference of these additional
copies.
A major problem with fluorescence time lapse microscopy is phototoxicity.
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To diminish this, the aperture diaphragm was constricted to a minimum, and a
minimal medium with succinate as carbon source was employed to increase the
doubling time to approximately 95 minutes, thereby improving the temporal
resolution. Under these conditions, we could use 1 sec exposure for the mCherry
and for the GFP channel, with 5 min intervals (Fig. S1). A shorter time interval of
2.5 min substantially affected growth rates due to phototoxicity (Fig. S1).
B. subtilis divides by forming cross-walls, and these septa cannot be seen
by phase contrast. Moreover, after completion of septum synthesis it takes quite
some time before the daughter cells separate. Therefore, we followed only cells at
the end of cell chains and used the tip of these cells as reference point for the
position of cell division proteins, as illustrated in Fig. 1A. To measure the
localization of fluorescent marker proteins, ImageJ macros were developed for the
ImageJ plugin ObjectJ (Vischer et al., 2015). Briefly, the software recognizes a
user-specified cell in the phase contrast image for each time frame (Fig. 1A), and
plots the phase contrast and fluorescence images for subsequent time frames
underneath each other, creating a vertical timeline (Fig. 1B). The software
determines the position of maximum mCherry fluorescence for each time point and
quantifies both the mCherry and mGFP signal in an area defined by the maximum
mCherry signal (box S in Fig. 1C). The average fluorescence signal next to this
area (boxes Bl and Br in Fig. 1C) is used as background fluorescence. Z-ring
constriction was followed by tracking the mCherry signal as an ellipsoid from which
the ring diameter was derived (Fig. 1C). Using this method, a total of 50 cell
division events from 5 biological replicates were collected. Representative
timelines are shown in the upper panel of Fig. 2.
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Figure 1. Time lapse analysis. A)
Example of a cell cropped by the
MovingCircle macro and recognized by
ColiInspector macro for ObjectJ. B)
Cells of subsequent time frames are
aligned

underneath

each

other

to

create a vertical timeline. C) The
MeasureBoxes

macro

for

ObjectJ

determines for each cell where the
maximum mCherry signal is localized
(horizontal white arrow), and fits the
signal shape to an ellipse, determines
ellipse height (vertical white arrow), and calculates the background corrected intensity for
both the mCherry and GFP channel.

Division cycle analysis
Every timeline was visually inspected to determine (i) when a cell was born, which
was defined as the disappearance of ZapA from the previous division site (Fig. 2,
B), (ii) the arrival of ZapA at mid-cell, measured as the first continuous ZapA
maximum at mid-cell (Fig. 2, Z), (iii) the subsequent formation of a clear ZapA
ring, defined as the appearance of two visible fluorescence dots on opposite sides
of a cell (Fig. 2, R), (iv) the arrival of Pbp2B as a ring at mid-cell, again defined as
the appearance of two fluorescence dots on opposite sides of a cell (Fig. 2, P), (v)
start of constriction, measured by the decrease in ZapA-ring diameter (Fig. 2, C),
and (vi) completion of division, defined as the disappearance of a clear ZapA
ring/dot (Fig. 2, D). The distance between the Z-ring and the tip of the cell,
corresponding to half the cell length, the Z-ring diameter and the normalized
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fluorescence intensities of the mCherry-ZapA and mGFP-Pbp2B signals were
plotted against time (Fig. 2, lower panels). More plots can be found in Fig. S2.
To check whether the diameter of the mCherry-ZapA signal is a good
indicator for septum constriction, we compared it with the arrival of DivIVA-GFP.
The cell division regulator DivIVA is recruited to negatively curved (concave)
membrane areas that are generated when the septal wall is synthesized
(Ramamurthi and Losick, 2009; Lenarcic et al., 2009). As shown in Fig. S3, there
is a strong correlation between the moment that the diameter of the mCherryZapA becomes smaller and the arrival of DivIVA-GFP.
To confirm that cells grown in our experimental setup still display cell size
homeostasis, the increase in cell length after birth was plotted against the size at
birth (Fig. 3A). No correlation was observed, which is in agreement with the adder
cell size homeostasis, meaning that every cell grows, on average, the same cell
length per division cycle, independent of birth size. This implies that larger cells
will divide quicker than smaller cells, since cells grow exponentially (Collins and
Richmond, 1962; Campos et al., 2014; Taheri-Araghi et al., 2015). Indeed, this
inverse correlation between birth size and cell cycle time was clearly observed (Fig.
3B), indicating that our experimental setup provides reliable cell cycle data.
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Figure 2. Representative cell division cycles of 5 cells. The top panel shows subsequent 5
min interval phase contrast (P.C.), mCherry-ZapA and mGFP-PBP2B images. The middle
panel shows the distance of the maximum mCherry-ZapA signal from the tip of cells (light
blue), and ring diameters (dark blue), plotted against time. The lower panel shows the
mCherry-ZapA and mGFP-PBP2B fluorescence intensities normalized per division cycle
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(maximum intensity set as 100%). Each cycle starts at the time point when the ZapA signal
has diffused away from the previous division site, indicated by ‘B’, and ends at the same
time point for the next cycle, indicated by ‘D’. Other division steps are labelled by ‘Z’ for a
clear mid-cell localization of mCherry-ZapA, ‘R’ for the formation of the Z-ring, ‘P’ for the
appearance of mGFP-PBP2B at the Z-ring, and ‘C’ for the initiation of constriction. Note
that division steps can coincide in the same time frame, in which case the furthest
progressed step is indicated.
Figure

3.

average

Size

homeostasis

assembly

kinetics.

and
(A)

Correlation between size at birth and
the cell length grown during the
subsequent

division

cycle

(cycle

growth or ΔLength). (B) Correlation
between size at birth and subsequent
division

cycle

duration.

Pearson
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the

right

corner

(**

for

p-value

<0.01). (C) Average mCherry-ZapA
and Pbp2B-GFP intensities and timing
of division steps over 50 cell cycles.
The division steps are marked by: B
for cell birth, Z for the arrival of
mCherry-ZapA at midcell, R for the formation of the Z-ring, P for the arrival of Pbp2B-GFP
at midcell ring, C for the onset of septum constriction, and D for completion of division.
Fluorescent intensities are normalized per cell cycle. Standard error of mean is indicated.

Average assembly kinetics
The timelines in Fig. 2 show that the cell cycle can vary a lot between cells, and
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this can be a short as 40 min up to almost 120 min (3B). Nevertheless,
accumulation of mCherry-ZapA and Pbp2B-GFP at midcell followed the same
pattern, and the average fluorescent intensities and timing of the division steps of
the 50 cell division events is depicted in Fig. 3C. ZapA arrived at midcell (B-Z
interval) after ~15 min, which corresponds to 20% of the cell cycle. It took another
~6 min before the ZapA signal formed a visible ring structure (Z-R interval). Since
ZapA is used as marker for the arrival of FtsZ polymers at midcell and the
formation of the Z-ring, we will use these when discussing division steps Z and R.
Recruitment of Pbp2B-GFP to the Z-ring occurred ~11 minutes later (R-P interval).
Since the Pbp2B-GFP signal is used as marker for the assembly of late cell division
proteins, we will use the term ‘late proteins’ when discussing division step P. The
interval between the appearance of FtsZ polymers at midcell and the arrival of late
proteins (Z-P interval) was ~18 min, corresponding to 23% of the cell cycle, which
is in good agreement with previous studies with E. coli and B. subtilis (Aarsman et
al., 2005; Gamba et al., 2009). It took another ~14 min for constriction to
commence (P-C interval). Such a preconstriction interval has not been explicitly
described so far, although it can be deduced from data presented in two recent
studies with E. coli and Staphylococcus aureus (Vischer et al., 2015; Monteiro et
al., 2018). Cells took another ~29 min to complete constriction (C-D interval),
corresponding to 39% of the cell cycle.
The constriction (C-D) interval shows the strongest increase in the Pbp2BGFP signal (Fig. 3C). This might be caused by the limited focal plane depth of the
100x objective, which is with 520 nm smaller than the diameter of cells (~800
nm). Using the point-spread function (PSF) determined for our microscope, we
have estimated that due to the limited focal plane depth, during constriction the
fluorescence signal can increase by approximately 20% (Fig. S4). Most of the
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mCherry-ZapA increase can be explained by this, but not the strong increase in
the Pbp2B-mGFP signal (Fig. 3C).

Interval and birth size correlation
As outlined in the introduction, cell division control can occur at all the different
cell division steps. To determine whether all steps contribute to cell size
homeostasis, or whether some steps are more important than others, we plotted
the duration of division steps against birth length (Fig. 4A). What is striking is that
the duration of all the division steps varied hugely, with the constriction interval
showing the least variation. If there is adder size control, a negative correlation is
expected, as is observed for the total cell cycle (Fig. 3B). This is not really the case
for the first step, the arrival of FtsZ (B-Z). However, the subsequent formation of
the Z-ring (Z-R) showed a small but significant negative correlation. This was also
the case for the sum of both intervals (B-Z-R), which on average covers 28% of
the cell cycle (Fig 4A). Interestingly, arrival of late proteins (R-P) showed a
stronger correlation, as did the following preconstriction (P-C) interval. Together,
this R-P-C interval, which on average covers 33% of the cell cycle, showed the
best correlation with birth length, which was comparable to the correlation found
for the complete cell cycle (Fig. 3B). The final constriction interval (C-D), showed
no correlation with birth size. Nevertheless, this interval covers on average 39%
of the cell cycle. These results did not change when instead of birth size, the cell
size at the beginning of intervals was used (Fig. S5A). Finally, the size-homeostasis
should result in a decrease in correlation between birth size and cell size during
the cell cycle. As shown in (4B), this was indeed the case. Due to this correction
during the cell cycle, the cell size at the start of an interval is a more appropriate
measure than birth size and will be used from now on.
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Pearson

correlations are indicated in the top left corner.

Feedback regulation
The large variation in division intervals made us wonder whether there is feedback
regulation between subsequent cell division steps, whereby the duration of the
next interval compensates the duration of the preceding interval. However, when
the durations of subsequent division steps were plotted against each other no
significant correlation was found (Fig. 4C), indicating that there is no feedback
regulation between division steps.

FtsZ concentration and interval duration
The average assembly kinetics in Fig. 3C depicts a continuous increase of early
and late proteins at midcell, even when the Z-ring has been formed and
constriction begins. This observation is not a consequence of averaging over 50
cells, but is also observed in individual cells (Fig. 2, and Fig. S2). If this increase
is important to execute successive division steps is unknown, however it is likely
that the concentration of early and/or late cell division proteins determines the
duration of an interval. To examine this, mCherry-ZapA and mGFP-Pbp2B levels
were plotted against the duration of subsequent division intervals (Fig. 5A).
Interestingly, all division intervals showed a clear inverse correlation with
mCherry-ZapA

concentrations.

On

the

other

hand,

the

mGFP-Pbp2B

concentrations had only a weak effect on the duration of the following division
interval (Fig. 5A). When we looked instead at the correlation between ZapAmCherry accumulation at the end of a division step, no correlation was observed
(Fig. S6A). Thus, longer intervals do not result in more accumulation of cell division
proteins. This is in line with the observation that there is no feedback between
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subsequent intervals (Fig. 4C).
Figure 5. Correlation between
fluorescent intensity and interval
duration or cell size. A) Midcell
mCherry-ZapA

and

Pbp2B-GFP

fluorescence intensity at the start
of an interval was plotted against
duration of the interval. B) Midcell
mCherry-ZapA

and

Pbp2B-GFP

intensities at division steps plotted
against the cell length at that
division step. Division steps are
colored coded above the graphs,
with red and green for Midcell
mCherry-ZapA

and

Pbp2B-GFP

intensities, respectively. Pearson
correlations are depicted in the top
right corner, and its significance is
indicated by * for p-value <0.05 or
** for p-value <0.01. Division
steps are marked by: B for cell
birth, Z for the arrival of mCherryZapA at midcell, R for the formation of the Z-ring, P for the arrival of Pbp2B-GFP at midcell
ring, C for the onset of constriction, and D for completion of division.

The observation that division intervals are correlated with both cell size and ZapAmCherry concentrations at midcell, prompted the question whether larger cells
have more ZapA-mCherry at division sites. This was indeed the case for the FtsZ
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recruitment steps but became less in subsequent steps and was completely absent
when constriction began (Fig. 5B). This correlation was weak for Pbp2B-GFP and
also absent when constriction began (Fig. 5B). The increased intensity in larger
cells is unexpected, as previous studies have shown a relative constant
concentration of division proteins, irrespective of cell size (Trip et al., 2013; TaheriAraghi et al., 2015). However, due to this constant concentration, larger cells will
have more total protein and thus could potentially recruit more division protein to
the Z-ring, as seen for Z-ring formation (Z and R, Fig. 5B). Additionally, this higher
total of proteins in larger cells also allows the recruitment of a similar amount of
ZapA (Fig. 5B, graph P and C) in a shorter interval (Fig. S5, R-P and P-C).
Thus, larger cells recruit more ZapA at earlier division steps and recruit ZapA
faster at later division steps. ZapA intensities inversely correlate with division
steps, where higher septal intensities accelerate the next division step and lower
septal intensities delay the next division step. Since this acceleration or delay of
division steps correlates with cell length, these wild type results suggests that cell
size homeostasis might be ensured by a size dependent accumulation of
polymerized FtsZ at the division site.

FtsZ overexpression
Since the concentration of the Z-ring appears to be an important determinant in
the duration of division steps, we examined what happens when FtsZ is
overexpressed. This was achieved by introducing an extra copy of ftsZ under
control of the IPTG-inducible promoter Phyperspank. Overexpression of FtsZ has
previously been reported to be toxic to cells (Ward and Lutkenhaus, 1985; Weart
and Levin, 2003), therefore only 0.05 mM IPTG were used. However, even under
these conditions approximately half of the cell cycles showed aberrant Z-rings,
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including minicells. These abnormal cell cycles were discarded in our analysis. As
shown in Fig. 6, FtsZ overexpression increases the average doubling time from 76
to 92 minutes, but the average cell length, and mCherry-ZapA and GFP-Pbp2B
assembly kinetics, remained largely the same. The main difference was a large
variation in birth size, which was reflected in a highly variable arrival of mCherryZapA at midcell (Fig. 6E, B-Z interval).
FtsZ overexpression does not interfere with cell size homeostasis, as birth
size still inversely correlates with division cycle (Fig. 7A). However, in contrast to
wild type cells, the main cell size correction appeared to occur during Z-ring
formation (Fig. 7A, B-Z-R), especially during the first (B-Z) interval, when
mCherry-ZapA arrives at midcell. Again, the final third of the cell cycle, the
constriction interval (C-D), did not seem to contribute to cell size homeostasis.
There was still a clear correlation between the mCherry-ZapA concentration and
duration of subsequent division interval, although less pronounced compared to
wild type cells (Fig. 7B), and like the wild type situation, no significant correlation
between Pbp2B-GFP concentrations and interval durations was found (Fig. 7B).
A curious observation was the fact that the recruitment of GFP-Pbp2B (R-P
interval) was delayed, whereas the preconstriction interval (P-C) was reduced (Fig.
6E). This meant that the total divisome maturation duration (R-P-C) was not
altered by FtsZ overexpression. In some cells (~10 %) constriction seemed to
precede the formation of a clear Pbp2B-GFP ring, resulting in negative time values
in Fig. 6D (for an example timeline see Fig. S7).
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Figure 6. Time-lapse analysis of mutants affecting Z-ring initiation or late complex
stability. A-C) Graphs compare, from left to right, FtsZ↑ with WT, ΔsepF with WT, ΔrasP
with WT and ΔrasP with WT. Average cell size (A), ZapA intensity (B) and PBP2B intensity
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(C) plotted against division cycle time. C) Pbp2B intensities for ΔdivIB are corrected relative
to WT according to their respective singal to noise ratios (see Fig. S10D). Checkpoints are
indicated in the respective graph, t = 0 corresponds to birth. Division steps: ZapA mid-cell
arrival (Z), ZapA ring formation (R), PBP2B mid-cell ring formation (P), constriction (C),
ZapA max signal, PBP2B max signal, division (D). WT data is taken from Fig. 3C. Error bars
indicate S.E.M., n=50 per strain from 5 biological replicates. D) Birth lengths per strain
(gray = WT, light blue = FtsZ↑, dark blue = ΔsepF, orange = ΔrasP, yellow = ΔdivIB),
mean is displayed by the horizontal line. E). Interval durations per strain. Intervals are
indicated beneath each bracket, colored as D. F) ZapA intensity at the division site for
subsequent division steps, per strain. Division steps are indicated beneath each bracket.
Colored as D. G) Pbp2B intensity at the division site for subsequent division steps, per
strain. Division steps are indicated beneath each bracket. Colored as D.
Figure 7. Pearson correlations for
WT

and

mutants.
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intensity at the start of the interval,
for either ZapA or Pbp2B. Division
steps are marked by: B for cell birth,
Z for the arrival of mCherry-ZapA at midcell, R for the formation of the Z-ring, P for the
arrival of Pbp2B-GFP at midcell ring, C for the onset of constriction, and D for completion
of division. Significance of correlation is indicated by a * for correlations with a p < 0.05.
Colored from white (r = 0.28) to green (r = 1) and white (r = -0.28) to red (r = -1).
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∆sepF mutant
The shift in cell size homeostasis from divisome maturation to Z-ring formation in
the FtsZ-overexpression strain prompted the question what would happen in a
mutant that has difficulties forming Z-rings, e.g. a strain lacking SepF. SepF
polymers anchor FtsZ to the cell membrane and align FtsZ polymers (Hamoen et
al., 2006; Gündoğdu et al., 2011; Duman et al., 2013). B. subtilis can grow without
SepF because it also contains FtsA, another FtsZ membrane anchor protein
(Ishikawa et al., 2006; Duman et al., 2013), nevertheless, a ΔsepF strain has an
increased average length (Fig. 6D) and has difficulties synthesizing proper septa
(Hamoen et al., 2006). As shown in Fig. 7A, the correlation between birth length
and cell cycle time is slightly lower in ΔsepF cells compared to wild type cells. The
accumulation of mCherry-ZapA and Pbp2B-GFP followed similar kinetics as wild
type cells (Fig. 6A-C), however in several cells the mCherry-ZapA signal arrived at
midcell before the previous division was completed, resulting in negative B-Z
interval values (Fig. 6E, some examples in Fig. S8). Like the FtsZ-overexpression
strain and in contrast to the wild type situation, the duration of this early division
step showed a strong correlation with cell length at birth (Fig. 7A). The lack of any
correlation between cell length and the next interval (Z-R) might be related to the
fact that ∆sepF cells have difficulties forming Z-rings (Hamoen et al., 2006). The
recruitment of late proteins (R-P) was also delayed in this mutant, and this change
resulted in a shortening of the preconstriction interval (P-C), as well (Fig. 6E).
However, the difference with cells overexpressing FtsZ was that these intervals
showed cell size homeostasis activity during divisome maturation (R-P-C interval,
Fig. 7A). The strong correlation between mCherry-ZapA concentrations and
subsequent interval durations was still present in ΔsepF cells, except for the R-P
interval, i.e. the recruitment of late cell division proteins to the Z-ring (Fig. 7B).

154

Finally, the constriction interval was considerably longer in this mutant (Fig. 6E)
and in this case GFP-Pbp2B concentrations at the initiation of constriction did show
some correlation with interval duration (Fig. 7B).

ΔrasP mutant
It is assumed that the recruitment of late cell division proteins to the Z-ring is
regulated by the monotopic transmembrane proteins FtsL, DivIC and DivIB that
become stable when forming a complex (Katis et al., 2000; Daniel and Errington,
2000; Bramkamp et al., 2006; Wadenpohl and Bramkamp, 2010). This cell division
step (R-P-C interval) displays clear cell size homeostasis regulation in wild type
cells and the ΔsepF mutant. To test whether the proteolytic control of FtsL is
involved in this, we followed cell division in cells lacking RasP, the membrane
protease responsible for FtsL degradation (Bramkamp et al., 2006; Heinrich et al.,
2008). Inactivation of this protease leads to shorter cells (Bramkamp et al., 2006).
However, in our hands ΔrasP cells were slightly longer (Fig. 6D, S9A) and showed
mCherry-ZapA and GFP-Pbp2B accumulation kinetics that were almost the same
as wild type cells (Fig. 6A-C). Nevertheless, we observed a very clear increase in
the fluorescence of a GFP-FtsL reporter, which has previously been used to show
targeting of FtsL by RasP (Fig. S9B). An increased stability of FtsL did not change
cell size homeostasis, which still occurred during Z-ring formation (B-Z-R interval)
and divisome assembly (R-P-C interval), and was absent during constriction (Fig.
7A). However, the increased concentration of FtsL resulted in a correlation
between

Pbp2B-GFP

midcell

concentrations

and

the

preconstriction

and

constriction intervals (Fig. 7B), although the average concentration at the
beginning of these intervals was not different from that of wild type cells (Fig. 6G).
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∆divIB mutant
Finally, since an increased stability of FtsL did not dramatically changed the cell
size homeostasis regulation, we tested the opposite and looked at division kinetics
in a ΔdivIB mutant, which destabilizes FtsL (Katis et al., 2000; Daniel and
Errington, 2000). This mutation had a strong effect on cell division, resulting in
much longer cells with a large variation in length (Fig. 6A & D, S10A). Nevertheless
cell size homeostasis remained intact (Fig. 7A). The mCherry-ZapA accumulation
was almost the same as in wild type cells but started before the previous division
was completed (Fig. 6B, see examples in Fig. S10B). However, the accumulation
of Pbp2B-GFP at the Z-ring was seriously impaired and reached on average 40%
of the wild type intensity (Fig. 6C, for intensity corrections see Fig. S10C & D).
Interestingly, the initial accumulation of Pbp2B-GFP during Z-ring formation up to
the visible appearance of a GFP ring (B-Z-R-P) was comparable to wild type cells.
After that limited additional Pbp2B-GFP was recruited (Fig. 6C).
The main effect of the deleting DivIB was an increase in duration of the
preconstriction (P-C) and constriction (C-D) intervals (Fig. 6E). Cell size
homeostasis was mainly achieved in the very first B-Z interval (Fig. 7A). Although
a negative correlation was found between cells size and the preconstriction interval
(P-C, Fig. 7A), the maturation of the divisome (R-P-C interval) showed no
correlation, i.e. cell size homeostasis. The final constriction interval showed again
no cell size homeostasis (Fig. 7A). A negative correlation ZapA intensity and
subsequent interval duration was still observed, and like wild type, such a
correlation was not seen for Pbp2B intensity (Fig. 7B).

General trends for cell size homeostasis
Despite our perturbations by deleting various division proteins, cells still adhered
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to size homeostasis. The common deviation from wild type was the shift from cell
size control during the divisome assembly interval (R-P-C) to the Z-ring assembly
interval (B-Z-R). A striking observation was that the average ZapA and Pbp2B
accumulation during the division cycle was very similar between strains (Fig. 6B &
C). This is even more apparent when these are aligned by ZapA mid-cell arrival
(Z, Fig. S11). Thus, since all strains adhere to cell size homestasis and accumulate
ZapA and Pbp2B comparably during their division cycle (with the exception of
Pbp2B in ΔdivIB), we wondered if our strains might constitute a continuous
population. For the combined total population, birth length and division cycle
duration inversely correlate, in line with the cell size homeostasis of the individual
strains (Fig. 8A). This correlation is even stronger for Z-ring assembly (B-Z-R, Fig.
8D), which is predominantly due to the strong correlation of the ZapA arrival
interval (B-Z, Fig. 8B). A much weaker correlation is observed for the divisome
assembly interval (R-P, P-C and R-P-C), Fig. 8E-G), while constriction was
completely independent of cell size, with a slight skew for much larger cell, which
are mostly ΔdivIB cells (C-D, Fig. 8H).
Interestingly, increased ZapA intensity shortened all intervals for the total
population (Fig. 8I-L). The weakest correlation was for the late-protein arrival
interval (R-P, Fig. 8J), with the strongest correlation for the constriction interval
(C-D, Fig. 8L). However, the slope of the correlation, and thus the effect of the
correlation, was closer to 0 for the constriction interval, while being the most
negative for the preconstriction interval (Fig. 8I-L). For both the preconstriction
and the constriction interval, higher Pbp2B intensities correlated with shorter
interval durations (P-C and C-D respectively, Fig 8M & N). To conclude, both larger
cells and higher ZapA intensities lead to shorter division step interval, irrespective
of strain background (Fig. 6, 7 and 8).
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Figure 8. Strain independent correlations. Graphs plotting all measurements, colored by
strain. Binned averages are indicated in black, bin size is 50, sorted by x-axis. Error bars
indicate S.E.M. (overlapping with marker size). Division steps and intervals are annotated
as B: birth, Z: ZapA mid-cell arrival, R: ZapA ring formation, P: PBP2B mid-cell ring
formation, C: constriction onset and D: division. A-H) Different interval durations plotted
against cell length at the start of the interval, which is either birth length or ½ cell length
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for other division steps. I-L) Interval duration plotted against ZapA intensity at the start of
the interval. M-N) Interval duration plotted against Pbp2B intensity at the start of the
interval. Pearson correlations of the plotted data (r) are indicated per graph and
significance is also shows (* P-value <0.05). The slope of the averages is also given in
dark blue underneath the Pearson correlation.
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Discussion
Stepwise versus continuous assembly
Assembly of the divisome is considered to be a discrete, two-step process, first
formation of the Z-ring, followed by the recruitment of late cell division proteins.
In between these steps there is a lag time that lasts approximately 20% of the cell
cycle, which is assumed to represent a cell division checkpoint, possibly involving
the proteolytic control of FtsL (Aarsman et al., 2005; Bramkamp et al., 2006;
Gamba et al., 2009; Burby et al., 2018). Here, we show that divisome assembly
is a much more continuous process, with ZapA and Pbp2B septal concentrations
rising continuously over time (Fig. 2 & 3C). Other findings that argue against a
discrete two-step assembly model are the facts that the increase in Pbp2B signal
occurred almost simultaneously with the appearance of ZapA at midcell (Fig. 2 &
3), and that the lag time between both steps (R-P interval) varied widely, lasting
from less than 5 min up to 35 min (Fig. 4A). Moreover, reducing the proteolytic
degradation of FtsL by deleting rasP did not change the duration of this interval
(Fig. 6E). Therefore, it seems unlikely that the recruitment of late cell division
proteins is controlled by a dedicated checkpoint mechanism.
B. subtilis displays a substantial preconstriction interval, spanning almost
15% of the cell division cycle (Fig. 3C, P-C interval). This is different from E. coli,
where the arrival of the late division protein FtsN triggers the beginning of
constriction (Vischer et al., 2015). However, the P-C interval also varied widely
and lasted from less than 5 min up to 40 min. In fact, on a few occasions, e.g. in
FtsZ-overexpressing and ∆divIB cells, we measured constriction even when no
clear Pbp2B signal was visible (Fig. 6E). Hence, it is also difficult to envision that
the timing of constriction is subjected to checkpoint regulation in B. subtilis.
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Cooperative assembly
Based on these and other data, we would like to argue that the perceived two step
assembly of the divisome can also be explained by cooperativity without the need
for checkpoint regulation. This is because cooperative reactions display sigmoidal
reaction kinetics (Fig. 9A), which can give the impression of an all-or-nothing
result, and divisome assembly comprises several cooperative reactions. To begin
with, the polymerization of FtsZ is a highly cooperative process, resulting in a clear
FtsZ threshold concentration below which polymers are not formed (Mukherjee
and Lutkenhaus, 1998; Mukherjee and Lutkenhaus, 1999; Chen et al., 2005).
Another cooperative reaction might be the attachment of these polymers to the
cell membrane, which requires the peripheral membrane proteins FtsA and/or
SepF. Since diffusion of these proteins is reduced when they are attached to the
cell membrane, the concentration of FtsA and SepF close to FtsZ polymers will be
higher. This will facilitate membrane attachment of more FtsZ polymers, providing
a positive feedback loop that enhances the cooperative kinetics of Z-ring assembly.
Importantly, the recruitment of late cell division proteins in B. subtilis is also a
highly cooperative process, and relies on the presence of at least four
transmembrane proteins, FtsL, DivIC, Pbp2B and FtsW, which form multiple
interactions (Mercer and Weiss, 2002; Pastoret et al., 2004; Daniel et al., 2006;
Gamba et al., 2016).
In a cooperative enzyme reaction the concentration of the enzyme involved
needs to reach a certain threshold level for the reaction to accelerate, as illustrated
by the threshold level that FtsZ needs to reach to initiate polymerization
(Mukherjee and Lutkenhaus, 1998; Mukherjee and Lutkenhaus, 1999). Gene
expression is an inherently noisy process, resulting in protein concentration
fluctuations throughout the cell cycle. Due to this stochastic fluctuation in protein
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expression (noise), the threshold levels for the different cell division proteins will
vary between cells (Fig 9A), which is likely the reason that there is such a huge
variation in interval times, and in ZapA and Pbp2B concentrations at midcell, even
when cells are of the same size (Figs 4A, 6E-G). Despite the large variations in
ZapA and Pbp2B concentrations between cells, average intensities at the division
steps are conserved between different strains (Fig. 6F-G). This indicates that the
average threshold levels for the cooperative Z-ring formation and late protein
recruitment are robust and insensitive to perturbations by deletion of individual
components. However, these perturbation lead to changes in kinetics, such as an
increased constriction duration for ΔsepF, ΔdivIB and FtsZ over-expression and an
increased preconstriction interval for ΔdivIB (Fig. 6E).

Cell size homeostasis
When the early and late proteins reach their threshold level, the accumulation of
proteins does not stop but continues to increase (Fig. 3 and 6). However, in B.
subtilis the expression of cell division proteins has been shown to be constitutive
and independent of growth rates (Trip et al., 2013). The reason that cell division
proteins can keep on accumulating at midcell is because the total amount of
proteins in cells increases when cells grow in size. Thus, more proteins are
available to be recruited to midcell (Fig. 9 B). This continuous increase at division
sites has also been observed for E. coli FtsZ (Vischer et al., 2015; Coltharp et al.,
2016).
The continuous increase in threshold levels of subsequent division steps,
together with the direct correlation between cell length and total amount of cell
division proteins, provides for a robust cell size homeostasis mechanism. Let us
consider a situation where two cells have different birth sizes (Fig. 9C). Since
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longer cells have both more cell division proteins available than smaller cells, they
will reach the next threshold level quicker. Now consider two cells of the same
birth size that reach division step A at different threshold levels, due to noise. As
illustrated in Fig. 9D, cells that reach step A at high threshold levels will need less
time to reach the second threshold level than cells that reach division step A at
lower threshold levels. This is what we see when ZapA septal concentrations are
correlated against time intervals (Figs 5A, 7B).
Since the direct correlation between cell size and total amount of cell division
proteins relies on protein concentration homeostasis, which assures a constant
protein concentration over the cell cycle, mutations that affect cell division will not
influence cell size homeostasis (Fig. 6 and 7). This is in line with our observations
and those of others that cells continue to experience size homeostasis under a
large variety of perturbations, including cell division mutations (Campos et al.,
2014; Taheri-Araghi et al., 2015; Si et al., 2017).
Figure 9. Proposed model for robust
feedback

during

progression.
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either ZapA or Pbp2B is proposed to be
cooperative, resulting in a sigmoidal
relationship between the concentration
of division proteins and the actual
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accumulation

and

Variation

in

assembly

is

indicated by the shaded area. B) Given the constant concentration of proteins in B. subtilis,
larger cells will have more proteins to recruit to the division site than smaller cells. C) Due
to larger cells recruiting more division protein per unit time, a long cell will proceed faster
to the next division step than a shorter cell. D) Cells of the same size will progress to the
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next step at different interval durations, depending on how much protein has been
assembled at the start of the interval.

Main control interval
Despite the robustness of this cell size control mechanism, we show that not all
division steps equally contribute to cell size homeostasis. In fact the last third of
the division cycle, the constriction (C-D) interval, does not display any size control
at all (Fig. 4A and 7A). Presumably, this is related to the fact that the surface at
the leading edge of the septum is limited and can therefore accommodate only a
fixed number of proteins, even when more cell division proteins are available in
the cell.
Wild type cells differ from the mutants when it comes to the division interval
that determine cell size homeostasis. For the mutants this is the first step in the
formation of the Z-ring (B-Z interval), whereas cell size homeostasis of wild type
cells occurs especially during the assembly of the divisome (R-P interval). Possibly,
this is a consequence of regulation mechanisms that are fine-tuned for the wild
type situation. For example, the stage of chromosome segregation varies between
cells (Wang et al., 2014), and cells delayed in segregation will delay Z-ring
formation due to nucleoid occlusion (Wu and Errington, 2004; Adams et al., 2015;
Hajduk et al., 2019). As a consequence, in wild type cells the timing of FtsZ
polymerization at midcell is presumably more determined by DNA segregation than
birth size. Mutant cells are generally longer and therefore have further progressed
their DNA segregation, reducing the effects of nucleoid occlusion regulation. This
makes the rate of FtsZ accumulation at midcell (B-Z duration) in the mutants more
sensitive for the amount of early cell division proteins, thus birth size. Together,
these observations further emphasize the robustness of this cell-size homeostatic
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mechanism: up until constriction, any interval can contribute to cell size
homeostasis, allowing for additional noise in other processes, e.g. variation in DNA
replication and segregation, to be absorbed.

Previous models
The concept of an accumulating factor to a threshold level as size regulation in
cells is not a new one. In order to explain the remarkable constant size at which
DNA replication is initiated, Donachie proposed in 1968 that an initiator should be
synthesized at a rate proportional to the increase in cell mass (Donachie, 1968).
This initiator was later found to be DnaA and the robustness of a constant cell size
at initiation of DNA replication has been extensively demonstrated (Løbner-Olesen
et al., 1989; Hill et al., 2012; Si et al., 2017). This robust cell size at initiation of
DNA replication has also been used as a possible mechanism for cell size
homeostasis (Wallden et al., 2016). However, a recent study put this into question:
when cells were periodically depleted of DnaA this broke the robust cell size at
initiation, but did not affect cell size homeostasis (Si et al., 2019). This suggests a
limited role for DNA replication in cell size homeostasis.
It has been more than five decades ago that an adder model has been
postulated for cell size homeostasis (Marr et al., 1969). In order for a cell to grow
a constant mass per cell cycle, cells should be able to measure how much they
grow. A mechanism modelled after Donachie’s has been proposed for the adder
growth, where a division initiator accumulates at a rate proportional to the increase
in cell mass (Voorn and Koppes, 1998; Taheri-Araghi et al., 2015). Our findings
experimentally show that cell division steps occur at increasing thresholds of
accumulated division proteins, in line with an accumulating initiator as proposed
in these models. Such an observation was also made in a recent study, where
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periodically depleting cells of FtsZ broke cell size homeostasis (Si et al., 2019).
This study proposed that newly synthesized FtsZ would contribute to cell size
homeostasis, but how cells discriminate between inherited and newly synthesized
FtsZ was not addressed by the authors.
What is critical in our study, is the observation of sequential thresholds. This
ensures that the extra protein necessary to get from one threshold to the next
threshold comes from newly synthesized protein. Therefore, it ensures a tight
connection to the amount grown from one division step to the next, facilitating the
mechanism for adder size-homeostasis. It should be noted that this only holds up
until constriction, after which a relatively fixed amount of time is necessary to
divide the cell.

Conclusion
Our study and the recent study of Si et al. provide experimental evidence for the
mechanism of cell size homeostasis. We propose that adder cell-size homeostasis
is achieved by cell-size dependent accumulation of polymerized FtsZ at the division
site. A sequential increase in FtsZ threshold levels ensures that this progression is
tightly connected to the amount grown since the previous threshold, up until
constriction.
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Experimental Procedures
Bacterial strains, growth conditions and general techniques
Bacterial strains and plasmids used for this research are listed in table S1. Cells
were

grown overnight in Luria-Bertani (LB)

medium supplemented with

appropriate antibiotics (spectinomycin 100 μg ml-1, chloramphenicol 5 μg ml-1 or
tetracycline 10 μg ml-1) at 30°C and diluted at least 1:100 into pre-warmed
medium for subsequent experiments. Cells for time-lapse were inoculated from
fresh single colonies on LB agar plates into SMM (15mM (NH4)2SO4, 80mM K2HPO4,
44mM KH2PO4, 7mM Na3Citrate, 6mM MgSO4, 50 μg ml-1 tryptophan, 0.02%
casamino acids, 1.1*10-4% Fe-NH4-citrate) with 0.67% succinate and grown
overnight in 30°C at 210 rpm. Exponentially growing overnight culture (OD500nm <
0.5) was subsequently diluted to an OD500nm of 0.05 in medium supplemented with
0.05% xylose and and grown during the day at 30°C and 210 rpm, additionally
diluting the culture if it were to exceed OD500nm of 0.5. FtsZ overexpression was
induced by addition of 0.05mM IPTG when diluting the overnight culture. For
transformations of Escherichia coli cells were made ultra-competent and
transformed by heat shock (Hanahan et al., 1991). For Bacillus subtilis
transformations

cells

were

made

naturally

competent

upon

starvation

(Anagnostopoulos and Spizizen, 1961; Hamoen et al., 2002). Chromosomal DNA
was obtained with chloroform-phenol extraction (Venema et al., 1965) and plasmid
purification with GeneJET Plasmid Miniprep Kit from Thermo Scientific.

Plasmid construction
All plasmids were constructed by Gibson Assembly (Gibson et al., 2009) unless
specifically stated otherwise, and subsequently transformed into competent E. coli.
Primers used for PCR amplification are listed in table S2. PCRs were performed
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using Q5 polymerase from New England Biolabs according to the company’s
protocol. PCR and gel purifications were performed using Wizard SV Gel and PCR
Clean-Up System by Promega. pEKC5 was constructed by amplifying the pSG1164
backbone using EKP19 and EKP20, excluding the gfpmut1 and inserting the
mcherry derived from pAPNCcatmCherry, amplified with EKP17 and EKP18. pEKC7
was constructed by placing the zapA gene amplified with EKP28 and EKP29 into
the pEKC5 backbone amplified with EKP20 and EKP27. pEKC12/13 were
constructed by inserting pbpB amplified by EKP31 and EKP32 or ftsL amplified by
EKP33 and EKP34 into pHJS105, amplified in two parts with EKP22 and EKP41 and
EKP30 and EKP40. For pEKC71, PAL950 chromosomal DNA was amplified with
EKP135 and EKP136. The PCR product was digested with EcoRI and BamHI and
the approximately 3 kbp fragment was purified from gel. This fragment was ligated
into an EcoRI and BamHI restricted pUC19 plasmid using T4 ligase and the ligation
mixture was incubated for 30 minutes at room temperature, after which it was
transformed to competent E. coli. pEKC72 was constructed by combining pBS4S
linearized by EKP159 and EKP160 and insert lacI-Hyspank-ftsZ from pEKC71
amplified using TerS149 and TerS150. Positive E. coli transformants were checked
by colony-PCR and isolated plasmids were checked by digestion and sequencing
before transforming to B. subtilis.

Strain construction
Proper plasmid integration into B. subtilis was confirmed by PCR amplification of
the genomic region. EKB36 was constructed by transforming 168 with pEKC7,
selecting on chloramphenicol resistance. EKB46 was constructed by transforming
168 with pEKC12, selecting on spectinomycin. EKB213 was constructed by
transforming EKB36 with EKB46 chromosomal DNA, selecting on spectinomycin
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and subsequent selection on chloramphenicol. EKB232, EKB364 and EKB372 were
constructed by transforming EKB213 with chromosomal DNA, selecting on
tetracycline and checking for presence of correct fluorescent localization. EKB71
was constructed by transforming TNVS22D with EKB36 chromosomal DNA,
selecting on chloramphenicol and subsequent selection on spectinomycin.

Time-lapse slide preperation
For time-lapse slide preparation, a previously reported method was adapted
(Pandey et al., 2013). SMM succinate medium (with 0.05% xylose and 0.05 mM
IPTG to induce expression) with 1.5% low gelling agarose was prepared and 50 μl
was pipetted into an approximately 15 x 15 mm mold made by scotch tape, two
layers high, on a silane coated coverslip. The agarose was covered by another
silane coated coverslip and the pad was left to harden for 5 minutes. The covering
coverslip and tape mold were removed and on top of the pad 1ul of exponentially
growing cells were pipetted while working on a 30°C temperature block to minimize
temperature shock. The cells were covered by a 22 x 50 mm pre-warmed coverslip
and the silane coated coverslip was removed, transferring the pad such that the
cells now sit between the agarose and the 20 x 50 mm coverslip. The pad is
trimmed down to approximately 10 x 10 mm so not to touch the sides of the Gene
Frame. This coverslip is put onto a 17 x 17 mm Gene Frame positioned on an
object glass, previously assembled and pre-warmed.

Time-lapse microscopy set-up.
Time-lapse experiments were performed on a Nikon Eclipse Ti equipped with a CFI
Plan Apochromat DM 100x oil objective using Type 37 Cargille immersion oil, an
Intensilight HG 130 W lamp, a C11440‐22CU Hamamatsu ORCA camera, and NIS
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elements software, version 4.20.01. The microscope is surrounded by an okolab
chamber that was kept at 30°C at least 5 hours prior to the start of the experiment.
To minimize stray light, the aperture diaphragm was closed as far as possible and
a 320 nm UV cutoff filter was placed in the light path. The cells were imaged every
5 minutes, 300ms exposure in white light, 1 second exposure for mCherry and 1
second exposure for GFP. The first 40 - 60 minutes the pad was still instable,
needing readjustment in positioning and focus offset. Positions were then imaged
for an additional 10 hours.

Quantitative analysis of time-lapses.
Time-lapse experiments were repeated three times and in total 30 cell cycles were
selected. Cell cycles were selected for cells at the edge of the micro-colony that
were lying free of other cells for the duration of the cycle. Using the MovingCircle
macro, a circle was manually positioned around the cell of interest and the phase
contrast imaged cropped to this dimension. The stack of cropped images was then
analyzed with ColInspector using the ‘Mark filament’ function to detect one cell per
frame, creating a virtual object. For every object, the maximum fluorescent signal
and its position in the mCherry channel was determined. The distance between
this point and the cell pole (the left side of the image) is stored as the maximum
signal position. Around this maximum signal a 10 x 14 pixel box was drawn,
adjacent by two additional 10 x 14 pixel boxes. The summed fluorescence of the
central box was corrected by the average summed fluorescence of the adjacent
boxes for both the mCherry and GFP channel. These fluorescent intensities were
normalized per cell cycle to give a maximum fluorescence of 100%. The mCherry
signal within each center box was thresholded and the height of a best fitting
ellipse was stored as ring diameter.

170

Qualitative analysis of time-lapses.
Cells divided / were born the frame at which the ZapA signal had diffused away
from the constriction focus. ZapA arrival at mid-cell was determined as the first
permanent observable signal at mid-cell. If the maximum signal was observed at
a cell-pole after arriving first at mid-cell, the ZapA arrival at mid-cell moment was
chosen when it returned to mid-cell again. ZapA ring formation was determined as
the first permanent localization of ZapA at both lateral sides of the cell, with no
apparent signal difference between the two points. PBP2B mid-cell arrival was
determined as the first observable signal at mid-cell by eye, not intensity
measured by MeasureBoxes. Onset of constriction was determined as the first
frame in which the ellipse height continued to decrease. Ellipse height was only
evaluated after ZapA ring localization was present.

Simulated

images

of

model

constricting

rings

and

constriction

determination.
Point Spread Functions (PSFs) were determined experimentally for the imaging
system used. Constricting rings were simulated in MatLab, with a fixed number of
PSFs on a ring with a diameter of 1 μm. Constriction was stimulated by decreasing
the diameter by 0.1 μm while maintaining the same number of PSFs. The simulated
images were analyzed by manually drawing the objects in ObjectJ and analyzing
these with MeasureBoxes. Constriction was determined as measured by the ring
diameter of MeasureBoxes, not by the actual constriction as modelled to be able
to compare it to the experimental data.
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Table S1. Strains used in this study.
Strain/Plasmid

Genotype

Source/construction

168

trpC2

Laboratory collection

EKB36

trpC2, zapA::cat Pxyl mCherry-zapA

168::pEKC7

EKB46

trpC2, amyE::spec Pxyl msfGFP-pbpB

168::pEKC12

TNVS22D

trpC2, amyE::spec Pxyl divIVA-msfGFP

Terrens Saaki

EKB71

trpC2, amyE::spec Pxyl divIVA-msfGFP, zapA::cat Pxyl

TNVS22D::EKB36

Bacillus subtilis

mCherry-zapA
EKB57

trpC2, amyE::spec Pxyl msfGFP-ftsL

EKB69

trpC2,

amyE::spec

168::pEKC13

Pxyl

msfGFP-ftsL,

zapA::cat

Pxyl

EKB57::EKB36

Pxyl

msfGFP-ftsL,

zapA::cat

Pxyl

EKB69::rasP::tet

mCherry-zapA
EKB363

trpC2,

amyE::spec

mCherry-zapA, rasP::tet
WT

reporter

trpC2, amyE::spec Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB46::EKB36

(EKB213)

mCherry-zapA

rasP::tet

trpC2, rasP::tet

Thomas Wiegert

ΔrasP (EKB232)

trpC2, amyE::spec Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB232::rasP::tet

mCherry-zapA, rasP::tet
MG4

trpC2, ylmB-H::tet

Erkam Gündoğdu thesis

ΔsepF (EKB372)

trpC2, amyE::spec Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB213::MG4

mCherry-zapA, ylmB-H::tet
divIB::tet

trpC2, divIB::tet

Richard Daniels

ΔdivIB (EKB364)

trpC2, amyE::spec Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB213::divIB::tet

mCherry-zapA, divIB::tet
PAL950

amyE::cat spoVG lacI Physpank ftsZ

P.A. Levin

EKB193

trpC2, thrC::spec lacI Physpank-ftsZ

168::pEKC72

EKB327

trpC2, amyE::spec::kan Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB213::pYQ29

mCherry-zapA
FtsZ OX (EKB331)

trpC2, amyE::spec::kan Pxyl msfGFP-pbpB, zapA::cat Pxyl

EKB237::EKB193

mCherry-zapA, thrC::spec lacI Physpank-ftsZ
Escherichia coli
Top10

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74

Laboratory

nupG

(Invitrogen)

recA1

araD139

Δ(ara-leu)7697
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galE15

galK16

collection

rpsL(StrR) endA1 λPlasmids
pSG1164

bla cat Pxyl-gfpmut1

Laboratory collection

pAPNCCcatmCherry

bla ori aprE3’ Pspac-mCherry lacI cat aprE5’

Laboratory collection

pEKC5

bla cat Pxyl-mCherry

This work

pEKC7

bla cat Pxyl-mCherry-zapA

This work

pHJS105

bla amyE3’ spec Pxyl-msfGFP amyE5’

Henrik Strahl

pEKC12

bla amyE3’ spec Pxyl-msfGFP-pbpB::amyE5

This work

pEKC13

bla amyE3’ spec Pxyl-msfGFP-ftsL amyE5’

This work

pUC19

bla ori lacZ

Laboratory collection

pEKC71

bla ori lacI Physpank- ftsZ

This work

pBS4S

bla ori thrC3’ spec mRFP thrC5’

BGSC strain collection

pEKC72

bla ori thrC3’ spec lacI Physpank-ftsZ thrC5’

This work

Table S2. Primers used in this study
Oligo name
EKP17
EKP18
EKP19
EKP20
EKP22
EKP27
EKP28
EKP29
EKP30
EKP31
EKP32
EKP33
EKP34
EKP40
EKP41
EKP135
EKP136
EKP159
EKP160
TerS149
TerS150

Sequence
TTGATATCGAATTCCTGCAGATGGTCAGCAAGGGAGAGGA
ATCTGAAGTCTGGACATTTAGGATCCTGAGCCGCTTCCTG
CTGCAGGAATTCGATATCAAGC
TAAATGTCCAGACTTCAGATCCAC
GTCGACGGTATCGATAAGCTTGAT
GGATCCTGAGCCGCTTCCTGAT
CAGGAAGCGGCTCAGGATCCttgTCTGACGGCAAAAAAAC
ATCTGAAGTCTGGACATTTAtcaATCCTTTTCTTTAAGCT
GTGGATCCGAAGTCTGGACATTTT
TGTCCAGACTTCGGATCCACatgATTCAAATGCCAAAAAA
ATCAAGCTTATCGATACCGTCGACttaATCAGGATTTTTA
TGTCCAGACTTCGGATCCACatgAGCAATTTAGCTTACCA
AGCTTATCGATACCGTCGACtcaTTCCTGTATGTTTTTCA
GTTAATGTCTGGCTTCTGATAAAG
CTTTATCAGAAGCCAGACATTAAC
GCCGCGCTGATTCATAAATATC
CCAGTGATTATGCCGCGATT
ACTGGCCGTCGTTTTACGCTGCATTAATGAATCGGCC
GTCATAGCTGTTTCCTGACGCTGATAGTGCTAGTGTAGA
GTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC
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Figure S1. Photo toxicity of frequent interval illumination on microcolony growth. Cells
are grown in minimal-medium and imaged either every 5 minutes or at 2.5 minute
intervals. The WT 168 was not exposed in the fluorescent channel, while the reporter was
exposed for 1 second in both the GFP and the mCherry channel (2 seconds total).
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Figure S2. WT fluorescent intensity examples. Examples of 24 cell cycle intensity graphs,
sorted in increasing cell cycle duration. Pink diamonds represent ZapA mid-cell arrival, red
diamonds ZapA ring formation, green diamonds PBP2B mid-cell ring formation and blue
diamonds onset of constriction. Cells are born at t=0 and the last measurement in each
cycle represents division.

Figure S3. Correlation between DivIVA arrival and ring diameter decrease. Time-lapse
analysis of cells expressing mCherry-ZapA and DivIVA-msfGFP. DivIVA mid-cell arrival is
correlated to the start of ZapA ring signal decrease as measured described in Fig. 1C.
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Figure S4. Out of focus signal contribution to ZapA and Pbp2B signal during constriction.
Ring diameter and fluorescent intensity of the WT dataset were aligned by their minimum
ring diameter, having t = 0 be the point of the smallest ring diameter. The corresponding
average ring diameter (top graph) and fluorescent intensities (bottom graph) are plotted
versus time. A simulation was made with a constant number of proteins on a constricting
ring that was analyzed similar to the WT data. This simulation is plotted in the bottom
graph.
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Figure S5. Half-cell length at division steps correlated with step interval. Interval durations
correlated to ½ cell length at the start of the corresponding interval. Pearson correlations
of the plotted data (r) are indicated per graph and significance is also shows (* P-value
<0.05, ** P-value < 0.01). Division steps: ZapA mid-cell arrival (Z), ZapA ring formation
(R), PBP2B mid-cell ring formation (P), constriction (C) and division (D).
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Figure S6. ZapA and Pbp2B fluorescent intensity per interval. ZapA or PBP2B intensity at
the end of an interval plotted against the interval duration. The interval is noted above the
graph, B: birth, Z: ZapA mid-cell arrival, R: ZapA ring formation, P: PBP2B mid-cell ring
formation, C: onset of constriction, D: division. Pearson correlations are indicated in the
top right corner, a p-value < 0.05 is indicated by a *, a p-value <0.01 is indicated by a
**.
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Figure S7. Constriction preceding Pbp2B recruitment. An example of constriction
preceding Pbp2B recruitment in FtsZ↑

Figure S8.

Daughter cell ring formation preceding cell division in ΔsepF. Example

timelines from ΔsepF strains where ZapA mid-cell recruitment and Z-ring formation can
already be observed before the previous division cycle is completed.
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Figure S9. Increased cell length and GFP-FtsL signal in the ΔrasP strain. (A) Cell length
measured by membrane stain. Cells were grown in LB medium at 37C and imaged at an
OD between 0.4 - 0.6. The result are shown of 3 biological replicates, > 100 cells measured
per replicate per strain imaged. Cells were stained by FM5-95 and length was measured
manually using ImageJ. (B) Fluorescent microscopy images of cells expressing an extra
copy of msfGFP-FtsL and mCherry-ZapA under the xylose promoter in either WT or ΔrasP
background. Cells were grown in SMM medium +0.05% xylose at 30C and imaged at an
OD 0.3.

190

Figure S10. Increased cell length and decreased Pbp2B accumulation in ΔdivIB cells. (A)
Cell length measured by membrane stain. Cell were grown in LB at 30C and imaged at an
OD between 0.25 - 0.4. The result are shown of 3 biological replicates, > 100 cells
measured per replicate per strain imaged. Cells were stained by FM5-95 and length was
measured manually using ImageJ. B) Example timelines of ΔdivIB reporter strain. C)
Fluorescent microscopy images of liquid grown WT reporter or ΔdivIB reporter cells in SMM
medium at 30C and imaged at an OD of 0.3. D) Signal / Background ratio PBP2B
fluorescence for the different time-lapse experiments. Signal and background values were
taken as calculated in Fig. 1C, taken at the Pbp2B maximum measured in that cell cycle.
Average values are graphed, with error bars indicating S.E.M. (n = 50 for each strain). F)
ZapA accumulation speed in % accumulated at the division site per min during the Z - C
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interval (left) or Z - P interval (right), plotted against ½ cell length at the start of that
interval, division step Z.

Figure S12. Average ZapA and Pbp2B intensity over both time and cell length. Strains are
colored by gray: wt, light blue: FtsZ↑, dark blue: ΔsepF, orange: ΔrasP and yellow: ΔdivIB.
Left) ZapA- and right) Pbp2B-intensities per strain, plotted against time with t0 at ZapA
mid-cell arrival. Bottom panel: middle) ZapA- and right) Pbp2B-intensities plotted against
cell length.
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CHAPTER 5: Discussion
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The formation of the divisome is key to cell division. At what residues division
proteins interact and when they interact are central questions in this thesis. We
tried to address these questions using the bacterial model system Bacillus subtilis.
In order to address which residues interact in the divisome in vivo, a crosslinking
method was developed to allow for residue specific crosslinking in growing cells
directly in the culture (Chapter 2). This resulted in the identification of 82 uniquely
crosslinked residues between proteins, although primarily between ribosomal
subunits and between RNA polymerase subunits. The interaction site between the
cell division protein FtsZ and its membrane anchor SepF were also investigated
with residue specific crosslinking (Chapter 3). No clear interaction site could be
mapped, but FtsZ did crosslink with itself and these crosslinks map to residues
previously associated with lateral interactions (Monahan et al., 2009). Finally,
divisome assembly was imaged in single cells to further investigate the previously
reported delay between Z-ring formation and late division protein recruitment
(Aarsman et al., 2005; Gamba et al., 2009). The duration of this delay varied
dramatically between cells, which was further studied in the context of cell size
homeostasis (Chapter 4). The observation that Z-ring accumulation at the division
site correlates with the progression through divisome assembly, linking it to cell
size, is in line with a recent study that also proposes FtsZ as the defining
component for cell size homeostasis (Si et al., 2019). Here, we would like to
discuss the cooperative assembly of the divisome in the framework of dynamic
protein thresholds.

Z-ring formation
Cooperative polymerization and membrane anchoring of FtsZ ensure that a fixed
concentration of division proteins is efficiently concentrated at the future division
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site, leading to Z-ring formation (Chapter 4) (Levin et al., 1992; Levin et al., 1999;
Mukherjee and Lutkenhaus, 1999; Smith et al., 2002; Wu and Errington, 2004;
Chen et al., 2005; Pichoff and Lutkenhaus, 2005; Pichoff and Lutkenhaus, 2007;
McGuffee and Elcock, 2010; Trip et al., 2013). Lateral interactions between FtsZ
polymers are also found to be important for Z-ring formation and these were
proposed to play a role in a helix-to-ring transition of FtsZ (Monahan et al., 2009).
This helical localization of FtsZ is primarily seen when fused to GFP using
conventional light microscopy (Thanedar and Margolin, 2004; Peters et al., 2007),
however not all super resolution microscopy techniques could identify this helix
(Fu et al., 2010; Jennings et al., 2011; Holden et al., 2014). Interestingly, our
data shows that FtsZ laterally interacts even when not polymerizing (Chapter 3).
The crosslinks that were identified map close to A240, which, when mutated to
valine, leads to the inability of FtsZ to form a ring in the cell at non-permissive
temperatures (Monahan et al., 2009). This phenotype can be rescued by additional
Ca2+ in the medium. In our in vitro crosslinking, no additional Ca2+ was necessary
to stimulate lateral interactions. Possibly, Ca2+ induces lateral interactions at a
different site from A240. Crosslinking an A240V FtsZ mutant in the presence or
absence of Ca2+ could give more insight into this. Regardless of a helical-to-ring
transition during Z-ring formation, additional lateral interaction sites that promote
FtsZ self-interaction will promote locally concentrating FtsZ, thereby assisting Zring formation.
Limiting diffusion by protein interactions is not limited to FtsZ. The same is
found for the FtsZ anchors FtsA and SepF, that both self-interact and interact with
FtsZ as a dimer (Pichoff and Lutkenhaus, 2007; Duman et al., 2013). To
investigate FtsZ-SepF interactions, MBP-SepF was used since this fusion protein
has been shown to interact with FtsZ (Król et al., 2012), while not forming SepF
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rings (Gündoğdu et al., 2011), which would further complicate interpretation of
any crosslinks found. The observation of MBP-SepF multimers was surprising, as
only a dimer was expected (Król et al., 2012). The presence of at least an MBPSepF tetramer, the crosslink between SepF K63 and K101, the absence of any
crosslinks with FtsZ K380 and the in silico docking of the FtsZ C-terminal peptide,
together led to the proposed SepF dimer-dimer interaction site (Chapter 3). This
proposed additional dimer-dimer interaction site will further increase the
membrane affinity of SepF (Duman et al., 2013), which will limit its diffusion,
thereby locally concentrating FtsZ and promoting Z-ring formation.
This proposed interaction does not address how FtsZ polymers are
positioned relative to SepF arches on the leading edge of the septum (Duman et
al., 2013). In SepF, there is a 36 amino acid unstructured linker between the
amphipathic helix and the globular domain, while FtsZ has a 50 amino acid
unstructured linker between the FtsZ globular domain and its C-terminal peptide.
Both the SepF and FtsZ unstructured linkers give a large degree of freedom in
positioning the two globular domains relative to each other. Resolving the position
of SepF within a SepF-ring structure might give better insight into the stacking of
dimers or tetramers. Doing this with crosslinking will require the ability to
discriminate between peptides from the same protein and from two different
proteins, which could be achieved by isotope labeling and crosslinking
with

15

14

N SepF

N SepF (Ong et al., 2002). Even then, any resulting crosslinks might be

challenging to position within a SepF ring. A more appropriate method seems to
be the use of high resolution cryo-electron microscopy (CryoEM) (Topf et al.,
2008), from which, in theory, the average SepF ring structure could be derived
onto which the crystal structure of SepF can be fitted. Performing CryoEM in the
presence or absence of either lipids or the FtsZ C-terminal peptide might give more
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insight in the role of the flexible linker in the SepF ring and could show whether
SepF reorients itself within the SepF-ring to accommodate membrane interaction.
It was previously shown that B. subtilis cells need either FtsA or SepF to
form a Z-ring (Ishikawa et al., 2006). However, in the absence of SepF cells do
not delay the formation of the Z-ring, but rather take longer to constrict (Chapter
4). This constriction defect is maybe expected since cells lacking SepF have
deformed septa (Hamoen et al., 2006). This was hypothesized to be misspositioning of the Z-ring on the leading edge of the septum (Duman et al., 2013).
However, with the finding that septal PG-synthesis is controlled by FtsZtreadmilling (Bisson Filho et al., 2017; Yang et al., 2017), another possibility is
that SepF is positively regulating FtsZ treadmilling efficiency in vivo. FtsZ
treadmilling has been shown to be GTPase dependent, though SepF has been
shown to reduce FtsZ GTPase activity in vitro (Singh et al., 2008). However, since
treadmilling will also dependent on the availability of FtsZ subunits to bind to the
growing polymer, locally enrichment of FtsZ will positively affect treadmilling. It
can therefore be hypothesized that the constriction defect in the absence of SepF
might also be due to a reduction in FtsZ treadmilling efficiency due to lower locally
enriched FtsZ as a consequence of miss-positioned FtsZ polymers on the leading
edge of the septum.
Both the self-interactions between non-polymerizing FtsZ and between SepF
will contribute to reaching the Z-ring formation threshold. Reaching this threshold
faster by overexpression of FtsZ does not result in faster Z-ring formation, but
rather increases variation in ring formation (Chapter 4). A possible explanation is
that the high concentration of FtsZ most likely dilutes interaction partners away
from the future division site, especially since nucleoid occlusion and the minsystem might become less efficient at higher FtsZ levels. That overexpression of

197

FtsZ did not affect the Z-ring threshold is further emphasized by the fact that the
ZapA intensity at the moment of ring-formation is unaffected in these cells
(Chapter 4). This illustrates that these thresholds are probably the cumulative
result of all the interactions discussed above, and are robust to the over-expression
or absence of one of its components. It will be interesting to see how and if these
thresholds change, e.g. at a different growth rate. The negative regulatory effect
of UgtP and PDH E1α on FtsZ under rich growth conditions (Weart et al., 2007;
Monahan et al., 2014) suggests that the effective threshold to form the Z-ring will
be higher compared to poor growth conditions. Investigating the divisome
assembly as done in Chapter 4 in an UgtP mutant in rich medium could confirm
that indeed Z-ring formation is enhanced in such a cell, although the
overexpression of FtsZ illustrates that it is maybe not that straight forward.

Late division protein interdependency
After formation of the Z-ring, the late division proteins are recruited. The
recruitment of FtsL, DivIC, DivIB, Ppbp2B and FtsW is dependent on FtsZ and on
each other, which results in a cooperative assembly at the division site (Katis et
al., 2000; Daniel et al., 2000; Daniel and Errington, 2000; Gamba et al., 2016).
This cooperative assembly is assisted by the high number of interactions between
late division proteins (Daniel et al., 2006; Robichon et al., 2008; Rowland et al.,
2010), but how these result in the observed interdependency remains unclear.
All of the late division proteins are transmembrane proteins, with 10
transmembrane helixes for FtsW, while Pbp2B, FtsL, DivIC and DivIB are all single
pass transmembrane proteins. The diffusion of membrane proteins is mainly
dictated by the amount of membrane helices and not molecular weight (Lucena et
al., 2018), thus protein interactions between late division proteins will dramatically
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decrease their diffusivity. The interaction strength between late division proteins
has not been studied in detail in vitro, however a weaker interaction would be
favorable to avoid complex formation and aggregation at places other than the Zring. Binding to the Z-ring would focus accumulation of late-proteins at the division
site, while the late division protein interactions further enhance this accumulation.
Which late division protein actually binds the Z-ring is for Gram-positive bacteria
so far unknown. Four observations in Chapter 4 may provide more insight into this
question: i) Z-ring constriction can start before Ppb2B is localized at the division
site. ii) Pbp2B recruitment to the Z-ring is not impaired or delayed in the absence
of DivIB. iii) Pbp2B enriches at the Z-ring during constriction. iv) There is no
enrichment of Pbp2B at the division site in a ΔdivIB mutant. From these
observations and the available literature we propose in the following discussion
that several late proteins have a weak interaction for the Z-ring, and that the
observed interdependency does not occur at the level of Z-ring recruitment, but is
related to the retention of late proteins at the division site during constriction.
The constriction in the absence of Pbp2B (i) might be due to limitations in
our method, as very low amounts of Pbp2B might be sufficient to signal
constriction. Indeed, Pbp2B activity is not essential for constriction, but its
presence most likely stimulates redundant activity of additional Pbps recruited to
the division site (Scheffers et al., 2004; Claessen et al., 2008; Morales Angeles et
al., 2017). Alternatively, other late division proteins might have already been
recruited to the division site prior to enrichment of Pbp2B, questioning the late
protein interdependence in recruitment to the Z-ring. This is further illustrated by
our observations that Pbp2B finds the division site without additional delay in the
absence of DivIB at the permissive temperature (ii). Interestingly, the strongest
Pbp2B signal is observed during constriction, where it exponentially accumulates
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over time (iii). The failure to do so in the ΔdivIB strain when grown at the
permissive temperature (iv) results in a dramatic increase in constriction duration
in these cells (Chapter 4). This indicates that accumulation of at least Pbp2B and
possibly other division proteins is necessary for efficient constriction in B. subtilis.
There is no effect in the initial amount of Pbp2B recruited at the permissive
temperature in ΔdivIB, only in its accumulation during constriction (Chapter 4).
This could suggests that at higher (non-permissive) temperatures the constriction
defect in ΔdivIB is further exacerbated by the faster growth. This will lead to more
severe cell filamentation than at lower temperature, thus dilution of late division
proteins over a larger volume, disrupting the cooperative assembly at other newly
formed Z-rings. Shifting ΔdivIB cells to the non-permissive temperature in our
time-lapse set up could confirm that at the non-permissive temperature there is
no defect in initial Pbp2B recruitment, but that the inability of Pbp2B to localize to
the division site only follows after the onset of constriction, and only for new
division sites.
The interdependent localization of late division proteins was shown by
depleting gene expression for several hours and then observing either the
localization of other late proteins by fluorescent fusions or by immunoprecipitation
(Katis et al., 2000; Daniel et al., 2000; Daniel and Errington, 2000; Gamba et al.,
2016). However, depleting pbpB still showed at least one division site per cell
containing either DivIB, DivIC or FtsL, although cells were unable to complete
constriction (Daniel et al., 2000; Daniel and Errington, 2000). Residual Pbp2B
localization is observed when cells are depleted of ftsL, although not at the same
intensity as wild type (Daniel et al., 2000). Some FtsW is still able to localize to
the Z-ring, even after 4 hours of ftsL depletion, although cells are unable to divide
(Gamba et al., 2016). This could indicate that several late division proteins have
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at least some affinity to the Z-ring and that their failure to accumulate further has
a severe effect on constriction.
The accumulation of late division proteins during constriction is a surprising
observation. The cell diameter at the constriction-site is getting smaller as the cells
constrict further, which would limit the amount of Z-ring that can be present at
the division site. Indeed, an eventual reduction in signal is observed for ZapA as
it diffuses from the division site, prior to the reduction in Pbp2B signal. A similar
sequential departure from the division site has been reported in E. coli (Söderström
et al., 2016). However, initially ZapA is observed to enrich at the division site,
which could be explained by a constant amount of Z-ring proteins concentrating in
a smaller, more in-focus, division site (Chapter 4). This increase in Z-ring
concentration at the division site would stimulate the binding of late proteins and
thereby favor retention and additional capture of diffusing late division proteins.
The absence of Pbp2B accumulation in a ΔdivIB mutant illustrate the necessity of
additional interactions between late division proteins for this further accumulation.
It would be interesting to investigate whether a similar reduction in Pbp2B
accumulation is observed during the depletion of either FtsL or DivIC. This would
further address if the observed interdependency of the late proteins is at the level
of Z-ring recruitment or at the level of protein retention during constriction.

Interaction of late division proteins with a treadmilling polymer
The need for retaining the late proteins at the division site might point to how the
Z-ring and late proteins are interacting. The previous finding that FtsZ treadmills
(Bisson Filho et al., 2017), and that FtsZ treadmilling drives septum synthesis in
B. subtilis has been an important observation. However, the single molecule
measurements in the paper of Bisson Filho et al. are also interesting in view of our
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results: interestingly, single FtsZ and FtsA proteins are stationary in a treadmilling
polymer, while single Pbp2B proteins diffuse at a speed comparable to the
treadmilling speed. A direct interaction between FtsZ and Pbp2B has so far not
been observed in B. subtilis, though the observation that FtsA is also stationary
would suggest that Pbp2B does not bind FtsZ similarly to FtsA. A good control for
this would be to see if SepF is also stationary within a treadmilling filament, but
this would be expected given the redundant role to FtsA (Ishikawa et al., 2006).
Metaphorically, FtsZ and FtsA are a train track that is constantly build up and
broken down, while Pbp2B is the train riding that track.
If late proteins have a weak interaction with the Z-ring, this could explain
how they are not stationary like FtsA in a treadmilling filament. If the interaction
is somehow strongest with the growing end of the FtsZ polymer, this would
constantly favor binding further up the filament, ensuring that the train (late
division proteins) does not fall off the tracks. Whether late division proteins bind
as complex to the FtsZ polymer or bind individually, but are retained at or near
the polymer by their pairwise interactions, are both possibilities that should be
entertained. As mentioned above, the relative slowdown in Brownian diffusion in
the event of multiple late division protein interactions could ensure that they do
not diffuse rapidly out of the division site in case the interaction with the Z-ring is
lost. Kymographs of Pbp2B localization at the division site show that it can change
direction of diffusion, possibly by leaving one FtsZ treadmill and binding one going
in the opposite direction. The incidence of this change in direction is a measure for
how often Pbp2B would lose contact with the polymer. Investigating this in a
ΔdivIB mutant would give insight whether this leads to a higher incidence of falling
of the track, which would be due to fewer interactions keeping the complex
together or in contact with the Z-ring. Alternatively, the incidence of Pbp2B falling
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off the track in a ΔdivIB mutant might be similar to wild type, however retention
and further accumulation at the division site would be impaired due to the a higher
diffusion by lack of additional late division protein interactions. Growth at a higher
temperature where diffusion is increased will further exacerbate this and result in
more protein diffusing from the division site once contact is lost with the Z-ring.
Identifying how these two dynamic systems, the track and train, interact will be
essential to further our understanding of the divisome.
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Summary
Investigation of protein interactions in the cell division complex of Bacillus
subtilis reveals a possible mechanism for cell size homeostasis

Cell division is essential for bacterial survival. The increase in bacterial resistance
against conventional antibiotics necessitates the development of new antibiotics.
For the development of antibiotics that specifically interfere with cell division, a
deeper understanding of the molecular mechanism of cell division is essential. In
this work, the cell division machinery, or divisome, of the gram positive, rod
shaped bacterium Bacillus subtilis is investigated.
The divisome is a protein complex that consists of over a dozen different
subunits that localize dynamically to the future division site. The divisome is build
up sequentially, starting with four proteins assisting the highly conserved tubulin
homologue FtsZ to form a ring-like structure (Z-ring). After a delay, a second wave
of proteins (late-proteins) are recruited to the division site, responsible for the
synthesis of the crosswall between the daughter cells. In this work, the dynamic
protein interactions within the divisome have been investigated with the help of
crosslinking mass-spectrometry (chapters 2 and 3) and fluorescence time-lapse
microscopy (chapter 4).
To investigate the dynamic protein interactions in the divisome, we made
use of protein crosslinking. Succinimidyl esters, such as BAMG, react with amine
groups present in lysine residues and thus crosslink residues that are within 25 Å
distance from each other. After trypsin digestion, crosslinked peptides can be
identified by mass-spectrometry. Crosslinking a protein complex such as the
divisome will identify residues from proteins that are in close proximity, which
subsequently can be used to reconstruct their position within the complex. To
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crosslink the dynamic protein interactions in the divisome we developed a method,
described in chapter 2, which allows for the direct crosslinking of cells in their
growth medium. A proteome-wide analysis of crosslinked residues identified 82
unique crosslinks between proteins. However, these crosslinks are restricted to
mainly abundant complexes, such as ribosomes and RNA polymerases. We report
a new interaction orientation between the β’ and δ subunits of RNA polymerase.
A more directed approach to investigate protein interactions in the divisome
was taken by studying the interaction between FtsZ and the membrane anchor
SepF, described in chapter 3. SepF assists FtsZ in Z-ring formation and together
these proteins form a microtubule structure in vitro. The interaction between
purified proteins was investigated using crosslinking mass-spectrometry. Based on
the crosslinks identified, we propose that SepF dimers possibly form a tetramer.
In silico docking simulations suggest that the FtsZ C-terminal peptide binds to the
globular surface of a SepF dimer. The absence of crosslinks in the FtsZ C-terminal
peptide could indicate that it is not surface exposed, possibly by being trapped
between two SepF dimers forming a tetramer.
Finally, we also address the delay between Z-ring formation and the
recruitment of late-proteins, described in chapter 4. Fluorescent fusions of ZapA
(Z-ring) and Pbp2B (late-protein) were imaged in growing cells with time-lapse
microscopy. We observed a large variation in the delay between Z-ring formation
and late-protein recruitment and this variation was further investigated in the
context of size-homeostasis. Bacteria such as B. subtilis and Escherichia coli grow
a fixed amount per cell cycle, as an ‘adder’, which results in a decrease of variation
in cell size in the population. Since larger cells grow faster than smaller cells, larger
cells will also have to divide quicker. We observe that the variation in delay
between Z-ring formation and late-protein recruitment negatively correlates with
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cell size, as larger cells have a shorter delay than smaller cells. We also observe
that a higher concentration of Z-ring proteins at the division site results in a faster
cell division, and that larger cells recruit more Z-ring proteins and recruit Z-ring
proteins faster. This size-dependent Z-ring accumulation therefore could be the
molecular mechanism of cell size homeostasis in B. subtilis.
In this thesis we investigated the dynamic protein interactions in the
divisome of B. subtilis. Both the proposed interaction site between FtsZ and SepF
and the size-dependent accumulation of Z-ring proteins increase our insight in the
mechanism of cell division, thereby indirectly contributing to the development of
novel antibiotics that could disrupt cell division.
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Samenvatting
Onderzoek naar eiwit interacties in het celdelingscomplex van Bacillus
subtilis onthult een mogelijk mechanisme voor celgrootte homeostase.

Celdeling is essentieel voor het voortbestaan van bacteriën. Toenemende
bacteriële resistentie tegen conventionele antibiotica maakt het ontwikkelen van
nieuwe antibiotica noodzakelijk. Voor de ontwikkeling van antibiotica die specifiek
celdeling verstoren is meer inzicht naar het moleculaire mechanisme van celdeling
essentieel. Het celdeling machinerie, of divisoom, van de gram positieve,
staafvormige bacterie Bacillus subtilis staat centraal in dit proefschrift.
Het divisoom is een eiwit complex dat uit meer dan een dozijn verschillende
componenten bestaat die dynamisch lokaliseren naar het toekomstige delingsvlak.
Het divisoom wordt sequentieel opgebouwd, en deze opbouw start met de tubiline
homoloog FtsZ die geassisteerd door vier andere eiwitten een ringvormige
structuur vormt, de Z-ring. Na een vertraging zal een tweede set eiwitten, lateeiwitten, worden gerekruteerd naar het delingsvlak. Deze late-eiwitten zijn
verantwoordelijk voor de synthese van het delingsseptum tussen de dochtercellen.
In dit proefschrift onderzoeken wij deze dynamische eiwit interacties in het
divisoom met behulp van crosslinking-massaspectrometrie (hoofdstuk 2 en 3) en
fluorescentie time-lapse microscopie (hoofdstuk 4).
Om de dynamische eiwit interacties in het divisoom te bestuderen maken
wij gebruik van eiwit crosslinking. Succinimidyl esters, zoals BAMG, reageren met
amine groepen zoals die aanwezig in lysine residuen en crosslinken zo residuen
die minder dan 25Å van elkaar verwijderd zijn. Na trypsinedigestie worden de
gecrosslinkte peptiden geïdentificeerd met massaspectrometrie. Het crosslinken
van een eiwitcomplex zoals het divisoom laat zien welke residuen van eiwitten zich
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dichtbij elkaar bevonden, en deze crosslinks kunnen vervolgens worden
gebruikt om hun positie in het complex te reconstrueren. Om de dynamische
interacties in het divisoom te kunnen crosslinken hebben wij een methode
ontwikkeld, beschreven in hoofdstuk 2, waarbij cellen direct in het
groeimedium kunnen worden gecrosslinkt. Een proteoom-brede analyse van
gecrosslinkte residuen resulteerde in 82 unieke crosslinks tussen eiwitten.
Echter,

deze

crosslinks

zijn

voornamelijk

aanwezig

in

abundante

eiwitcomplexen zoals ribosomen en RNA polymerasen. We rapporteren een
nieuwe interactie oriëntatie tussen de β’ en δ subunits van RNA polymerase.
Om toch meer inzicht te krijgen in eiwitinteracties in het divisoom
onderzochten we de interactie tussen FtsZ en het membraan anker SepF,
beschreven in hoofdstuk 3. SepF assisteert FtsZ in het vormen van de Zring en samen vormen deze eiwitten een microtubulus structuur in vitro. De
interactie tussen opgezuiverde eiwitten werd onderzocht met crosslinkingmassaspectrometrie. Aan de hand van de gevonden crosslinks postuleren
wij dat SepF dimeren mogelijk een tetrameer vormen. In silico docking
simulaties suggereren dat de FtsZ C-terminale peptide het globulaire
oppervlak van de SepF dimeer bindt. De afwezigheid van crosslinks in de
FtsZ C-terminale peptide zou kunnen indiceren dat deze ontoegankelijk is
voor de crosslinker, en mogelijk opgesloten is tussen twee SepF dimeren in.
Tot slot adresseren we in hoofdstuk 4 ook de vertraging tussen de Zring formatie en het rekruteren van de late-eiwitten. Fluorescente fusies van
ZapA (Z-ring) en Pbp2B (late-eiwitten) werden gevolgd in groeiende cellen
met behulp van time-lapse microscopie. We observeerden een zeer
variabele vertraging en deze variatie onderzochten we vervolgens binnen de
context van celgrootte homeostase. Bacteriën zoals B. subtilis en
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Escherichia coli groeien een vaste hoeveelheid per celcyclus, als een ‘adder’, wat
resulteert in een afname van variatie in celgrootte binnen de populatie. Aangezien
grote cellen sneller groeien dan kleine moeten deze daardoor ook eerder delen.
Wij vonden dat de variatie in vertraging tussen Z-ring formatie en rekruteren van
late-eiwitten negatief correleert met celgrootte, waarbij grote cellen een kortere
vertraging hebben dan kleine cellen. Ook zien we dat een hogere concentratie Zring eiwitten zorgt voor een snellere celdeling, en dat grote cellen meer en sneller
Z-ring eiwitten rekruteren. Deze grootte afhankelijke Z-ring accumulatie verzorgt
zo mogelijk het mechanisme voor celgrootte homeostase in B. subtilis.
In dit proefschrift onderzochten we de dynamische interacties in het
divisoom van B. subtilis. Zowel de mogelijke interactie site tussen FtsZ en SepF
als de grootte-afhankelijke accumulatie van celdelingseiwitten geven meer inzicht
in de mechanistische werking van het celdelingsmachinerie. Deze bevindingen
dragen zo mogelijk indirect bij aan de ontwikkeling van nieuwe antibiotica die
celdeling kunnen verstoren.
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