Chapter 2
E. coli Cell Cycle Machinery

Joe Lutkenhaus and Shishen Du

Abstract Cytokinesis in E. coli is organized by a cytoskeletal element designated
the Z ring. The Z ring is formed at midcell by the coalescence of FtsZ filaments
tethered to the membrane by interaction of FtsZ’s conserved C-terminal peptide
(CCTP) with two membrane-associated proteins, FtsA and ZipA. Although interac-
tion between an FtsZ monomer and either of these proteins is of low affinity, high
affinity is achieved through avidity — polymerization linked CCTPs interacting with
the membrane tethers. The placement of the Z ring at midcell is ensured by antago-
nists of FtsZ polymerization that are positioned within the cell and target FtsZ fila-
ments through the CCTP. The placement of the ring is reinforced by a protein
network that extends from the terminus (Ter) region of the chromosome to the Z
ring. Once the Z ring is established, additional proteins are recruited through inter-
action with FtsA, to form the divisome. The assembled divisome is then activated
by FtsN to carry out septal peptidoglycan synthesis, with a dynamic Z ring serving
as a guide for septum formation. As the septum forms, the cell wall is split by spa-
tially regulated hydrolases and the outer membrane invaginates in step with the aid
of a transenvelope complex to yield progeny cells.

Keywords E. coli* FtsZ ¢ Zring * FtsA ¢ ZipA ¢ Zap proteins ¢ Cytokinetic machin-
ery * Divisome ¢ Polymerization driven avidity ® Min system ¢ Oscillation ® Nucleoid
occlusion ¢ Ter linkage ¢ Septal PG synthesis ® FtsEX ¢ FtsN

Overview of Cell Cycle Regulation — Two Key Proteins

The bacterial cell cycle is primarily regulated at the initiation of two major events,
DNA replication and cytokinesis (septation). Studies in E. coli indicate that the
regulatory inputs that control these two events converge on just two proteins, DnaA
for DNA replication and FtsZ for cytokinesis (Fig. 2.1). DnaA , which assembles
into an oligomer on oriC, is required to unwind the DNA so that DnaB, the replica-
tive helicase, can be loaded and the replication forks established (Bramhill and
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Fig. 2.1 Regulatory inputs for cell cycle control converge on two key proteins, DnaA and
FtsZ. DnaA-ATP assembles on oriC to initiate DNA replication. FtsZ assembles into a Z ring that
determines the division plane by organizing the machinery to synthesize the septum. Whereas
DnaA-ATP assembles on the oriC template, the Z ring does not have a landmark and is a self
organizing organelle that assembles where conditions are favorable

Kornberg 1988; Erzberger et al. 2006). FtsZ assembles into the Z ring, a cytoskel-
etal element that determines the site of cytokinesis and functions as a scaffold to
recruit additional division proteins to synthesize septal peptidoglycan (PG) (Bi and
Lutkenhaus 1991). These two major events are not obligatorily coupled, since DNA
replication and segregation can continue in the absence of cytokinesis. This chapter
is focused on E. coli, with occasional references to results from other organisms as
indicated.

DnaA and Initiation of Replication

Much of the control of the cell cycle operates at the level of initiation of DNA rep-
lication. Donachie found that the ratio of cell mass to DNA origins was a constant,
independent of growth rate, and proposed that replication was initiated when cells
double their critical size, with cytokinesis occurring a fixed time later (Donachie
1968). The consequences can be readily observed upon a shift up in growth rate.
When a culture is shifted from a slow to a fast growth rate, the rate of mass increase
immediately shifts to the new growth rate and new rounds of DNA replication initi-
ate as the mass doubles and before the previous round is finished (Cooper and
Helmstetter 1968). The first cytokinetic event, however, is delayed because the time
required to replicate the chromosome and to divide are constant and longer than the
fast doubling time. As a consequence, the cells are larger at the first division and
then reach a new steady state. Under these conditions, cytokinesis follows a fixed
time after DNA replication is initiated.
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Initiation occurs when DnaA-ATP binds to sites located within oriC, a unique
245 base pair region on the chromosome. oriC has three high affinity sites, as well
as many low affinity sites, for DnaA-ATP (Leonard and Grimwade 2015). Adjacent
to these sites is a region designated DUE, the DNA unwinding element, which is
converted to a single-stranded region when all DnaA binding sites are occupied and
where DnaB is loaded (Bramhill and Kornberg 1988). Although the high affinity
sites are usually occupied, the loading of the low affinity sites is highly regulated, as
their occupation results in the triggering of initiation (Mott and Berger 2007).
Occupancy of the low affinity sites each cell cycle requires the synthesis of DnaA to
generate DnaA-ATP since DnaA-ADP, which is generated following an initiation
event, does not readily exchange with ATP (Kato and Katayama 2001). Thus, DnaA
must be synthesized each cell cycle to obtain the ATP-bound form, consistent with
the old observation that each new round of initiation of replication requires protein
synthesis (Helmstetter 1974). It has been suggested that it is the ratio of DnaA-ATP
to DnaA-ADP that is critical for the firing of oriC but this is controversial (Donachie
and Blakely 2003; Vadia and Levin 2015). The reader is referred to several excellent
reviews on the regulation of replication, as this article will focus on cytokinesis
(Mott and Berger 2007; Leonard and Grimwade 2015; Katayama et al. 2010).

FtsZ and the Z Ring

Assembly of the Z ring at the division site is the first step in bacterial cytokinesis (Bi
and Lutkenhaus 1991). The Z ring was the first cytoskeletal element to be described
in bacteria and is assembled from FtsZ filaments formed by the polymerization of
FtsZ (Ma and Margolin 1999), the ancestral homologue of eukaryotic tubulin (Lowe
and Amos 1998). It is a very dynamic structure (T1/2 < 10 s) (Chen and Erickson
2005), formed by the coalescence of FtsZ filaments attached to the membrane. This
process is under spatial regulation to ensure that the Z ring is assembled at midcell,
between segregated chromosomes (Lutkenhaus 2007).

The mechanisms of spatial regulation appear quite different among diverse bac-
teria and can include negative as well as positive systems (Lutkenhaus 2007;
Monahan et al. 2014; Mannik and Bailey 2015). In addition, multiple systems can
exist within the same organism and each contribute to spatial regulation. These sys-
tems are usually not essential but their absence often leads to altered morphology
due to misplacement of the septum. In E. coli the negative regulatory systems
include Min (minicell) and NO (nucleoid occlusion). The Min system is highly
conserved and widely distributed across diverse bacterial species (Rothfield et al.
2005). Loss of spatial regulation in Min mutants leads to assembly of the Z ring near
the cell poles, resulting in the formation of anucleate minicells, thus emphasizing
that the position of the Z ring dictates the site of cytokinesis (Bi and Lutkenhaus
1993). NO, which prevents Z ring assembly over the nucleoid, is present in many
bacteria and loss of this system leads to Z rings forming over chromosomes delayed
for segregation (Bernhardt and De Boer 2005). In addition, a positive regulatory
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system in E. coli involves linkage between the Ter macrodomain of the chromosome
and the Z ring (Bailey et al. 2014). This latter system is revealed when the other two
are removed.

In contrast to DnaA, which binds to defined sequences in oriC to produce a heli-
cal filament on the DNA that can initiate replication (Mott and Berger 2007), the Z
ring does not have a template. It is a dynamic self-organizing structure that is posi-
tioned by spatial regulation and, once established, determines the division site
(Lutkenhaus 2007). Importantly, FtsZ is expressed at a constant rate and the major
control of Z ring assembly is due to the spatial regulation that positions the Z ring
to midcell (Weart and Levin 2003).

Components of the Cytokinetic Machinery — Cell Division
Genes

The identification of cell division genes in E. coli started in the 1960s with the isola-
tion of mutants with a filamenting temperature sensitive phenotype (fts) (Van De
Putte et al. 1964; Hirota et al. 1968). Such mutants continue to replicate and segre-
gate their DNA at the nonpermissive temperature but grow as long nonseptate fila-
ments that are unable to form colonies. This conditional lethality allowed the
cloning of the respective genes, which in turn led to the characterization of their
gene products. Although mutations in many non cell division genes can lead to a
filamentous phenotype, these were eventually ruled out as their effect on cell divi-
sion was indirect.

Key steps in the characterization of a cell division gene are the demonstration
that it is essential and that the gene product localizes to the division site. This has
led to the realization that the complex process of cytokinesis is carried out by only
12 essential genes (ftsZ, ftsA, zipA, ftsE, ftsX, ftsK, ftsQ, ftsL, ftsB, ftsW, ftsl and
ftsN) (De Boer 2010; Lutkenhaus et al. 2012). FtsE/FtsX are essential even though
loss of these genes can be suppressed by increased osmolarity (Reddy 2007). Many
other proteins localize to the division site but their genes are not essential because
their function is redundant (for example, genes for Zap proteins and amidases) or
they only contribute to the efficiency of division (Tol-Pal complex). Other genes are
essential, but are not specific for cell division, because they are also involved in cell
elongation (genes for PG synthesis).

Additional insight into the process of cell division came from investigating the
phenotypic effect of penicillin derivatives (Spratt 1975). Among the derivatives are
some (cephalexin and piperacillin) that selectively block cytokinesis without affect-
ing cell elongation. These antibiotics specifically target penicillin-binding protein 3
(PBP3), the product of ftsl, supporting its role in cytokinesis. Among the 12 or so
penicillin binding proteins in E. coli, only PBP3 is used exclusively in cytokinesis
(Young 2001). Less specific penicillins, which target multiple PBPs, lead to lysis at
the division site, as this is a major site of cell wall synthesis (Spratt 1975).
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Assembly of the Z Rings

The assembly of the divisome occurs in two temporally distinct steps (Aarsman
et al. 2005). In the first step, the Z ring (also referred to as the proto-ring (Rico et al.
2013)) is formed at midcell (Bi and Lutkenhaus 1991). Proteins that interact with
FtsZ coassemble with FtsZ to form the ring. Key among these are ZipA and FtsA,
which function as membrane tethers for FtsZ filaments (Hale and De Boer 1997,
Pichoff and Lutkenhaus 2002). In addition, various Zap proteins (ZapA, ZapC and
ZapD) interact with FtsZ and can crosslink FtsZ filaments (Gueiros-Filho and
Losick 2002; Hale et al. 2011; Durand-Heredia et al. 2011; Huang et al. 2013).
FtsEX also assembles early and FtsE is reported to interact with FtsZ (Corbin et al.
2007). The formation of the Z ring is under spatial regulation, ensuring that it is
formed at midcell (Lutkenhaus 2007). After a delay that can be up to 1/3 of a cell
cycle, the remaining proteins are recruited to form a complete divisome (Aarsman
et al. 2005).

FtsZ and Tubulin Form Dynamic Structures

The globular domains of FtsZ and tubulin are remarkably similar (Lowe and Amos
1998; Nogales et al. 1998). They belong to a distinct family of GTPases that undergo
dynamic polymerization dependent upon GTP hydrolysis (Nogales et al. 1998;
Mukherjee and Lutkenhaus 1998). Whereas tubulin assembles into a 13-stranded
microtubule, FtsZ assembles into a linear filament, equivalent to one strand of a
microtubule, and undergoes treadmilling driven by GTP hydrolysis (Mukherjee and
Lutkenhaus 1994, 1998; Chen and Erickson 2005; Loose and Mitchison 2014).
Despite FtsZ forming a linear filament, assembly, like that of microtubules, is coop-
erative, with a critical concentration near 1 pM (Mukherjee and Lutkenhaus 1998;
Chen et al. 2005). Importantly, this family of proteins can use the dynamic capabil-
ity provided by GTP hydrolysis to explore intracellular space. Microtubules use the
assembly dynamics to search for kinetochores, in the process of forming a spindle
(Kirschner and Mitchison 1986; Heald and Khodjakov 2015), whereas FtsZ uses
dynamics to search for conditions that are favorable for forming the Z ring
(Lutkenhaus 2007). These conditions are where the concentration of factors that
antagonize FtsZ polymerization is the lowest.

CCTP - High Affinity Through Polymerization Driven Avidity

Both FtsZ and tubulin have long C-terminal segments which, although quite differ-
ent, mediate interaction with a number of interacting proteins (Erickson et al. 2010;
Roll-Mecak 2015). The FtsZ C-terminal segment is composed of a long
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Fig. 2.2 FtsZ interacts with many partners through the CCTP. (a) FtsZ contains a globular tubulin
domain attached to the CCTP by a long linker (50 amino acids in E. coli). It is a rare example in
prokaryotes of a short linear peptide embedded within a region of intrinsic disorder (the linker) that
drives the interaction of a protein with variety of unrelated proteins. (b) Image and cartoon of an
FtsZ filament in vivo. Electron cryotomogram of an E. coli cell in which FtsZ (D212N) was
expressed shows an FtsZ filament 16 nm from the cytoplasmic membrane (Szwedziak et al. 2014).
Similar filaments are observed in WT cells. The accompanying cartoon depicts the FtsZ filament
tethered to the cytoplasmic membrane by ZipA and FtsA. High affinity of the filaments for the
membrane is due to polymerization driven avidity as multiple CCTPs contact multiple membrane
partners

non-conserved linker (~50 amino acids in E. coli) that connects the globular (GTP-
polymerizing) domain to a very conserved short region of about 14 residues (Fig.
2.2a). This short region has been termed the C-terminal tail (CTT) or CCTP (con-
served C-terminal peptide) (Du et al. 2015). It mediates interaction between FtsZ
and many of its partners, including the membrane anchors, ZipA and FtsA, and the
spatial regulators, MinC/MinD and SImA (Ma and Margolin 1999; Haney et al.
2001). The CCTP is an example of a short linear peptide embedded within a region
of intrinsic disorder (the linker) that drives the interaction of a protein with a variety
of unrelated proteins; something more common among eukaryotic proteins (Uversky
2013).

The binding sites for the CCTP on ZipA and FtsA have little in common and
there are quite different side chain contacts between residues in the CCTP and these
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partners (Szwedziak et al. 2012; Mosyak et al. 2000; Schumacher and Zeng 2016).
The CCTP has relatively weak affinity for these partners (with a Ky, in the 30-50 pM
range), indicating that an FtsZ monomer is unlikely to localize to the membrane.
However, an FtsZ filament has high affinity for the membrane anchors due to avidity
(Du et al. 2015). Thus, FtsZ filaments are at the membrane (Fig. 2.2b) and GTP-
hydrolysis releases FtsZ monomers into the cytoplasm.

In addition to FtsA and ZipA, FtsZ filaments interact with several regulatory
proteins (MinC/MinD and SImA) and at least one Zap protein, ZapD, through the
CCTP (Lutkenhaus et al. 2012; Durand-Heredia et al. 2012; Schumacher and Zeng
2016). MinC/MinD and SImA are antagonists of FtsZ assembly that become posi-
tioned in the cell by interacting with the membrane and DNA respectively. Once in
position, they use a two-pronged mechanism to disrupt FtsZ filaments. Both antago-
nists bind to an FtsZ filament through interaction with the CCTP and, in a second
step, sever the filament (Cho et al. 2011; Shen and Lutkenhaus 2010; Du and
Lutkenhaus 2014). The interaction between the CCTP and SImA follows the same
principle as for ZipA; monomers bind weakly and filaments bind strongly due to
avidity (Du et al. 2015). These differential affinities for monomers and filaments,
along with a putative severing mechanism, enable MinC/MinD and SImA to effec-
tively disrupt FtsZ filaments, even though they are present in the cell at much lower
concentrations than FtsZ.

Membrane-Tethered FtsZ Filaments Coalesce at Midcell
with the Aid of Zap Proteins

The two membrane associated proteins that tether FtsZ filaments to the membrane
are quite different, although both bind to the CCTP of FtsZ (Pichoff and Lutkenhaus
2002; Ma and Margolin 1999; Haney et al. 2001). ZipA is a Type 1b transmembrane
protein with a long linker connecting the transmembrane domain to a globular
domain that binds the CCTP of FtsZ (Hale and De Boer 1997). In contrast, FtsA is
a peripheral membrane protein that binds to the membrane through a C-terminal
amphipathic helix (Pichoff and Lutkenhaus 2005). It is an actin related protein, with
an unusual domain structure but assembles into actin-like filaments on a lipid bilayer
in vitro (Szwedziak et al. 2012). So far, no ATPase activity has been associated with
assembly and the polymers are not dynamic (Lara et al. 2005; Szwedziak et al.
2012). FtsA polymers have also been observed in vivo at the membrane when over-
expressed (Szwedziak et al. 2012). In one model, the C-terminal amphipathic helix
obstructs polymerization and binding to the membrane relieves this inhibition
(Krupka et al. 2014). In the absence of the C-terminal amphipathic helix, polymer-
ization occurs in the cytoplasm but is less efficient, suggesting that the membrane
enhances assembly, which is consistent with the model (Pichoff and Lutkenhaus
2005).
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FtsZ filaments are formed at the membrane throughout the cell and even oscillate
between the ends of the cell under the influence of the Min system (Thanedar and
Margolin 2004; Bisicchia et al. 2013a). Eventually these membrane bound fila-
ments coalesce into a Z ring at midcell with the aid of the Zap proteins. Three of the
Zap proteins (ZapA, C and D) crosslink FtsZ filaments (Hale et al. 2011; Durand-
Heredia et al. 2011, 2012; Gueiros-Filho and Losick 2002; Mohammadi et al. 2009;
Dajkovic et al. 2010), whereas a fourth, ZapB, does not interact directly with FtsZ
but interacts with ZapA (Galli and Gerdes 2010). The loss of all three Zaps that
interact directly with FtsZ results in increased cell length and poor viability, whereas
loss of any one has less effect, indicating some functional overlap (Durand-Heredia
et al. 2012).

However, the three Zap proteins crosslink FtsZ filaments through different mech-
anisms. ZapA forms dimers and tetramers and is believed to crosslink filaments by
interacting with the lateral sides of filaments (Pacheco-Gomez et al. 2013), whereas
ZapD is a dimer and binds to CCTPs on adjacent filaments (Durand-Heredia et al.
2012). In contrast, ZapC is a monomer that binds to the FtsZ globular domain, but
can crosslink FtsZ filaments since each monomer has two unique FtsZ-binding sites
(Schumacher et al. 2015).

Although crosslinking filaments by Zap proteins facilitates Z ring formation, it is
not clear if direct lateral interaction between FtsZ filaments also has a role. FtsZ fila-
ments are readily bundled in vitro, depending upon cations and pH, but the bundles
lack repetitive protein-protein interactions (Erickson et al. 2010). One FtsZ mutant
displays many interesting phenotypes, similar to FtsA* (see later). This mutant dis-
plays increased bundling in vitro and it is likely that the bundling contributes to the
phenotypes but how is not clear (Haeusser et al. 2015).

Structure of the Z Ring

One of the most intriguing questions is the structure of the Z ring, or more specifi-
cally the arrangement of filaments in the ring. Two approaches have been used to try
and resolve this, super resolution fluorescence microscopy and electron cryotomog-
raphy. By super high-resolution fluorescence microscopy the Z ring appears patchy,
which has been interpreted as a discontinuous ring (Fu et al. 2010; Strauss et al.
2012). In nonconstricting cells, the ring appears to be 115 nm in width and ~700 nm
in diameter. Interestingly, increasing the FtsZ concentration does not affect the
dimensions of the midcell ring but leads to formation of additional misplaced rings,
suggesting a defined structure (Fu et al. 2010). About 500 molecules of FtsZ are
required to form a filament (with a 4.3 nm intersubunit distance) sufficient in length
to encircle the division site in a nonconstricting cell. Since E. coli contains ~6500
molecules of FtsZ per cell (fast growth rate) (Li et al. 2014) and ~30% of FtsZ is in
the ring (Stricker et al. 2002), there is sufficient FtsZ assembled to encircle the sep-
tum about four times.
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FtsZ filaments are difficult to detect by electron microscopy due to the density of
the cytoplasm, their low numbers (lack of a regular lateral array) and their proximity
to the membrane. However, FtsZ filaments have been clearly observed by electron
cryotomography, approximately 16 nm from the membrane (Li et al. 2007;
Szwedziak et al. 2014) (Fig. 2.2b). Furthermore, varying the length of the linker
changes the distance of the filaments from the membrane, confirming that the
observed filaments are FtsZ (Szwedziak et al. 2014). In addition, when FtsA was
overproduced along with a hydrolysis-deficient mutant of FtsZ (D212N), an FtsA
filament was observed half way between the membrane and the FtsZ filament.
Although this lends support to the idea that FtsA polymers can form in vivo, FtsA
filaments are not observed in wild type cells (Fig. 2.2b). Presumably, this is because
they are very short and less abundant than FtsZ filaments, consistent with a ratio of
FtsZ to FtsA thatis ~7 to 1 (Li et al. 2014). When overproduced, FtsZ (D212N) fila-
ments were observed as doublets with an interfilament spacing (center-to-center
distance) of 6.8 nm, too large to arise from lateral interactions (Szwedziak et al.
2014). Whether these doublets can also occur under wild type conditions is not clear
but, even under these overproduction conditions, bundles of FtsZ filaments are not
observed, indicating bundling due to lateral interactions is unlikely.

The Ter region of the chromosome is connected to the Z ring by a protein net-
work (ZapA, ZapB and MatP), designated the Ter linkage. Conventional fluores-
cence microscopy revealed that ZapB is located interior to the Z ring, whereas ZapA
colocalized with FtsZ (Galli and Gerdes 2010). Since MatP condenses the Ter
region into a macrodomain and ZapB links MatP to the Z ring through ZapA, a
model emerged in which there was a continuous link between the Ter region and the
Z ring (Mercier et al. 2008; Espeli et al. 2012). Higher resolution imaging revealed
the dimensions of ZapA rings were similar to Z rings whereas ZapB rings are thicker
and have a smaller diameter, with MatP interior to ZapB,which supports the linkage
model (Buss et al. 2015). This linkage is not essential for division, as ZapA or ZapB
mutants are viable, although Z rings appear to have difficulty in forming and are
sometimes askew. Once formed, however, Z rings lacking ZapA or ZapB appear
similar to rings in wild type cells (Buss et al. 2013).

In Vitro Reconstruction

One of the goals in biology is in vitro reconstruction of a system to demonstrate that
the identified components reconstitute the behavior observed in vivo. Although this
is a big challenge in the field of cytokinesis, especially considering the important
role of the cell wall, attempts have been made to study the interaction of division
components with a lipid bilayer. As an initial approach, the CCTP of FtsZ was
replaced with an amphipathic helix to bypass the need for membrane anchors. Such
an FtsZ construct was able to bind to a lipid bilayer and, when placed inside vesi-
cles, caused constriction (Osawa et al. 2008). Although GTP was necessary, its
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hydrolysis was not, indicating that just formation of the filaments on the membrane
was responsible for the observed deformation of the vesicles.

Second generation reconstitution experiments used FtsZ and one of the natural
membrane anchors, ZipA or FtsA. Reconstitution on a flat lipid bilayer showed
recruitment of FtsZ filaments to the bilayer, with the proteins self-organizing into
complex patterns (Loose and Mitchison 2014). Whereas ZipA led to FtsZ forming
seemingly static but dynamic bundles, FtsA caused FtsZ to form dynamic vortices
that underwent rapid reorganization; the dynamics of the system were due to tread-
milling of FtsZ filaments. Although GTP was required (for FtsZ), surprisingly ATP
was not (ADP being sufficient for FtsA). Reconstitution experiments have also been
done with the proteins inside vesicles. By using an FtsA hyperactive mutant (FtsA*),
which appears to behave better in vitro than the wild type protein, Z rings were
occasionally observed within unilamellar vesicles and observed to constrict in an
ATP and GTP dependent manner (Osawa and Erickson 2013). ZipA-containing
vesicles have also been observed to shrink when FtsZ and GTP were included
(Cabre et al. 2013). Together, these experiments demonstrated the remarkable abil-
ity of FtsA, ZipA and FtsZ to self-organize and raised the possibility that, together,
they could provide a constrictive force in vivo.

Additional Roles of the Z Ring

Since the E. coli cell is under ~3 atmospheres of pressure, there has been specula-
tion as to the force that drives septation. It is clear that peptidoglycan synthesis is
required, as any block to PG synthesis halts septation (Spratt 1975). It was sug-
gested that, in addition to a well-characterized scaffolding function, the Z ring pro-
vides a constrictive force at the leading edge of the septum (Erickson et al. 2010).
This suggestion arose from the presence of FtsZ in mycoplasma, which lack a cell
wall, and also from the ability of FtsZ to assemble both curved and straight fila-
ments. This possible activity is supported by in vitro reconstitution studies, where
FtsZ containing a membrane tether was observed to invaginate lipid vesicles (Osawa
et al. 2008). However, the lack of an effect of varying FtsZ’s GTPase activity on the
rate of constriction in vivo has been used to argue against this proposal (Coltharp
et al. 2016) but this is still controversial. Even if the Z ring provides force in vivo,
the constriction would be limited by the rate of PG synthesis. In any event, the Z
ring is not the only contributor, as FtsZ leaves the invaginating septum before cyto-
kinesis is complete (Soderstrom et al. 2014). Another role for the Z ring is as a guide
for the invaginating septum. FtsZ mutants deficient in GTPase activity result in a
twisted septum (Bi and Lutkenhaus 1992). Such mutants assemble what appears to
be a normal ring but the stable FtsZ filaments become twisted into a spiral induced
by cell wall growth. This observation has led to the idea that rapidly reorganizing
FtsZ filaments are necessary to guide formation of a symmetrical septum (Dajkovic
and Lutkenhaus 2006).
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Spatial Regulation of the Z Ring

The Z ring is placed at midcell with great precision without the use of any known
landmarks. So far two negative systems (Min and NO [nucleoid occlusion, medi-
ated by SImA]), and one positive system (Ter linkage) have been identified that
contribute to the placement of the Z ring in E. coli (Lutkenhaus 2007; Mannik and
Bailey 2015). The Min system prevents formation of the Z ring away from midcell
while SImA, responsible at least in part for NO, prevents formation of the Z ring
over the nucleoid (Lutkenhaus 2007). In addition to this negative regulation, the Ter
linkage promotes Z ring assembly in the vicinity of the Ter region on the nucleoids,
near midcell (Bailey et al. 2014). The contribution of each system is revealed fol-
lowing its inactivation alone or in combination (Fig. 2.3). In some cases, the effect
is growth rate dependent (Min~ SImA~) and at slow growth rates all three systems
can be deleted and the Z ring still has a preference for midcell, indicating at least
one additional mechanism must exist (Bailey et al. 2014).
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Fig. 2.3 Spatial regulation of the Z ring. Three systems contribute to the spatial regulation of the
Z ring — Min, NO and Ter linkage and their influence is revealed following inactivation of a system
alone or in combination. Under normal growth conditions inactivation of Min results in a dramatic
phenotype with minicells and nucleoid containing cells of heterogeneous cell length, whereas a
more subtle phenotype is observed with loss of the Ter linkage (AzapB) and none with loss of NO
(AslmA). The phenotype due to deleting two or more of the systems depends upon growth rate. At
fast growth rates loss of Min and SImA leads to lethal filamentation whereas at slow growth rates
cells survive but with central and polar rings. Loss of all three systems leads to additional polar
rings
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Min System

The Min system was recognized early-on as having an important role in spatial
regulation of cytokinesis, since its absence (Amin mutants) results in cytokinesis
also occurring at the poles of the cell and, consequently, minicell formation (Adler
et al. 1967) (Fig. 2.3). This regulation of cytokinesis operates at the level of Z ring
formation (Bi and Lutkenhaus 1993; Pichoff and Lutkenhaus 2001). Consistent
with this, the Min system consists of an antagonist of FtsZ assembly, MinC, which
is recruited to the membrane by MinD and directed away from midcell by MinE (De
Boer et al. 1989; Hu et al. 1999; Raskin and De Boer 1999a). This system in not
static and the Min proteins rapidly oscillate between the ends of the cell, with the Z
ring forming at midcell where their influence is at a minimum (Meinhardt and De
Boer 2001). Two elements of the Min system have been under intense scrutiny. One
is the mechanism of the oscillation and the other is the mechanism by which the Min
system antagonizes FtsZ assembly.

Min Oscillation

The Min oscillator is a geometry sensing system with a preferred wavelength (on
the order of 3-5 microns) (Varma et al. 2008; Wu et al. 2015). The important fea-
tures of the oscillation were largely determined by manipulating the expression of
the Min proteins in vivo and the mechanism was derived from studying their bio-
chemistry, including in vitro reconstitution and computer simulations. The in vivo
expression demonstrated that MinD and MinE were sufficient to establish the oscil-
lation, that the ratio between them was critical, and that MinC was the division
inhibitor and a passenger in the oscillation (De Boer et al. 1989; Raskin and De
Boer 1999b; Hu and Lutkenhaus 1999). During the oscillation, MinD and MinC
accumulate at one pole and are flanked by a MinE ring. As this ring moves closer to
the pole, MinC and MinD are released and they re-assemble at the other pole,
flanked again by a MinE ring (Fu et al. 2001; Hale et al. 2001) (Fig. 2.4a).
Biochemical and genetic studies revealed MinC acted directly on FtsZ filaments
and that the dynamic interplay of the Min proteins with the membrane that underlies
the oscillation is driven by MinD’s ATPase cycle (Hu et al. 1999; Hu and Lutkenhaus
2001). MinD dimerizes in the presence of ATP and binds to the membrane through
a C-terminal amphipathic helix (Fig. 2.4b)(Szeto et al. 2002; Hu and Lutkenhaus
2003). Dimerization of MinD is necessary to provide sufficient membrane affinity
and to generate binding sites for MinE and MinC, which overlap at the dimer inter-
face (Wu et al. 2011). MinE binding to MinD stimulates the ATPase activity causing
the release of MinD from the membrane (Hu et al. 2003; Lackner et al. 2003). The
interaction of MinE with MinD is quite complex as MinE is in a latent form (6-beta
strands) that must convert to the active form (4 —beta strands) to bind MinD (Park
et al. 2011). The conversion of MinE to the active form also releases N-terminal
amphipathic helices that allows MinE to bind the membrane as it binds MinD (Fig.
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Fig. 2.4 Min system. (a) The Min proteins oscillate between the poles of the cell as described in
the text. (b) The dynamic interaction of MinD and MinE with the membrane is fueled by MinE
stimulated ATP hydrolysis by MinD. (¢) An FtsZ filament tethered to the membrane is attacked by
MinCD and SImA using a two-pronged mechanism (lightning bolts). These antagonists are
recruited to FtsZ filaments through interaction with the CCTP resulting in a second interaction to
break the filament

2.4b). Although MinE is a dimer and has two MinD binding sites the geometry of
the complex only allows MinE to bind one side of a MinD dimer. After stimulating
MinD’s ATPase and causing the release of MinD from the membrane, MinE can
linger transiently on the membrane before returning to the latent form in the cyto-
plasm. This step gives MinE a chance to search for another membrane bound MinD
to cooperatively remove MinD from the membrane before dissociating. Although
genetic and biochemical studies indicate that MinE binding to one side of a MinD
dimer is sufficient to stimulate the ATPase activity (Park et al. 2012), a recent model
invokes a MinE dimer binding on each side of MinD to stimulate ATP hydrolysis
(Vecchiarelli et al. 2016). This 2:1 ratio may explain the existence of the MinE ring.

The recruitment of MinC to the membrane by MinD generates a complex that
can antagonize FtsZ assembly (De Boer et al. 1989; Pichoff and Lutkenhaus 2001).
Since MinD forms a symmetric dimer, it has a binding site for MinC on each side
(Fig. 2.4¢). Also, since MinC is a dimer it has the potential to bridge MinD dimers
to form an alternating copolymer attached to the membrane. In fact, such unusual
copolymers form in vitro and in vivo when overexpressed (Ghosal et al. 2014; Conti
et al. 2015). However, mutations that separate copolymer formation from MinC-
MinD interaction do not affect Min function indicating that such copolymers are not
necessary for Min function (Park et al. 2015). Also, the excess of MinD over MinC
in vivo (7 to 1) does not favor copolymers (Li et al. 2014).
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Due to the relative simplicity the Min oscillation, it was modeled to determine
how the oscillatory behavior could be achieved. Many models were developed that
generate the oscillatory behavior in silico (Meinhardt and De Boer 2001; Huang
et al. 2003; Kruse et al. 2007; Fange and EIf 2006). A general feature of the models
is that MinD displays cooperative attachment to the membrane and recruits MinE,
which stimulates MinD’s ATPase causing the release of MinD. The MinD released
from a polar region undergoes nucleotide exchange before it can rebind, which
gives it a chance to escape the pole. If it does not diffuse away, it can readily rebind
due to the presence of membrane bound MinD, but if it diffuses away it takes a
higher concentration to bind to the other pole, as it has to overcome the absence of
membrane-bound MinD (Fig. 2.4a). This property of MinD, along with the seques-
tration of MinE in a MinE ring at the edge of the MinD polar zone, drives the oscil-
lation (Huang et al. 2003; Halatek and Frey 2012).

Importantly, pattern formation by the Min system has been reconstituted in vitro
on planar lipid bilayers as well as in 3-dimensional objects (Loose et al. 2008;
Ivanov and Mizuuchi 2010; Schweizer et al. 2012). The reconstitution confirmed
that pattern formation by the Min system only required MinD, MinE, a lipid bilayer
and ATP. On a planar bilayer MinD and MinE form waves that migrate across the
surface with the concentration of MinE highest at the rear of the wave. For reasons
that are not clear the wavelength is much larger than observed in vivo. MinC also
oscillates when it was included and these reconstituted Min patterns alternating
with FtsZ assemblies (using FtsZ with a membrane tether) on the lipid bilayers
(Arumugam et al. 2014). These patterns form even though the densities of the Min
proteins on the membrane are quite high and Min proteins are not depleted from the
overlying solution. Modeling, however, indicates that depletion of the Min proteins
from the cytoplasm plays an important role (Huang et al. 2003). In a more recent
reconstitution system, conditions were found in which pattern formation was
accompanied by Min protein depletion from the overlying solution. Under these
conditions radially enlarging disks of MinD were formed that were surrounded by a
MinE ring, which then rapidly decreased in diameter (Vecchiarelli et al. 2016).
These disks oscillated with neighboring disks and are likely to better reflect the in
vivo situation.

MinC/MinD Antagonism of Z Ring Formation

MinC has two functional domains, an N-terminal domain (MinCY) that interacts
directly with the globular domain of FtsZ and antagonizes polymerization in vitro
and a C- terminal domain (MinCF) that binds MinD and the CCTP of FtsZ (Hu and
Lutkenhaus 2000; Cordell et al. 2001; Dajkovic et al. 2008). Based upon the ability
of MinCN to antagonize assembly in vitro and the isolation of FtsZ mutants resistant
to the two domains of MinC, a model emerged for MinC antagonism (Shen and
Lutkenhaus 2009, 2010). In this model the interaction of MinC/MinD with the
CCTP and the membrane positions MinCN near the FtsZ filament, leading to break-
age of the filament (Fig. 2.4c). Based upon the location of residues altered by
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resistance mutations, the target of MinCN is helix 10 of FtsZ, which is near the junc-
tion of two subunits in an FtsZ filament.

MinCMinD binds to the CCTP of FtsZ and can compete with FtsA and ZipA
(Shen and Lutkenhaus 2009). Thus, it is possible that the oscillation of the Min
proteins delays formation of the Z ring through competition for the CCTP. In smaller
cells there is likely to be less of an area at midcell free of the oscillating MinC/MinD
than in longer cells. Interestingly, FtsA* has higher affinity for the CCTP, which
may explain why it has some resistance to MinC/MinD (Geissler et al. 2007; Pichoff
et al. 2012). This model may also explain why FtsA* cells are able to assemble a Z
ring at a smaller cell size than wild type cells (Geissler et al. 2007).

Min and DNA Segregation

There are reports that the inactivation of the Min system affects DNA segregation
(Akerlund et al. 2002; Di Ventura et al. 2013). One effect is due to the lack of resolu-
tion of chromosome dimers in a fraction of cells in a Min mutant.

The main phenotype of Min mutants is the formation of minicells and the hetero-
geneous length of nucleoid containing cells. This is due to minicell divisions occur-
ring at the expense of medial divisions resulting in an increased average cell length
of the nucleated cells. Chromosome dimers form in approximately 10% of cells per
cell-cycle, due to recombination between newly formed daughter chromosomes
(Steiner et al. 1999). Separation of chromosome dimers is effected by the divisome
protein FtsK (see section “FtsK”) and therefore occurs during division at midcell.
However, a chromosome dimer present in a nucleated cell that produces a minicell
and skips division at midcell cannot be rescued by the dimer resolution system; this
results in a dramatic segregation defect in that cell. Other reports indicate that loss
of Min causes a slight delay in bulk chromosome segregation in all cells in the popu-
lation (Akerlund et al. 2002; Di Ventura et al. 2013). The basis for such an effect is
unclear, although it was recently reported that MinD binds DNA and that the Min
oscillation may serve to assist DNA segregation. However, the minD mutation stud-
ied affected membrane binding as well as DNA binding, questioning such a possi-
bility (Di Ventura et al. 2013).

Nucleoid Occlusion and SImA

A long-standing observation in bacterial cell biology is that cytokinesis over the
nucleoid, which would result in guillotining of the chromosome, is rarely observed.
This led to the concept of nucleoid occlusion — that, somehow, the nucleoid pre-
vented cytokinesis in its vicinity (Woldringh et al. 1990). Later it was shown that the
Z ring does not form over the nucleoid in cells where division was blocked, result-
ing in the hypothesis that the nucleoid exerted a negative effect on Z ring assembly
(Yu and Margolin 1999). Factors responsible were identified in both E. coli and B.
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subtilis. In both cases a protein was identified that bound to sites (~50) that were
present in the oriC proximal two third of the chromosome but absent in the Ter
region (Wu et al. 2009; Bernhardt and De Boer 2005; Cho et al. 2011).

In E. coli the SImA protein, a member of the TetR repressor family, was found to
mediate NO and interact directly with FtsZ (Cho et al. 2011). An unrelated protein
in B. subtilis (Noc) is functionally analogous but does not interact directly with FtsZ
(Adams et al. 2015).

In the absence of DNA, SImA weakly antagonizes FtsZ assembly, but this activ-
ity is dramatically enhanced upon binding to DNA containing a SImA binding site
(SBS) (Cho et al. 2011; Cho and Bernhardt 2013). The structure of free SImA and
SImA bound to an SBS revealed that SImA undergoes a conformational change
upon DNA binding that is typical of TetR family members, leading to increased
affinity for FtsZ (Tonthat et al. 2011; Tonthat et al. 2013). Residues affected by the
conformational change are required for SImA function and the recent structure of
DNA/SImA/CCTP peptide complex confirms these residues are involved in binding
to the CCTP of FtsZ (Schumacher and Zeng 2016). SImA is a dimer and binds
cooperatively to an SBS site as a dimer of dimers, with the possibility that addi-
tional dimers are also recruited. A cell contains about 5 SImA dimers per SBS bind-
ing site on the chromosome (Li et al. 2014).

The ability of SImA bound to an SBS to depolymerize FtsZ requires the CCTP
(Du and Lutkenhaus 2014). Furthermore, the interaction of SImA with a monomer
of FtsZ is of low affinity, similar to the interaction of the CCTP with ZipA and FtsA
(Du et al. 2015). However, as observed with ZipA, the affinity is dramatically
enhanced by avidity, that is, by a multimer of FtsZ binding to SImA dimers. Thus,
SImA bound to an SBS preferentially binds to polymers of FtsZ. Once SImA is
bound to a polymer of FtsZ it is thought to break the polymer, although the mecha-
nism is not clear (Cho and Bernhardt 2013; Cho et al. 2011). A mutation altering a
residue in the long helix 7, which connects the two globular domains of FtsZ, is
resistant to the action of SImA (Du and Lutkenhaus 2014). This suggests that SImA
bound to an FtsZ filament through interaction with the CCTP makes an additional
contact to stimulate GTP hydrolysis (Fig. 2.4c). Thus, SImA, like MinC/MinD, uses
a two-pronged mechanism to attack FtsZ filaments (Du and Lutkenhaus 2014).

During the cell cycle SImA bound to the chromosome is transported away from
midcell by segregation of the chromosome (Fig. 2.3, center). This movement cre-
ates a void at midcell making it permissive for FtsZ filaments to persist at the mem-
brane, whereas delays in segregation, for example, caused by disruption of DNA
replication or segregation, prevent this movement and formation of the Z ring at
midcell (Bernhardt and De Boer 2005). Although SImA can clearly prevent assem-
bly of the Z ring in the vicinity of an unsegregated nucleoid, its role in the normal
placement of the Z ring is not clear. Deletion of SImA does not affect cell morphol-
ogy, due to the dominance of the Min system, however, when both Min and SImA
are deleted cell division is prevented at fast growth rates (Bernhardt and De Boer
2005). Under these conditions FtsZ filaments are distributed throughout the cell and
sufficient filaments are unable to accumulate at any one position in the cell to form
a complete Z ring (Fig. 2.3). Consistent with this, raising the level of FtsZ rescues



2 E. coli Cell Cycle Machinery 43

such cells, and results in Z rings at midcell and also at the poles. Cells lacking Min
and SImA are also rescued by growth at high temperature or in minimal medium
(Bernhardt and De Boer 2005; Shen and Lutkenhaus 2010). Under this latter condi-
tion, cytokinesis occurs mostly at midcell and few minicells are produced, indicat-
ing additional mechanisms of directing Z rings to midcell (Fig. 2.3). This led to the
discovery of the Ter linkage and its role in Z ring formation.

Ter Linkage

The impetus for looking for positive Z ring regulation in addition to the two nega-
tive systems came from work in both E. coli and B. subtilis. Work in B. subtilis
revealed that in the absence of the two negative regulatory systems (Min and NO)
the Z ring is placed at midcell in outgrowing spores with good precision but with
reduced efficiency (Rodrigues and Harry 2012). Examination of E. coli forced to
grow at reduced diameter revealed misshapen cells, but with Z rings placed between
the nucleoids, even in the absence of Min and SImA, suggesting the chromosome
itself may provide positional information (Mannik et al. 2012). This result, com-
bined with the observation that Z rings still form at midcell (as well as the poles) in
the absence of Min and SImA at slow growth rates, led to a search for a possible
mechanism (Fig. 2.3).

Time-lapse microscopy of a mutant lacking both Min and SImA growing in min-
imal medium (which suppresses the otherwise lethal effect of deleting both of these
systems) revealed that the position of Z rings correlated more precisely with the
center of segregating chromosomes than with the middle of the cell (Bailey et al.
2014). In these cells, Z ring formation over the nucleoid was preceded by the arrival
of the Ter region. In newborn cells, the Ter region is located at the poles but rapidly
snaps to the cell center as the Ter region is replicated (Espeli et al. 2012). Since the
Ter region is organized into a distinct macrodomain by MatP (Mercier et al. 2008),
this led to a model in which the MatP-Ter region is linked to the Z ring through
ZapA and ZapB, a model supported by super resolution microscopy (Buss et al.
2015) (Fig. 2.3).

At slow growth, a Amin AslmA double mutant is rescued and rings form at mid-
cell and the poles but the polar rings infrequently lead to minicells (Bailey et al.
2014) (Fig. 2.3). However, disruption of the Ter linkage by deleting one of the com-
ponents disrupts the precision of the placement of the Z ring at midcell and dramati-
cally increases the frequency by which polar rings form and constrict. This
observation indicates that the Ter linkage aids the positioning of the Z ring and pro-
motes its usage at midcell.
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Overlap in Spatial Regulation

As described above, at least three mechanisms have been identified that contribute
to the positioning of the Z ring in E. coli (Fig. 2.3). Together, these systems ensure
that the Z ring is formed precisely at midcell. Several observations indicate the Min
system is the major determinant of Z ring positioning under normal growth condi-
tions. First, deletion of the Min system has a dramatic morphological effect as polar
rings form, minicells are produced and the average cell length is increased due to
minicell divisions occurring at the expense of medial divisions (Teather et al. 1974;
Bi and Lutkenhaus 1990). Second, in wild type cells the Z ring can occasionally
form before Ter relocates from the pole to midcell (Bailey et al. 2014). Third, in
anucleate cells (therefore lacking SImA and Ter) the Z ring is positioned at midcell
(presumably by Min) with only slightly less precision than in WT cells (Sun et al.
1998). In contrast, deletion of just SImA has no obvious effect on Z ring assembly
or cell morphology during normal growth (Bernhardt and De Boer 2005) and dis-
rupting the Ter linkage (deletion of ZapA or ZapB) only results in a 15% increase in
the average cell length and some skewed Z rings (Fig. 2.3) (Hale et al. 2011).

From Z Ring to Divisome, Recruitment and Activation

Once the Z ring is established, additional essential proteins are recruited to form the
divisome (Fig. 2.5a). These proteins must carry out septal PG synthesis. How these
proteins are recruited to the Z ring and activated is an active area of investigation.

Downstream Proteins and Septal PG Synthesis

The Z ring functions as a scaffold to organize the septal PG synthesis, analogous to
MreB functioning as an organizer of a PG machine for cell elongation (elongasome)
(Egan et al. 2015, Szwedziak and Lowe 2013). Whereas the recruitment pathway
for the elongasome is difficult to assess (MreB and components are dispersed
throughout the length of the cell), the recruitment pathway for the divisome is
accessible to study due to its unique occurrence in the cell. A summary of these divi-
some proteins and their function precedes a discussion of their recruitment.

FtsEX

FtsEX is a member of the ABC transporter family, although FtsEX is not thought to
transport small molecules (Schmidt et al. 2004). The closest homologue to FtsEX is
the LolCDE system, which extracts lipidated proteins from the cytoplasmic
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Fig. 2.5 The Z ring organizes the divisome. (a) FtsZ, FtsA and ZipA form the Z ring and FtsEX
is added. After a delay the remaining proteins are added to form the divisome. Although all are
essential under standard growth conditions they have been divided into core (black) and non-core
(red). (b) The non-core proteins can be bypassed by FtsA* mutations (green). Under these condi-
tions (for example, loss of ZipA) the interaction of FtsN with FtsA may be responsible for back
recruiting the other division proteins

membrane for transfer to the outer membrane (Narita and Tokuda 2006). FtsEX
localizes relatively early to the Z ring and appears to play three roles in cell division
(Corbin et al. 2007). Two roles are essential: (1) FtsEX recruits downstream pro-
teins and (2) FtsEX’s ATPase activity is required for the initiation of constriction
(Arends et al. 2009). The requirement for FtsEX in these two roles can be sup-
pressed by high osmolarity, overexpression of FtsN or by mutations in ftsA (ftsA*)
(Reddy 2007). FtsE mutants unable to bind or hydrolyze ATP are able to carry out
the recruitment function, but are unable to promote the start of constriction (Arends
et al. 2009). Recent evidence indicates FtsEX carries out these two functions by
modulating the activity of FtsA, possibly by altering its polymerization state (Du
et al. 2016).

In addition to these two essential roles, FtsEX also recruits the periplasmic pro-
tein EnvC and together they activate two periplasmic amidases, in a step requiring
ATP hydrolysis by FtsE (Yang et al. 2011). Thus, FtsEX couples ATP hydrolysis in
the cytoplasm to the start of constriction and to the splitting of the bonds cleaved by
the amidases. High osmolarity does not suppress the requirement for FtsEX for
activation of the two amidases and cells have a mild chaining defect. A third amidase
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can carry out the cleavage step, but does so less efficiently. In the absence of all
three amidases, cell chaining is quite dramatic but is not lethal, indicating other
hydrolytic enzymes can do this inefficiently (Heidrich et al. 2001).

FtsK

FtsK is a DNA translocase that has 4 N-terminal transmembrane segments con-
nected to a translocase domain through a long linker (Begg et al. 1995). The only
essential role of FtsK is its role in the recruitment pathway, which only requires the
N-terminal membrane region (Wang and Lutkenhaus 1998). Two separate domains
within the long linker interact with the Z ring, possibly by interacting directly with
FtsZ (Dubarry et al. 2010). FtsK is able to translocate DNA and this C-terminal
domain is required for the resolution of chromosome dimers (formed in ~10% of
cells by homologous recombination between daughter chromosomes) by stimulat-
ing the XerCD recombinase. The localization of FtsK to the septum spatially
restricts dimer resolution to the septal region (Steiner et al. 1999).

FtsQ, FtsL and FtsB

The FtsQLB proteins form a complex that has been extensively characterized by
genetic and biochemical approaches (Buddelmeijer and Beckwith 2004). All three
proteins are single-pass membrane proteins. Although the proteins show poor con-
servation at the amino acid level, a careful phylogenetic analysis revealed they are
highly conserved throughout bacteria with a cell wall (Gonzalez et al. 2010). FtsL.
and FtsB form coiled-coil proteins with the transmembrane region contributing to
the formation of the alpha helical region in the periplasm (Gonzalez and Beckwith
2009; Gonzalez et al. 2010; Glas et al. 2015). The three proteins interact in the peri-
plasm through their extreme C-terminal regions. Mutations in ftsL and ftsB that
reduce or eliminate the requirement for FtsN map to a region in the middle of the
coiled-coil domain of each protein (possibly a kink in the coil) and these regions
were designated CCD, for control of cell division (Tsang and Bernhardt 2015; Liu
et al. 2015).

FtsW

FtsW is a multipass transmembrane protein (10 transmembrane segments) that is
highly conserved and a member of the SEDS (shape, elongation, division and spor-
ulation) family (Boyle et al. 1997; Pastoret et al. 2004). Other family members
include RodA, involved in cell elongation, and SpoVE, involved in spore formation
in B. subtilis (not present in E. coli). Some biochemical evidence suggests that FtsW
may serve as a flippase for lipid II (required for peptidoglycan synthesis)
(Mohammadi et al. 2011); however, genetic evidence indicates that the flippase is
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Mur] (Meeske et al. 2015). Members of the SEDS family are each associated with
a specific penicillin-binding protein (FtsW with FtsI [PBP3] and RodA with PBP2)
(Typas et al. 2012). Recent biochemical and genetic evidence indicates RodA is a
transglycosylace suggesting that FBW is also a transglycosylace (Meeske et al.
2016; Cho et al. 2016). It so then syptal PG synthesis is carried out by FBW and
FBI(PBP3) acting out together to carry out the two necessary enzymatic
activities(transglycosylace and transpeptidation. The role of the higher molecular
weight PBPs (PBP la and PBP 1b), long thought to be the primary synthesis is
unclear, but might be needed to remade and strengthen PG made by FBW and FBI.

Ftsl

FtsI encodes penicillin-binding protein 3 (PBP3), which is dedicated to cytokinesis
(Spratt 1975). It is a single pass integral membrane protein with the periplasmic
domain composed of two domains, a C-terminal transpeptidase domain preceded by
a domain of unknown function. FtsI depends upon FtsW for localization to the divi-
sion site (Mercer and Weiss 2002). The transmembrane domain is responsible for
recruitment to the septum and mutations in the domain of unknown function prevent
FtsN recruitment (Wissel and Weiss 2004). Biochemical studies indicate Ftsl inter-
acts with a number of proteins involved in cell wall synthesis, including PBP1b and
FtsN (Muller et al. 2007).

FtsN

FtsN is a single pass integral membrane protein and is the last essential protein to
arrive at the division site (Dai et al. 1993, 1996; Addinall et al. 1997). The cytoplas-
mic N-terminal domain interacts with FtsA (Busiek et al. 2012; Pichoff et al. 2015;
Liu et al. 2015) and the C-terminal domain constitutes a SPOR domain that binds to
denuded glycan chains (Gerding et al. 2009; Yahashiri et al. 2015). These chains are
formed transiently at the septum by amidases that cleave the peptide side chains
during processing of septal PG. Connecting these two domains is a region that is
predicted to contain 3 small helical regions (Yang et al. 2004). One of these consti-
tutes the essential region of FtsN (E domain) that activates septal PG synthesis
(Gerding et al. 2009). This region is the only absolutely essential region of FtsN,
since it can complement an FtsN depletion strain when it is overexpressed and
exported to the periplasm. However, at the physiological level the N-terminal cyto-
plasmic and C-terminal SPOR domains are essential in order to efficiently localize
the E domain to the septum (Busiek and Margolin 2014; Pichoff et al. 2015).
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Septal PG Machine

Estimates of protein copy numbers indicate there are ~150 molecules per cell of
FtsQ, FtsL, FtsB, FtsW, Ftsl, FtsN at slow growth rates (Li et al. 2014). As men-
tioned, FtsQLB form a well-documented complex that persists even outside of the
Z ring. The similar copy numbers of these divisome proteins and the web of interac-
tions among them suggest they are in a stoichiometric complex, which would con-
stitute a septal PG biosynthetic machine (Li et al. 2014). In fact, a large complex
containing many of these proteins was detected by native gel electrophoresis (Trip
and Scheffers 2015). E. coli has 3 class A PBPs — 1a, 1b and Ic (have both transgly-
cosylase and transpeptidase activities). Either PBP1a or PBP1b is sufficient for sur-
vival, suggesting overlap in the function of these two PBPs (Yousif et al. 1985).
However, cells growing with only PBP1a are less robust, indicating PBP1b is the
more important synthetic enzyme. PBP1b, but not PBP1a, is known to interact with
FtsN and FtsI and is also present in a similar copy number (Muller et al. 2007).
Since PBP1b appears to be a dimer it was suggested that the septal PG machine
exists as a dimeric complex, with PBP1b at the core and two copies of each of the
Fts proteins (FtsQ-N) (Egan and Vollmer 2015). This means that there are only ~75
of these dimeric septal PG machines present in slow growing cells. The level of
FtsK is about the same as the others, but it is known to form a hexamer and, thus,
may not be a stoichiometric part of the machine (Bisicchia et al. 2013b). Consistent
with this, FtsK can be bypassed with little cost to the cell by mutations in ftsA
(Geissler and Margolin 2005).

Recruitment of Divisome Components to the Z Ring

Once the Z ring is established, the remaining proteins are recruited. The initial
approaches used to examine the recruitment pathway resulted in a mostly linear
dependency pathway; however, subsequent studies have found a web of interactions
that can contribute to localization.

Depletion Studies Leading to a Linear Dependency Pathway

A mostly linear dependency pathway for the recruitment of downstream division
proteins to the Z ring arose from depleting individual components and seeing which
proteins are still recruited (Fig. 2.5a). For example, following depletion of FtsL the
Z ring forms and FtsK and FtsQ localize but the other essential proteins do not
(Ghigo et al. 1999). This sort of analysis resulted in the elaboration of the linear
sequential pathway. With the realization that FtsQLB form a complex outside of the
Z ring, it is clear that depletion of FtsL disrupts this complex (Buddelmeijer and
Beckwith 2004). Nonetheless, FtsQ localizes in the absence of FtsL. demonstrating
that FtsQ can localize to the Z ring in the absence of its partners, and thus contains
the information for recruitment (Gonzalez et al. 2010). Targeting FtsL directly to
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the Z ring (by fusion to ZapA, see below) revealed that it was able to recruit FtsB
and downstream proteins even in the absence of FtsQ (Goehring et al. 2006). Thus,
the FtsLB complex can recruit the downstream proteins in the absence of FtsQ,
indicating that the information for recruiting downstream proteins lies within FtsL
and FtsB, whereas FtsQ is required to bring FtsLB to the Z ring.

Lessons from Fusions Leading to Forced Localization

Another approach used to study protein recruitment to the division site is to fuse a
protein in the middle of the pathway to a protein that binds directly to FtsZ, such as
ZapA (Goehring et al. 2005). Such a fusion can recruit proteins downstream, but
can also back-recruit upstream proteins. This recruitment occurred even if FtsA,
which interacts with several downstream proteins, is depleted. Thus, for example,
ZapA-FtsQ can recruit both the upstream protein FtsK and downstream proteins
like FtsI to the Z ring in the absence of FtsA, suggesting FtsA’s role is indirect. One
notable exception among the downstream proteins was FtsN, which is not recruited
by ZapA fusions if FtsA was removed. Also, FtsN is not recruited by ZapA fusions
to other proteins (FtsL, FtsW) if FtsQ was removed (Goehring et al. 2006). Thus,
the recruitment of FtsN is complex and dependent upon Ftsl, as shown in the linear
recruitment assay, but is also dependent upon FtsQ and FtsA, as revealed by the
ZapA fusions.

In another approach, the long linker of FtsK (that connects the membrane region
to the DNA translocase domain) was fused to a number of integral membrane divi-
sion proteins (Dubarry et al. 2010). Fusion of just the linker region to FtsW resulted
in normal cellular morphology (in the absence of FtsK), indicating that the other
regions of FtsK are dispensable and that the only essential function of FtsK is par-
ticipation in the recruitment pathway. This analysis also revealed that the linker
region had two separable regions that interacted with the Z ring and was capable of
bringing FtsW, and all other proteins, to the Z ring.

Bypass Mutations Suggest Some Components Are Core Whereas Others
Are Non-core

In yet another approach to explore divisome assembly, conditions were explored
that bypass one or more of the normally essential genes. The initial approach showed
that ZipA could be bypassed by a mutation in ftsA, designated ftsA* (Geissler et al.
2003) (Fig. 2.5b). This mutation could also bypass FtsEX and FtsK without much
of an effect on cell morphology (Geissler and Margolin 2005; Reddy 2007).
Subsequent work showed that many fsA mutations could bypass ZipA and that
almost all of these mutations reduced the ability of FtsA to self-interact (Pichoff
et al. 2012). A reasonable possibility is that these mutations in fisA decrease its
oligomerization status and increase the affinity between FtsA and some downstream
component, making ZipA, FtsK or FtsEX (normally part of the linear recruitment
pathway) dispensable.
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The relative ease at which ZipA, FtsK and FtsEX can be bypassed suggests that
their addition to the core divisome (FtsZ, FtsA, FtsQLB, FtsI, FtsW, FtsN) improves
coordination of chromosome segregation with cytokinesis (FtsK) or enhances coor-
dination of septal PG synthesis and hydrolysis (FtsEX). ZipA may have been added
to link additional (nonessential) proteins to the Z ring. FtsN can also be bypassed by
some mutations in other components but there is more cost associated with the
bypass, as cells are elongated (Tsang and Bernhardt 2015; Liu et al. 2015). Such
mutations map to fitsL, ftsB and ftsA and lead to a more activated divisome that is
less dependent upon FtsN. Most of the genes for the core components map to a large
cluster of genes at the 2 min region (all except for ftsB and ftsN) and encode the
machinery for the minimal Z ring (FtsZ and FtsA), septal PG synthesis (FtsW and
Ftsl), the connector (FtsQLB) and the activator (FtsN).

Role of FtsA and ZipA in Recruitment of Downstream Proteins

Although a Z ring can form with either FtsA or ZipA providing the membrane con-
nection, both are required for downstream proteins to be recruited (Pichoff and
Lutkenhaus 2002). Of the two, FtsA is the more important player in divisome
assembly, since mutations in ftsA can bypass ZipA (Geissler et al. 2003) and FtsA,
but not ZipA, is known to interact with a number of downstream proteins (Karimova
et al. 2005). Since the ftsA mutations that bypass ZipA were found to reduce the
ability of FtsA to self-interact, it led to a model in which FtsA monomers are the
form of FtsA active in the recruitment pathway (Pichoff et al. 2012). In this model
ZipA’s essential role is to reduce FtsA’s oligomerization state, possibly by compet-
ing for the CCTP of FtsZ (Fig. 2.6). Also, in this model FtsA’s self-interaction com-
petes with the interaction of downstream proteins for FtsA; domain 1C of FtsA is
involved in both self- interaction and interaction with FtsN, but the two interactions
are proposed to be mutually exclusive. Overproduction of FtsN also bypasses ZipA
and the FtsA-FtsN interaction is required (Pichoff et al. 2015). It is likely that the
overproduced FtsN promotes the FtsA interaction. Overproduction of FtsN also
bypasses FtsEX and this bypass also requires the FtsA-FtsN interaction. Since loss
of FtsEX disrupts the normal recruitment pathway, it raises the possibility that the
FtsA-FtsN interaction is responsible for back recruiting all divisome components to
the ring under these conditions (Fig. 2.5b). Back recruitment by FtsN may also
explain why FtsA*, impaired for self-interaction, can bypass the need for FtsEX
(Reddy 2007), as it may favor the FtsA-FtsN interaction.

The Role of FtsN in Activation of the Divisome

The arrival of FtsN to the divisome signals that the divisome is complete and septal
PG biosynthesis can be initiated (Gerding et al. 2009; Lutkenhaus 2009; Weiss
2015). Recruitment of FtsN to the septum is quite complex and requires FtsA, FtsQ
and FtsI (section “Lessons from fusions leading to forced localization”) (Addinall
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Fig. 2.6 Assembly of the divisome and activation of septal PG synthesis. (a) Divisome assembly.
FtsZ filaments are tethered to the membrane by FtsA and ZipA. The arrival of FtsEX promotes
monomeric FtsA at the Z ring, which results in recruitment of downstream proteins. These proteins
are held in an inactive state by FtsQLB, FtsA and FtsW. (b) Divisome activation. The arrival of
FtsN at the septum activates the divisome. The N-terminus of FtsN interacts with nonpolymerized
FtsA in the cytoplasm and the E domain acts in the periplasm to overcome the inhibition of PG
synthesis by FtsQLB and W. FtsN at the septum is reinforced by the SPOR domain interacting with
denuded glycan chains formed by the action of amidases controlled by FtsEX. FtsEX acts on FtsA
and continuous ATP hydrolysis by FtsEX is required for both PG synthesis and hydrolysis

et al. 1997; Goehring et al. 2006). If FtsN interacts with FtsA, why does it depend
upon FtsI and FtsQ and why is it not recruited to the Z ring as soon as it is formed?
Overexpression of the N-terminal domain of FtsN (cyto and transmembrane
domains) leads to relatively early recruitment to the ring (Busiek and Margolin
2014). This recruitment is dependent upon FtsA but, in contrast to full length FtsN,
is independent of FtsQ and Ftsl. Possibly, FtsN is in a complex with other proteins
(it is known to interact with PBP1b and Ftsl) that impedes its recruitment to the
septum, constraints which don’t apply to the N-terminal domain.

In the current self-enhancing model (Gerding et al. 2009), the recruitment of
FtsN to the septum is initiated by the cytoplasmic N-terminus interacting with an
FtsA monomer in order to bring the E domain to the divisome to activate septal PG
synthesis (Liu et al. 2015; Gerding et al. 2009). The activation of PG synthesis ulti-
mately leads to amidase activation through FtsEX and EnvC (Yang et al. 2011). This
is turn reinforces the recruitment of FtsN to the septal region, by the SPOR domain
binding to PG strands processed by the amidases (Yahashiri et al. 2015). Many addi-
tional proteins are then recruited to the septum in an FtsN-dependent fashion,
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although it is likely to be indirect, since it is the activation of septal PG synthesis
that is required (Gerding et al. 2009).

How PG synthesis is activated by the E domain is not clear; however, the isola-
tion of mutations that bypass the E domain provides some possible clues and impli-
cates FtsQLB and FtsA in the regulatory pathway (Tsang and Bernhardt 2015; Liu
et al. 2015). In this model, FtsQLB and FtsA are recruited to the septum in the off
state and the arrival of FtsN pushes the system to the on state with the E domain
acting in the periplasm and the N-terminus of FtsN acting in the cytoplasm (Fig.
2.6). In this model FtsN acting in the cytoplasm interacts with FtsA that has a
reduced oligomerization state and the E domain in the periplasm activates septal PG
synthesis. Originally it was thought that the E domain activated PG synthesis
directly (possibly by acting on PBP3); however, the isolation of the E bypass muta-
tions in ftsL and ftsB suggests that the E domain relieves inhibition of PG synthesis
imposed by FtsQLB. FtsN tethered to FtsA in the cytoplasm may also act as a link
to tether septal PG synthesis to the Z ring.

A recent investigation into the essential roles of FtsEX indicate that FtsEX acts
on FtsA to promote recruitment of downstream proteins and appears to do this by
promoting FtsA monomers (Du et al. 2016). It was also shown that continual ATP
hydrolysis by FtsEX was required for septal PG synthesis to occur (Yang et al.
2011). Since the role of FtsEX in regulating septal PG hydrolysis is well estab-
lished, these results indicate that FtsEX coordinates septal PG synthesis with septal
PG hydrolysis.

One of the striking phenotypes of a strong mutation in ftsB or ftsL (that bypasses
the E domain of FtsN) is the smaller cell size associated with these mutations.
Although they bypass FtsN, FtsN is still required for the small cell phenotype
(Tsang and Bernhardt 2015; Liu et al. 2015). Cell cycle analysis suggests that the
smaller cell size is due to FtsQLB (with one of the strong mutations) overcoming
the delay normally observed between formation of the Z ring and arrival of the late
divisome components (such as FtsQLB). It is not clear why there is a delay between
the establishment of the Z ring and the formation of the mature divisome in wild
type cells, but understanding how these mutations work should illuminate the mech-
anism behind this delay.

In Caulobacter crescentus, cytokinesis is inhibited following DNA damage, by
the production of small integral membrane peptides that bind to and inhibit FtsN or
FtsW (Modell et al. 2011, 2014). A smaller cell size is observed with mutations in
JftsW that provide resistance to these inhibitors. In E. coli, FtsW is also implicated in
the regulation of the onset of cytokinesis (Du et al. 2016). This suggests that the
whole divisome (FtsQLBWI and PBP1b) is held in an inactive state and needs to be
activated by FtsN.
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Enigmatic Role of MreB and the Cell Elongation System
in Cytokinesis

MreB is more closely related to actin than FtsA and is necessary for the mainte-
nance of rod shape in many bacteria (Van Den Ent et al. 2001). MreB assembles into
filaments at the membrane that organize the machinery for synthesizing peptidogly-
can around the cylinder of the cell, necessary for elongation (elongasome) (Typas
et al. 2012). This system has some components that are functionally analogous to
some components of the cell division machinery. For example, RodA is related to
FtsW and PBP2 is related to PBP3 and presumably they carry out analogous bio-
chemical activities (Typas et al. 2012). A role for MreB in cytokinesis is not obvi-
ous, as genes of the elongation machinery can be deleted and cells grow and divide
with a spherical morphology. Deletion of RodA, PBP2 or MreB is well tolerated at
slow growth rates; however, at faster growth rates intracellular vesicles accumulate
due to excess membrane synthesis and growth is impaired (Bendezu and De Boer
2008).

The fact that the elongation genes can be deleted indicates they are not essential
for cytokinesis; however, a role is suggested by several results. MreB and PBP2 are
recruited relatively early to the Z ring, suggesting some role in division (Van Der
Ploeg et al. 2013). In at least some bacteria the Z ring can drive cell elongation
before switching to a constriction mode. However, in Caulobacter crescentus,
where this step is quite extensive, MreB is not required (Aaron et al. 2007). Notably,
MreB interacts directly with FtsZ and mutants that fail to interact fail to divide
(Fenton and Gerdes 2013). This raises the possibility that MreB is required for the
division apparatus to make the transition from a cylindrical wall to initiate
constriction.

Splitting the Septum

In E. coli the cell wall is split by amidases as the septum forms, resulting in a con-
striction. Deletion of the three amidase genes (amiA, amiB and amiC), but not just
two, results in a severe chaining phenotype, but is not lethal (Heidrich et al. 2001).
This result indicates that the amidases are primarily responsible for splitting the
septum but other enzymes can do so inefficiently. The amidases remove the peptide
stems from peptidoglycan, resulting in denuded glycan chains that exist transiently
at the septum. The existence of denuded glycan chains was deduced from the bio-
chemical binding properties of SPOR domains (Ursinus et al. 2004) and the ami-
dase dependent localization of SPOR domain-containing proteins, of which, E. coli
has four (FtsN, RplA, DamX and DedD) (Gerding et al. 2009; Arends et al. 2010).
This was further supported by demonstrating the loss of SPOR-binding after treat-
ing PG ghosts with an enzyme that is specific to denuded glycan chains (Yahashiri
et al. 2015).
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Importantly, the amidases require activators; AmiA and AmiB require EnvC and
AmiC requires NlpD (Uehara et al. 2010). EnvC is recruited to the septum rather
early by FtsEX, whereas the amidases depend on FtsN to activate the divisome
before they localize (Peters et al. 2011). The recruitment of EnvC by FtsEX occurs
in the absence of ATP, whereas the activation of the amidase requires ATP hydroly-
sis. These results suggest that hydrolysis of ATP by FtsEX modulates EnvC so that
the autoinhibition of AmiB is relieved (Yang et al. 2012). Mutants defective in the
Tol-Pal complex display defects in outer membrane integrity and in cell division.
Subsequent studies revealed that these proteins (ToIQARB and Pal) localize to the
septum and have an important role in ensuring that the outer membrane follows the
growth of the invaginating cell wall (Gerding et al. 2007).

Cell Size Regulation

Cell size in E. coli increases with growth rate, increasing in both width and length
(Pierucci 1978). This increase in cell size accommodates the increased DNA con-
tent of fast growing cells due to multifork replication (Cooper and Helmstetter
1968). The doubling time of fast growing cells is less than the time to replicate the
chromosome (~40 min); however, this problem is solved by initiation of another
round of replication before the previous round is finished.

Metabolic Regulation

How is the increase in cell size as a function to growth rate regulated? In B. subtilis
it was found that division is transiently delayed in fast growing cells to achieve an
increased cell size and that the level of UDP-glucose provided a metabolic signal
(Weart et al. 2007). The UDP-glucose effect is mediated by an enzyme (UgtP) in a
pathway for synthesis of a cell wall sugar. At higher growth rates the increased level
of UDP-glucose stimulates the interaction between UgtP and FtsZ, delaying assem-
bly of the Z ring. Consistent with this, inactivation of the UgtP pathway does not
affect the growth rate but results in cells that are ~25% smaller. A similar nutrient-
sensing pathway also exists in E. coli and also involves UDP-glucose but in a path-
way for a periplasmic polysaccharide (Hill et al. 2013). The enzyme (OpgH) in this
case is unrelated to UgtP but also acts on FtsZ in a UDP-glucose dependent fashion.
Knocking out the relevant genes in the pathway also results in a size reduction.
Thus, these two evolutionarily distant organisms both use UDP-glucose utilizing
enzymes to couple growth rate to cell size.
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Mutations Reducing Cell Size

In addition to knocking out the UDP-glucose sensing pathway, several mutations in
essential cell division genes have been isolated that unexpectedly cause E. coli to
grow at reduced cell size without affecting the growth rate. The first of these is the
ftsA* mutation, which reduces cell size at fast growth rates by 25% (Geissler et al.
2007). More recently, mutations in ftsB and ftsL have also been shown to reduce cell
size by a similar amount (Tsang and Bernhardt 2015; Liu et al. 2015). The mecha-
nisms responsible for the size reduction by the various fts mutations could be differ-
ent. For ftsB and ftsL the mutations appear to eliminate the delay between the
establishment of the Z ring and the formation and activation of the complete divi-
some. Thus, newborn cells increase in cell size before assembling a Z ring but, as
soon as it appears, it immediately matures into an active divisome. These mutations
appear to activate the divisome complex but why this eliminates the delay in recruit-
ment of the downstream division proteins is not clear. In contrast, the ftsA* mutation
appears to lead to the assembly of Z rings at a smaller cell size (Geissler et al. 2007).
The reason the Z ring assembles at a smaller cell size is not known but may be due
to the higher affinity that FtsA* displays for the CCTP of FtsZ (Pichoff et al. 2012).
This higher affinity may promote Z ring assembly by competing better with nega-
tive regulators (MinC/MinD and SImA) that also bind the CCTP.

Size Control and the Cell Cycle

Under steady state growth, E. coli cells fall within a relatively narrow size range.
Recent work from several labs revealed that this homeostasis is achieved by a rela-
tively simple mechanism. By monitoring the growth of individual cells it was
revealed that cells grow a constant amount (incremental or adder rule) between divi-
sions, regardless of cell size at birth (Campos et al. 2014; Taheri-Araghi et al. 2015).
How this is achieved is not clear but constant extension between divisions, along
with division at midcell, is sufficient for a population of cells to maintain a narrow
cell length distribution. Interestingly, it appears that it is division itself that resets the
mechanism, as a polar division that generates a minicell in a MinC mutant is suffi-
cient to do so (Campos et al. 2014).

Summary

The discovery of the Z ring initiated the field of the bacterial cytoskeleton and led
to a simple model in which the Z ring orchestrated the synthesis of septal PG, result-
ing in cytokinesis (Bi and Lutkenhaus 1991). Subsequent studies revealed that FtsZ
is the ancestral homologue of tubulin and FtsA is an actin related protein that tethers
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FtsZ filaments to the membrane. FtsZ and FtsA, along with ZipA and various Zap
proteins, coassemble into the Z ring. This step is spatially regulated by at least 3
systems to ensure the Z ring is assembled at midcell. After a delay additional pro-
teins are recruited to the Z ring to form a functional divisome. These additional
proteins constitute the septal PG machine, which is activated by FtsN through inte-
gration of signals in the cytoplasm and the periplasm. The divisome is a complex
and sophisticated machine that is highly regulated and we are only beginning to
understand how it is regulated.
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