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Abstract

FtsEX is a member of a small subclass of ABC transporters that uses mechano-transmission to
perform work in the periplasm. FtsEX controls periplasmic peptidoglycan (PG) hydrolase
activities in many Gram negative and positive organisms to ensure the safe separation of daughter
cells during division. FtsEX localizes to the Z ring and uses its ATPase activity to regulate its
periplasmic effectors. In £. coli, FtsSEX also participates in building the divisome and coordinates
PG synthesis with PG hydrolysis. This review discusses studies that are beginning to elucidate the
mechanisms of FtSEX’s various roles in cell division.
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The long road to FtsEX’s role in cell division

Filamentation temperature sensitive (f%s) describes a class of mutants that grow with normal
cell morphology at the permissive temperature but form long nonseptate filaments and
eventually die at the restrictive temperature. Seven f#s mutants, including f#sE, were first
isolated using chemical mutagenesis in the late 1960s by Hirota et a/. [1]. These authors
noted that many of the mutant’s defects were suppressed by the addition of salts, sucrose,
glycerol or glucose but how these compounds aided survival were and are still largely
unknown [2]. Since “true” division proteins were expected to be essential in all growth
conditions, doubts were raised about FtsE and FtsX since they could be bypassed by the
addition of osmoprotectants [3-6]. Also, fts£and ftsX are in an operon with 7zsY, which is
required for co-translational targeting and delivery of integral membrane proteins to the Sec
translocon [7-10]. This finding added suspicion that FtsSEX might have an indirect role in
cell division and act with FtsY to insert division proteins into the membrane.

Meanwhile, various reports described mutations in 7zs£ and/or ftsX homologues in other
bacteria such as Nefsseria, Flavobacteriaand Aeromonas that cause morphological defects
suggesting their involvement in the cell separation step during division [11-13]. Importantly,
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in 2004 Schmidt ef al. [4] determined that FtsE and FtsX were bona fide division proteins
despite a lingering doubt about their essentiality. Their findings indicated that FtsE and FtsX
form a complex that localizes to the division site with a role in the assembly and stability of
the divisome. This was followed by reports that FtsE and FtsX interact with several bona
fide division proteins [14, 15]. In 2007, Reddy reinvestigated the essentiality of FtsEX in
different growth conditions and confirmed that the septation block conferred by 7tsE or ftsX
null alleles is suppressed by increasing the osmolarity of the media [5]. Suppression is also
conferred by overproduction of, or by mutations in, various cell division genes [5]. Together
these observations led to the conclusion that FtSEX is essential to ensure divisome “stability”
at low osmolarity. However, until recently the various roles of FtsEX in division were not
clear (see below).

Bacterial cell division primer

Bacterial cell division is orchestrated by a protein complex called the divisome or septal ring
(SR) which includes a core of essential proteins and many other non-essential proteins (Fig.
1). The divisome coordinates constriction of all layers of the cell envelope resulting in the
generation of two daughter cells (for reviews see [16-18]). In E. coli, the divisome core
consists of the essential division proteins FtsA, FtsB, FtsE, Ftsl, FtsK, FtsL, FtsN, FtsQ,
FtsW, FtsX, FtsZ and ZipA (Fig. 1). Except for the cytoplasmic FtsZ, these proteins are
inner membrane proteins or associate with the membrane (FtsA or FtsE through FtsX).
Other divisome proteins can reside in any cell compartment (cytoplasm, inner or outer
membranes [IM or OM] or periplasm) and are dispensable for viability under laboratory
conditions. They have a role in improving the proficiency of the divisome and likely the
fitness of the organism in the environment.

In the first step of the cell division process, FtsZ, a tubulin homolog and the most conserved
divisomal protein, assembles into polymers attached to the inner membrane to form the Z
ring [19]. Attachment depends upon two membrane anchors ZipA, a bitopic inner membrane
protein, and FtsA, a member of the actin family associated with the membrane through an
amphipathic alpha helix [20-24]. Other essential proteins (FtsEX) and non-essential proteins
(ZapA, ZapC, ZapD), join the Z ring at this step [18, 25]. Many of these proteins (FtsA,
ZipA, ZapD, FtsEX at least in £. coli) associate with the Z ring by binding directly to FtsZ’s
conserved C-terminal peptide (CCTP) [26], which is linked to its tubulin-like polymerizing
domain by a long intrinsically disordered linker (~50 amino acids in £. co/i). The Z ring is a
very dynamic structure [27] and functions as a scaffold to recruit the rest of the divisome
machinery and then as a guide to direct the constriction process.

In the second step, the recruitment of the other essential division proteins occurs to complete
the divisome. This recruitment happens in an ordered sequence in which the presence of one
protein is required for the recruitment of the next (in the following sequence FtsK, FtsQ +
FtsL + FtsB, FtsW + Ftsl and finally FtsN)[17, 18]. Both ZipA and FtsA are required for this
step, but only FtsA is directly involved in the recruitment (Fig. 1). FtsA is an atypical actin
homolog in which the classic actin domain 1B is replaced by an unrelated domain 1C
positioned on a different side of the molecule. Nonetheless, FtsA polymerizes into filaments
similar to actin filaments [28]. The 1C domain is critical for polymerization but also has a
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role in the recruitment of the later cell division proteins [29, 30]. FtsA is very conserved
among bacteria and has been shown to interact directly with other essential division proteins
in many organisms [17]. It has been proposed that the two roles of the IC domain are
mutually exclusive, meaning that polymerized FtsA is unable to recruit downstream proteins
[30]. This proposal is based on the observation that numerous mutants of FtsA with a defect
in the ability to self-interact gain the ability to bypass ZipA. These observations led to a
model in which FtsA polymers have to be converted to monomers at the Z ring in order to
recruit other cell division proteins and this is likely to be a key regulatory step in divisome
assembly [30] (Fig.1). The recruitment of the last essential protein FtsN requires the
subcomplexes FtsWI, FtsQLB and its interaction with FtsA [31-33]. FtsN arrival signals that
the divisome is complete and triggers the constriction process [18, 34, 35]. Recent studies
revealed that FtSEX acts on FtsA to start the recruitment process and is also involved in
triggering the constriction process [36](see later and Fig. 1).

Most bacterial cells are surrounded by a layer of peptidoglycan (PG), also called the murein
sacculus, which gives the cells their shape, protects them from osmaotic lysis and serves as an
anchor for other cell components such as the outer membrane of Gram negative organisms
[37]. This PG layer is a continuous polymer made of linear glycan strands crosslinked by
short peptides. It is constantly being remodeled by synthetic and degradative enzymes
working together as complexes (elongasome or divisome) to allow the cells to grow or
divide. One of the key roles of the divisome is to coordinate the invagination of all layers of
the cell envelope (OM, PG and IM), while ensuring that their integrity is not compromised.
This requires a precise coordination between the inward synthesis of new septal
peptidoglycan (sPG) and its degradation by lytic enzymes to form the new poles [38].

The synthesis of sPG is carried out by FtsW, a PG glycosyltransferase of the newly
characterized SEDS family, and Ftsl (or PBP3 aka Penicillin Binding Protein 3) with D-D-
transpeptidase activity [39, 40]. The activity of this FtsWI subcomplex is coordinated with
the activity of PBP1b, a bifunctional (glycosyltransferase and transpeptidase activities) PG
synthetase, which is not an essential division protein, but is recruited at the divisome during
septation and reinforces the sPG made by FtsWI [40-42]. The localization and activity of
FtsWI at the constriction site are under the control of another divisome sub-complex formed
by FtsQ, FtsL and FtsB, which itself responds to signals from FtsN in the periplasm and
FtsEX in the cytoplasm [33, 36, 43] (Fig.1).

The onset of sSPG synthesis results in the recruitment of many additional proteins to the
septum. Some of these proteins are involved in the remodeling of sPG or the invagination of
the outer membrane such as the amidases (AmiB and AmiC) [44, 45] and the Tol-Pal
complex [46], respectively. Among the proteins recruited after the start of constriction (Fig.
1), those with a SPOR domain depend in part on the presence of denuded PG strands
generated by the action of amidases for their recruitment [47-49]. Among them, FtsN is the
best known and its SPOR domain dependent recruitment to the septum has been shown to be
self-enhancing, i.e. FtsN triggers PG synthesis leading to amidase activity and to more FtsN
recruitment [49]. This self-enhancement is essential at FtsN’s physiological level, but can be
bypassed if FtsN deleted for the SPOR domain is overexpressed [49, 50]. The roles of the
other SPOR domain containing proteins (DedD, DamX, RIpA in E. coli) in division are still
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poorly understood, however, FtsN and DedD seem to have a redundant function in
maintaining efficient PG synthesis at the septum once constriction is started [47, 51].

FtskE and FtsX are members of a unique subgroup of the ABC transporter
superfamily

FtsEX is a member of a small subfamily of the large ABC transporter family. FtsE is the
cytoplasmic ATP-binding component (NBD) and FtsX is the membrane component (TMD)
[3, 7]. Since FtsX has only four transmembrane (TM) segments that lack charged amino
acids residues usually found in ABC transporters concerns were raised early on about it
being a true transporter [52, 53]. Also, it has an unusually large periplasmic loop (EC1)
between TM1 and TM2, making it unlikely to form a substrate channel [54, 55].
Nonetheless, similar to ABC transporters it was suggested that ATP hydrolysis by FtsE in
the cytoplasm could cause a conformational change that would be transmitted by the TM
domains of FtsX to drive an event in the periplasm involving FtsX’s EC1 loop [54]. FtsEX is
a member of a small subfamily (Type VII) of the ABC superfamily that includes MacB and
LolCDE, neither of which are transporters but instead use mechanotransmission to perform
work in the periplasm [53, 56]. MacB is the best characterized and its unique fold defines
the Type VII subgroup of the ABC transporter superfamily [56]. Its structure provides a
molecular mechanism for mechanotransmission (Fig. 2A).

Like FtsX, each MacB monomer has four transmembrane helices (TMs) and a large
periplasmic loop (EC1) between TM1 and TM2 [56]. Helical extensions of TM1 and TM2
in the monomer form a four-helix bundle in the MacB dimer that elevates EC1 above the
plane of the membrane. TM3 and TM4 are outside the helical bundle and are linked by a
short periplasmic loop referred as the shoulder loop (EC2). In the cytoplasm, an amphipathic
helix running parallel to the membrane surface connects the N terminus of TM1 to MacB’s
NBD. The coupling helix, located on the cytoplasmic side of the membrane between TM2
and TM3, fits into a groove of the NBD domain and communicates conformational changes
in the NBD to the TMD. [52, 53].

MacB has two subdomains in its large EC1 loop, one called Porter (for its structural
similarity to a domain of AcrB) is directly connected to the raised helices between TM1 and
TM2 and another called Sabre (for Small Alpha Beta Rich Extracytoplasmic) is mostly
absent in FtsX [57, 58]. Instead FtsX has something we designated the X-lobe (Fig. 2B). The
Porter domain is present in all Type VII ABC transporters known to date and is likely to be
an intrinsic part of the mechanotransmission mechanism. Comparison of the MacB
structures with and without ATP reveals long-range conformational changes in the TM
helices, stalk helices and the EC1 periplasmic domain [56]. ATP binding induces
dimerization of the NBD domains causing the coupling helices to push upwards on the
TM2s helices (Fig. 2A). This push into the rigid periplasmic helical bundle on top of TM1
and TM2 causes significant changes in the EC1 loop [56].

In the following we discuss the evidence that FtsEX serves as a regulator that transmits
signals between its binding partners on each side of the inner membrane to synchronize
different aspects of the division process. Despite the striking resemblance to MacB, the
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nature of the conformational changes and the role of the ATP hydrolysis in these processes
remain poorly understood.

Role of FtsEX in the divisome assembly

Schmidt et al. (2004)[4] established a direct role for FtsSEX in cell division with several key
findings. They showed that division inhibition is a primary consequence of depleting FtsEX
since filamentation occurred before any effect on growth. Also, depletion of either FtsE or
FtsX or of both, did not affect Z ring formation but prevented localization of the later
division proteins (FtsK, FtsQ, Ftsl or FtsN) (Fig.1). Importantly, they showed that fully
functional GFP fusions to FtsE or FtsX localize to the septum, FtsE localization requires
FtsX, and FtsX can still localize, albeit weakly, when expressed without FtsE. This
dependence of FtsE localization on FtsX was confirmed in subsequent reports [15, 59]. By
analogy to MacB, Du et al. [59] generated a model of FtsEX (Fig. 2B) allowing them to
predict important residues in FtsX’s coupling helix and the corresponding groove of FtsE.
Mutating these residues eliminates the ability of FtSEX to rescue a FtsEX depletion strain
and prevents FtsE from localizing to the membrane and the septum as expected.

Since FtsX localizes weakly to the Z ring without FtsE, it was possible that FtsX was the
main localization determinant for the FtsEX complex [4]. However, this idea was challenged
by more recent observations. Based upon co-immunoprecipitation experiments, Corbin et a/.
[15] concluded that FtsE interacts with FtsZ independently of FtsX and the conserved C-
terminal tail of FtsZ. Also, FtSEX’s recruitment to the Z ring appeared to be independent of
FtsA and in some conditions also independent of ZipA, so it was postulated that FtsE is the
main determinant once it is associated with FtsX at the membrane.

The apparent discrepancy in the dependency of FtsEX for localization led Du et al. to
carefully reinvestigate the dependency [59]. They showed that FtSEX depends only on FtsZ
for localization to the Z ring. They observed that mild overexpression of FtsSEX blocks
division by displacing FtsA from the Z ring and even higher overexpression leads to Z ring
collapse indicating ZipA is also displaced. Since both FtsA and ZipA bind to the CCTP of
FtsZ, it suggested that FtsSEX also binds the CCTP. Interaction of FtsE with FtsZ’s conserved
CCTP makes geometric sense too since FtsZ polymers, anchored by FtsA and ZipA, are 16
nm from the membrane, too far to contact the globular domain of FtsE [60]. In contrast,
FtsZ’s CCTP, which is at the end of a long linker, could reach FtsE bound to FtsX. The
CCTP appears to bind to FtsE®1~77 which is on the surface of FtsE that is predicted to be
close to the membrane [59].

Despite the above findings, overexpression of FtsN or FtsP, as well as mutants of FtsA
impaired in self-interaction suppress the loss of FtsEX [4, 5, 25, 36]. Such suppressed cells
grow and divide with only a mild chaining phenotype. Under these conditions, the late
division proteins are recruited bypassing the need for FtSEX [4]. A recent study
demonstrated that most of these suppressive conditions require and promote the ability of
FtsN to interact with FtsA [25]. This strengthened interaction results in premature
recruitment of FtsN to the septum which usually arrives last. FtsN then back recruits the
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FtswWI and FtsQLB sub-complexes, which both interact with FtsN and are responsible for
sPG synthesis.

The FtsA-FtsX interaction is essential for FtsA to recruit the late divisome proteins to the Z
ring. Mutations in 7sA (ftsAR63H or ftsAG366D) or frsX (ftsXA4769) that affect their ability to
interact have no effect on the localization of FtsEX to the Z ring but prevent the recruitment
of the other divisome proteins [36, 59]. Mutations or conditions that bypass the need for this
interaction and allow formation of a complete divisome either impair FtsA’s self-interaction
and/or promote FtsA’s interaction with FtsN. Both situations have been shown to also
bypass ZipA, which in addition to anchoring FtsZ polymers, is necessary for FtsA to recruit
the divisome proteins. FtSEX is suggested to antagonize FtsA polymerization directly, hence
enhancing the ability of FtsA to build the divisome [18, 30, 36] whereas ZipA is thought to
act indirectly by stabilizing the Z ring (Fig.1).

Deletion of fts£and ftsX causes cell division defects due to effects on cell separation in
many organisms [11, 12, 57, 61-63]. FtsE and/or FtsX have been shown to localize at the
septum in a wide range of bacteria, (from such genera as Caulobacter, Streptoccoccus,
Mycobacterium). In some cases, their dependence for localization (at least FtsZ) has been
examined, but in general not much is known about their septal localization or their role in
building the divisome in these organisms.

FtsE’s ATPase activity is not essential for FtsEX localization or to build the

divisome but is required for activation of constriction

Overall the localization of FtsE and FtsX to the Z ring is co-dependent as FtsE must bind to
FtsX at the membrane before it binds to the CCTP of FtsZ. Once FtsEX is at the Z ring,
FtsX interacts with FtsA to promote FtsA’s ability to recruit the late cell division proteins
(Fig. 1). The Weiss lab [54] asked if the ATPase function of FtSE was necessary to build the
divisome by introducing mutations in the conserved Walker A and Walker B motifs of FtsE.
These mutations did not affect FtsEX’s ability to localize and promote the recruitment of the
other cell division proteins but the assembled divisome was inactive. More recently is was
shown that FtSEX ATPase mutants block cell division with a phenotype mimicking
inhibitors of Ftsl activity [36]. Suppressors of this block include mutants of FtsA and of
FtsX that disrupt the FtsX-FtsA interaction (in conditions which still allows the bypass of
this interaction to build the divisome) indicating that this interaction is essential for FtsSEX to
modulate sPG synthesis [36, 59].

Even if the mechanism is not well understood, FtsN appears to be the main trigger for
starting constriction and this activity requires its ability to interact with FtsQLB and FtswI
subcomplexes in the periplasm [33, 43]. The interaction of FtsN with FtsA has also been
shown to be important under physiological conditions, suggesting that part of this activation
mechanism is also happening in the cytoplasm [33, 43, 50, 64]. The suppressors of an FtsEX
ATPase mutant identified by Du et al. [36], strongly indicate FtsSEX ATPase in the cytoplasm
contributes to the start of sSPG synthesis through an interaction with FtsA, independent of its
role in promoting the recruitment of divisome proteins by FtsA (Fig. 1). In their study, Du et
al. [36] identified a motif in FtsA that is required to mediate its interaction with FtsX which
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is conserved in many Gram negative bacteria but is absent in Gram positive species. This led
the authors to wonder if the roles of FtsEX in the regulation of divisome assembly and the
start of SPG have evolved in those Gram negative bacteria on top of its more universally
conserved role in controlling PG hydrolysis (see below and Fig. 1). They speculated that a
thinner PG layer may warrant a coupling between PG synthesis and hydrolysis during
septation to avoid lysis due to perturbations to sPG synthesis caused by rapid changes in
osmolarity.

More work needs to be done in other organisms to determine whether these roles of FtsSEX
in building the divisome and coupling PG synthesis with PG hydrolysis are conserved. Also,
investigation of the mechanism of how FtsEX ATPase mutants inhibit activation of
constriction may help elucidate divisome activation.

FtsEX is a conserved regulator of PG Hydrolysis

Septal PG needs to be hydrolyzed to separate daughter cells during the constriction process.
In E. coli, this is largely achieved by three amidases, AmiA, AmiB and AmiC [65]. Deletion
of all three amidases results in the formation of extremely long chains of cells indicative of a
failure in cell separation. PG hydrolases that are required for septation appear to be
autoinhibited (probably to prevent catastrophic PG damage that could lead to cell lysis) and
need to be activated at the constriction site. Bernhardt’s group found that the activities of the
amidases are controlled by two periplasmic factors (EnvC and NIpD) that are recruited to the
divisome but lack PG hydrolytic activity despite carrying a LytM like domain [44]. Instead,
EnvC activates AmiA and AmiB and AmiC is stimulated by NIpD. Cells defective in both
EnvC and NIpD form long chains of cells that resemble the triple amidase mutant.

In a search for factors involved in cell wall assembly Bernhardt’s laboratory found that
FtsEX recruits EnvC to regulate the activity of AmiA and AmiB [66] (Fig. 2). They found
that FtsSEX™ cells, like EnvC™ cells become dependent on NIpD for cell separation. In a
separate study published at the same time, Winkler’s laboratory showed that FtsX from S.
pneumoniae interacts directly with PcsB, a PG hydrolase with a CHAP domain, which is
essential for cell separation during division [63, 67]. They found that FtsX depletion
phenocopies PcsB depletion and that FtsEX is also essential for cell division. They
demonstrated that FtSEX recruits PcsB to the divisome and activates it. These two
publications uncovered the most conserved and key role of the FtsEX complex in cell
division: to regulate the activity of PG hydrolases necessary for daughter cell separation.
Many recent studies have extended the conserved role of FtsEX as a regulator of PG
hydrolysis in organisms such as Caulobacter cresentus [61, 68], Bacillus anthracis [69],
Mycobacterium tuberculosis [57], Bacillus subtilis [70, 71] and Fusobacterium nucleatum
[72]. In most bacteria the role of FtsEX in cell wall hydrolysis is at the septum but in B.
subtifis it is involved in cell elongation.

The interaction between FtsX and its periplasmic partners has been characterized for FtsX-
EnvC of E. coli (Fig. 3), FtsX-RipC of M. tuberculosis and especially FtsX-PcsB of S.
pneumoniae. FtsX’s partners (EnvC, PcsB and RipC) all have an N-terminal coiled-coil
domain that is essential for “interaction with the large periplasmic loop (EC1) of FtsX and
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localization to the division site [57, 58, 63, 66]. Analysis of the structure of the EC1 loop of
FtsX from M. tuberculosis in addition to a biochemical study of the FtsX-RipC pair reveals
that the site of interaction between FtsX and its partner is conserved and is a hydrophobic
cleft formed by a unique fold of FtsX (X-lobe, Fig. 2B). It has been proposed that ATP
hydrolysis by FtsE affects the interaction of the EC1 loop of FtsX with the coiled coil
domain of its partner which overcomes the self-inhibited state of the hydrolase [57, 62, 63,
66] (Fig. 3).

FtsEX mutants impaired for the ATPase activity cannot suppress the extreme chaining
phenotype of £. colicells depleted for both NIpD and FtsEX [66]. Also, the ATPase function
of FtsEX is essential for cell division in £. coliand S. pneumoniae [54, 62]. Because of
these results, it has been suggested that the ATPase is critical for FtsEX’s ability to control
PG hydrolysis /n vivo (Fig. 1 and 3). However, /n vitro, FtsEX is not required for EnvC to
activate the amidase activity of AmiA and AmiB. Also, the PG cleavage activity of RipC is
stimulated upon binding to FtsX (without FtsE), meaning that binding alone may be
sufficient for activation.

The activity of the FtsEX-CwIO pair in B. subtilis is involved in cell wall expansion during
cell elongation and does not have a role in cell division [70, 71]. This observation suggests
that the role of FtsEX in controlling PG hydrolysis is not restricted to cell division and that
additional factors other than FtsEX exist for sPG splitting during cell division. Also,
involvement of FtSEX in other cell morphogenetic processes suggests an additional set of
regulatory partners other than components of the divisome. It appears that FtSEX-CwIO is
regulated by a set of proteins (MreB isologues) that are not part of the divisome but are part
of the elongasome [70, 71].

How does FtsEX couple PG synthesis with PG hydrolysis during septation?

FtsEX requires a functional ATPase to control two activities at the Z ring: PG synthesis and
PG hydrolysis in the periplasm (Fig. 1). Both activities, at least in £. coli, also require FtsX
to be able to interact with FtsA. This is pretty much what is known about the coupling of
these two roles of FtsEX.

The recent discovery that the nonessential division protein DedD is synthetic lethal with
FtsN mutants impaired for their SPOR domain function suggests a speculative mechanism
[51]. In these conditions, DedD appears to be essential for the activation of sSPG synthesis.
Both DedD and FtsN are SPOR domain proteins which bind denuded PG strands created by
the activity of amidases. FtsN localization is not entirely dependent on its SPOR domain as
it can weakly localize to the divisome through its interactions with FtsA and possibly
FtsQLB and FtswWI [33, 50, 64]. However, its SPOR domain is necessary for the enhanced
localization to the Z ring once constriction starts and is required for FtsN to function at its
physiological level (Fig. 1). Localization of DedD to the divisome also depends largely upon
its SPOR domain. Without FtsSEX’s ATPase, AmiA and AmiB are not activated so the
denuded PG strands necessary for FtsN and DedD localization are not generated. This
impaired recruitment of FtsN and DedD could delay sPG synthesis and this may be how PG
hydrolysis is linked to PG synthesis. In support of this theory are the observations that
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FtsEX™, EnvC™ or mutants of FtsN with a nonfunctional SPOR domain display mild
chaining similar to DedD™ cells. In addition, they are all synthetic lethal with a common set
of mutations such as deletion of PBP1b or min, suggesting that they all could be involved in
the same pathway. Since both FtsX and FtsN interact with FtsA, these interactions could also
be part of a feedback loop in which FtsN binding to FtsA could cause FtsX to promote ATP
hydrolysis by FtsE, hence controlling amidase activity. This hypothesis should be
investigated and it will be of interest to determine whether the coupling of sPG synthesis and
hydrolysis by FtsEX happens in other organisms encoding cell division proteins containing a
SPOR domain.

Conclusions and perspectives

Recent studies have highlighted three roles for FtsEX in the cell division process. One,
FtsEX has a clear role in the building of the divisome as it is involved in the recruitment of
many essential proteins to the Z ring through its regulation of FtsA. Second, FtsEX also
participates in the activation and regulation of sPG synthesis. Third, FtSEX is responsible for
the recruitment and activation of hydrolases which split sPG to form new cell poles.
Importantly, FtsE’s ATPase function appears to be essential in the latter two roles and its
homology to the Type VII subfamily of ABC transporters suggests that it acts on its
periplasmic effectors using a mechanotransmission mechanism that sense signals in the
cytoplasm or cytoplasmic membrane to produce action in the periplasm. The ever increasing
number of reports identifying FtsX and an interacting protein involved in regulation of PG
hydrolysis in a wide range of bacterial species substantiate a role for FtsSEX in the control of
PG hydrolysis at the septum (or elongation in B. subtilis).

Much work still needs to be done to understand how the ATPase cycle is triggered and how
it is responsible for the control of PG hydrolysis. Questions include what triggers FtsE’s
ATPase in the cytoplasm, what is the function of the FtsA-FtsX interaction, what are the
effects on FtsX in response to FtSE ATPase that activate its periplasmic effector and what is
the stoichiometry between FtsX and its effectors? It is interesting to note that in some
organisms FtsEX is not essential or only partially essential (Ec or Mt’s FtsEX are essential
in low osmolarity media but cells are less affected in higher osmolarity conditions). This
likely reflects a redundancy in the mechanisms for recruitment of the downstream divisome
proteins as well as activating PG hydrolysis at the septum. It has been suggested that in £.
coli, FtsEX might be important since it is exposed to environments with changing osmolarity
[38]. Abrupt osmolarity changes may cause delays or perturbations during constriction
potentially increasing the risk of lysis. Bacteria capable of living in niches with widely
varying osmolarity may have evolved a tighter coupling of PG hydrolysis and synthesis at
the septum to enhance envelope integrity during septation. However, in £. coli FtSEX
appears to have also acquired a role in assuring that a complete divisome is built in media
with low osmolarity [4]. It may be noteworthy that FtsE interacts with FtsZ which
hydrolyses GTP to drive Z ring dynamics which is linked to PG synthesis activities [73].
One interesting idea is that the ATPase activity of FtsSEX is coupled with Z ring dynamics
through FtsZ GTPase activity, thus coordinating Z ring constriction with sSPG synthesis and
separation of the cells by PG hydrolases. Understanding how FtsEX can couple sPG
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synthesis and sPG hydrolysis during constriction will elucidate a poorly understood part of
cell division -- how is the start of constriction triggered once the divisome is assembled?
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Fig. 1.
Roles of FtsEX in cell division. The Z ring consists of dynamic polymers of FtsZ attached to

the membrane by ZipA and FtsA. Both proteins bind to the conserved C-terminal tail
(CCTP) of FtsZ. FtsEX also interacts with the conserved CCTP of FtsZ and once at the Z
ring, FtSEX, in a step that does not require ATP hydrolysis, acts on FtsA to promote
formation of monomers which are active in recruiting the remaining divisome proteins that
occurs in a sequential manner. The recruitment of FtsN, which triggers the initiation of sSPG
synthesis, involves interaction of the cyto domain of FtsN with FtsA and the interaction of
the E domain of FtsN with the divisome in the periplasm. FtsN action leads to ATP
hydrolysis by FtsEX and activation of FtsWI to synthesize sPG. It also leads to the
recruitment of many other proteins including amidases (AmiB&C), an activator (NIpD of
AmiC) and another stimulator of sSPG (DedD). ATP hydrolysis by FtsEX also regulates
EnvC, which is bound to the large periplasmic loop of FtsX, causing it to activate amidases
in the periplasm leading to cell separation. Since FtsEX is required for activation of sPG
synthesis and PG hydrolysis it couples these processes at the septum.
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<

MacB

Fig. 2.
MacB as a model for the Type VII subfamily of ABC transporters and comparison to a

model of FtSEX. (A) The structures of a MacB dimer in the nucleotide free form (5NIL) and
the ATP bound form (5LJ7) are depicted. The NBD (light orange), the membrane
component (green) and the large extracellular domain (ECL1) are depicted. ECL1 is split
into two domains: porter (cyan) and sabre (pink). ATP binding brings the NBDs together
causing the long TM1 and TM2 helices to form a tight helical bundle distal to the membrane
causing conformational changes in the ECL1. The linkage between the NBD and the
membrane component is not resolved in the structure and is indicated by a dotted line. (B) A
model of the ATP form of FtsEX [59]; FtsE (pink) FtsX (cyan). The ECL1 of FtsX has a
porter domain and a unique FtsX domain (called X-lobe [red]) instead of a sabre domain.
This domain is responsible for interaction with the coiled coil region of its effector. The
coupling helix of the TMD (FtsX) is inserted into a cleft of the NBD (FtsE).
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Model for the activation of amidases by FtsEX. EnvC binds to the large extracellular loop of
FtsX independent of ATP. This binding occurs through the coiled coil domain of EnvC.
Note, the stoichiometry between FtsX and EnvC is not known, but is drawn here as 1:1. As
sPG is synthesized amidases are recruited and activated by ATP hydrolysis of FtSEX. ATP
binding leads to conformational changes in FtsEX which impact EnvC leading to activation
of AmiB (and AmiA). These amidases are autoinhibited and this must be reversed by the
conformational changes in FtsX which are transmitted to EnvC. ATP hydrolysis by FtsSEX

resets the system.
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