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In most bacteria, cell division relies on the functions of an
essential protein, FtsZ. FtsZ polymerizes at the future division
site to form a ring-like structure, termed the Z-ring, that serves
as a scaffold to recruit all other division proteins, and possibly
generates force to constrict the cell. The scaffolding function of
the Z-ring is well established, but the force generating function
has recently been called into question. Additionally, new
findings have demonstrated that the Z-ring is more directly
linked to cell wall metabolism than simply recruiting enzymes to
the division site. Here we review these advances and suggest
that rather than generating a rate-limiting constrictive force, the
Z-ring’s function may be redefined as an orchestrator of
septum synthesis.

Addresses

" Department of Biophysics and Biophysical Chemistry, Johns Hopkins
University School of Medicine, Baltimore, MD 21205, USA

2 Department of Biological Chemistry, Johns Hopkins University School
of Medicine, Baltimore, MD 21205, USA

Corresponding authors: Xiao, Jie (xiao@jhmi.edu) and Goley,
Erin D (egoley1@jhmi.edu)

Current Opinion in Microbiology 2016, 34:90-96

This review comes from a themed issue on Growth and development:
prokaryotes

Edited by Kumaran Ramamurthi

For a complete overview see the Issue and the Editorial
Available online 10th September 2016
http://dx.doi.org/10.1016/j.mib.2016.08.008
1369-5274/© 2016 Elsevier Ltd. All rights reserved.

Introduction

The final step in cellular replication is the physical con-
striction and ultimate separation of the mother cell into
two daughters. In all organisms, these dramatic morpho-
logical changes require synthesis and delivery of new
material, and the generation of force for envelope ingres-
sion. For animal cells, the contractile ring generates the
bulk of the force required for cytokinesis, with myosin
motors burning ATP as they walk on antiparallel actin
filaments to constrict the membrane. However, in most
other organisms, in particular walled cells, it is difficult to
deconvolve the contributions of cytoskeletal elements and
cell wall metabolic enzymes to force generation. In this
review, we will discuss advances made over the last several
years in understanding the source of the constrictive force
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in bacterial division, with emphasis on the relative roles
and contributions of the polymerizing GTPase, FtsZ, and
the peptidoglycan (PG) cell wall synthesis machinery.

Bacterial cell division: the challenge and the
machinery

Bacterial cell division requires invagination and separa-
tion of a multi-layered cell envelope, including constric-
tion and fission of the membrane(s), and synthesis,
remodeling, and splitting of the PG cell wall at the
division site. Bacterial cells possess high turgor pressures,
ranging from ~0.3 MPa for Gram-negative Escdherichia coli
[1] to ~2 MPa in Gram-positive Bacillus subtilis [2]. This
pressure, acting on a constriction zone of ~60 nm in axial
width and ~3 pm in circumference (approximately the
size of the septum), would require a total force of ~50 to
300 nN to counterbalance (Figure 1). The minimal
amount of work needed to constrict the membrane to
the final fission would then be at least on the order of
~107" Joules. This is a considerable force, as individual
motor protein molecules usually generate a force on the
order of a few pN [3]. Thus, the constrictive force is most
likely generated through the collective effort of a large
number of molecular components and/or reactions. Note
here that we have not yet considered the cell wall, the
rigidity of which would represent another substantial
resistance for the constrictive force to overcome [4].

Where does the constrictive force come from? It is almost
certain that the force originates from the divisome, the
essential division apparatus operating at the edge of and
within the invaginating membrane. In nearly all bacteria,
the structural core of the divisome is a polymerizing
GTPase and homolog of eukaryotic tubulin called FtsZ
[5,6]. Accessory factors facilitate assembly of FtsZ into
the cytokinetic ‘Z-ring’, a dynamic collection of proto-
filaments [7]. The Z-ring is targeted to the inner mem-
brane through FtsZ’s membrane-anchoring proteins,
including the conserved actin family protein, FtsA
[8,9°°]. About a dozen other essential cell division
proteins are subsequently recruited to the division
site through a network of protein—protein and protein—
envelope interactions [10]. Many of these proteins are
involved in cell wall synthesis and remodeling, including
the division-specific transpeptidase Ftsl (Penicillin Bind-
ing Protein (PBP) 3) and hydrolytic enzymes that split the
peptidoglycan for daughter cell separation [11]. It is not
entirely clear which components of the divisome generate
a constrictive force, but the Z-ring and the septal PG
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Forces acting within the cell relevant to cell division. The Z-ring, with
the approximate dimensions of the septum in E. coli labeled, is shown
in green. Turgor pressure (light gray arrows) applies an outward force
that must be overcome for constriction. The estimated maximum force
the Z-ring might exert (green) is significantly less than the estimated
required to overcome turgor pressure (dark gray). Note that these
estimates do not include the force required to overcome the rigidity of
the cell wall (blue).

metabolic machinery have each been proposed as the
likely sources.

An evolving hypothesis: FtsZ-mediated constrictive
force

FtsZ has long been proposed as the key constrictive force
generator [5]. Two main properties of FtsZ make it
possible to fulfill this role. First, FtsZ is a GTPase
[12,13]; intuitively, it can harvest the chemical energy
released by G'TP hydrolysis for mechanical work, as other
motor proteins do. Based on the free energy of GTP
hydrolysis (AG® = ~30 kJ/mol [14]) and cellular FtsZ
concentrations (~5 uM in K. co/i [15]), we estimate that
the total amount of energy that could be released by
FtsZ’s G'TP hydrolysis during the constriction period is
on the order of ~10~!* Joules. This amount of work, if
completely harvested, is comparable to what is minimally
required to counter balance the turgor pressure as dis-
cussed above. Second, FtsZ polymerizes [16-18]. Even
without nucleotide hydrolysis, a biological polymer can
generate force based on its mechanical properties such as
its stiffness and curvature [19], and/or by dynamic poly-
merization and depolymerization [20].

A number of FtsZ-mediated force generation mecha-
nisms based on these two main properties have been
proposed in the past decade. These include sliding
[9°°,21], pinching [22], condensing [23], bending [24-
26], assembling/disassembling [25,27] and lateral bonding
[23,28] of FtsZ filaments, and are estimated to generate
force in the range of ~8-80 pN [5,23,29]. Among the
proposed mechanisms, FtsZ filament bending has accu-
mulated the most experimental support. Electron micros-
copy (EM) and atomic force microscopy (AFM) studies
showed that FtsZ filaments formed in the presence of
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GDP were highly curved, whereas those formed with
GTP were straight [30] or moderately curved [31-34].
The C-terminus of FtsZ, which binds to its membrane
anchoring proteins such as FtsA and ZipA in E. co/i,
resides on the outside of the curved filament and the
N-terminus faces the inside [29,35,36] (Figure 2a). In this
configuration, if FtsZ filaments curve away from the
membrane to which they are attached at the C-terminus,
this would generate a pulling force (Figure 2b).

The most convincing evidence for force generation
through FtsZ filament bending comes from reconstitution
of Z-rings inside of liposomes using purified FtsZ protein.
FtsZ fused to yellow fluorescent protein (YFP) and/or a
membrane targeting sequence (M'TS) formed slight, stat-
ic indentations on associated liposomes in the presence of
the slowly-hydrolyzed GTP analog GMPCPP, and con-
stricted to smaller diameters when G'TP was present and
gradually depleted [37]. When assembled on the outside
of liposomes, the geometry of the FtsZ-induced mem-
brane deformation correlated with the direction of fila-
ment curvature [35]. These experiments clearly
demonstrated that curved FtsZ filaments are rigid enough
to bend the associated membrane, a property also com-
mon to protein crowding on membranes [38]. They
further suggested that under these /7 vitro conditions,
dynamic subunit turnover and/or an increase of FtsZ
filament curvature likely mediate the observed mem-
brane constriction.

Although FtsZ-M'TS promotes only moderate liposome
constriction, complete fission of liposomes in the pres-
ence of GTP hydrolysis was observed, albeit at a low
frequency, when FtsZ’s cognate membrane tethering
protein FtsA was used to target FtsZ to liposome mem-
branes [39]. This observation suggests that an additional
contribution from FtsA, perhaps through its ability to
promote FtsZ turnover from the membrane [40°] is
required for complete liposome fission.

Now we arrive at a picture in which FtsZ filaments alone
can indeed deform membranes 7z vitro, but complete
liposome constriction and fission requires G'TP hydrolysis
and the presence of FtsA. The question is then: is this
FtsZ-derived force the driving force for the constriction
process in cells? Here we define the driving force as the
one that dictates the rate of constriction (z.¢. reduction of
septum diameter per unit time), which should be propor-
tional to the amount of exerted force. In this definition, if
FtsZ-generated force were the driving force, altering
FtsZ properties that are proposed to generate the con-
strictive force should also alter the constriction rate.

Arecent study examined this hypothesis, and showed that
changing FtsZ assembly dynamics, GTPase activity, or
amount of FtsZ in the Z-ring did not alter the constriction
rate in E. co/i cells; thus, the force generated by FtsZ may
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FtsZ and the generation of constrictive force. (a) Domain organization
of FtsZ (green). CTL — C-terminal linker. Relative locations of the
amino (N) and carboxy (C) termini, and the GTPase domain of FtsZ are
labeled. (b) Proposed mechanism for generation of force through
bending of FtsZ filaments. Straight or gently curved filaments can
slightly deform membranes upon polymerization, but deep constriction
in vitro requires GTP hydrolysis and/or FtsA-induced turnover.

not be rate-limiting for constriction [41°°]. Whether these
results hold true for other bacterial species remains to be
examined, but they are consistent with previous genetic
studies wherein FtsZ mutants with drastically reduced

GTPase activities formed static or aberrant Z-ring struc-
tures, yet were viable at permissive temperatures [42—44].
Recent fluorescence microscopy studies also showed that
FtsZ departs the midcell before cell wall remodeling
factors at the end of cell division in E. coli [45°°,46],
indicating that, at least at late constriction stages, the
presence of FtsZ is not required. Interestingly, early
temperature shift experiments of FtsZ mutants showed
~ 50% of constricting cells were able to finish constriction
after being shifted to a restrictive temperature [47].
Collectively, these studies raise the possibility that FtsZ,
while essential, is not the rate-limiting constriction force
generator.

Another source of force: peptidoglycan
synthesis

If FtsZ is not the rate-limiting constrictive force genera-
tor, what is? The most likely candidate is the PG meta-
bolic machinery itself (Figure 3a). It has long been
appreciated that cell wall synthesis is required for cell
division, as filamentation is observed when cells are
treated with intermediate concentrations of penicillin
or when Ftsl function is inhibited [48-50]. Moreover,
bacterial L. forms that are induced to propagate without a
cell wall do so by protrusion and resolution of large
vesicles — not through an FtsZ-mediated constriction
and fission mechanism [51]. This is despite the fact that
FtsZ and the rest of the divisome are still produced in L,
forms. Conversely, chlamydial pathogens require PG
metabolism to divide, but lack FtsZ and instead use
MreB and its associated proteins to direct septal PG
synthesis [52-56].

Coltharp and colleagues explored the effects of altered
PG synthesis rates on cell constriction by using wild-type
(WT) E. coli cells with different growth rates and a
temperature sensitive allele of FtsI [41°°]. They found
that the cell constriction rate was proportional to the cell
elongation rate, which is governed by PG synthesis rate in
balanced growth, similar to what was observed in Caulo-
bacter crescentus [57]. Most importantly, the constriction
rate was significantly slowed in the FtsI mutant strain
[41°°]. Substantially longer constriction periods of E. co/i
cells have also been previously observed in mutants of the
late divisome proteins Ftsl and FtsQ [47,58], and upon
overexpression of FtsN [59]. In addition, mutations in
FtsL and FtsB in E. co/i [60°°,61°°] promote premature
initiation of constriction, and mutations in FtsW and Ftsl
in C. crescentus [62°°] hyperactivate constriction. These
data suggest that the late divisome, including its associ-
ated PG metabolic enzymes, instead of FtsZ, plays a
central role in driving constriction.

T'he next question to consider is then whether the chem-
ical energy from septal PG synthesis is sufficient to
generate a force large enough to actively push the cyto-
plasmic membrane inward against the turgor pressure
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Peptidoglycan metabolism and the generation of constrictive force. (a) E. coli divisome components that may contribute to generation of force
through septum synthesis and remodeling, including the transglycosylase and transpeptidase PBP1B, the transpeptidase Ftsl, and the amidases
AmiA, B, and C. LpoB regulates PBP1B, FtsEX and EnvC regulate AmiA and AmiB, NIpD regulates AmiC, and FtsQ, L, B, W, and N are implicated
in the initiation of and/or rate of constriction. (b) Peptidoglycan metabolic reactions that contribute to septum synthesis and remodeling.
Hydrolysis reactions include those mediated by amidases, lytic transglycosylases, and endopeptidases.

(Figure 3b). Directly estimating septal PG synthesis-
associated chemical energy in bacterial cells is not possi-
ble due to the lack of current knowledge in the orienta-
tion and density of glycan strands in the septum, and the
corresponding free energy released during PG remodel-
ing reactions such as transglycosylation, transpeptidation,
and PG hydrolysis. However, as the cell wall maintains
cell shape, it is certainly conceivable that its mechanical
strength would be sufficient to deform the inner mem-
brane against turgor pressure. Furthermore, theoretical
studies have suggested that constriction in walled bacteria
cells can be entirely driven by the chemical potential
energy released from cell wall synthesis at the septum
[63], and that in the absence of active cell wall remodel-
ing, the force provided by FtsZ alone is insignificant and
could not impact the constriction rate [4].

Similar to the considerations described above for bacteria,
in fission yeast, it has been shown that cell constriction
does not require the actomyosin contractile ring. More-
over, it was estimated that the polymerization pressure of a
single B-glucan fibril on its membrane-imbedded
synthase, at ~2.2 MPa, would significantly exceed the
~1 MPa turgor pressure in Schizosaccharomyces pombe, pro-
viding a means for cell wall synthesis to drive constriction
[64]. In bacterial cells, peptidoglycan polymerization

could potentially generate a similar magnitude of force,
although clearly more work is required to obtain a quanti-
tative, molecular understanding of how peptidoglycan
synthesis might power constriction.

A role for the Z-ring in regulating
peptidoglycan metabolism

As outlined above, the Z-ring appears to provide limited
force for cell division, and PG synthesis is, in our view, the
likely primary source of constriction force. What, then, is
the role of FtsZ in promoting constriction? Certainly FtsZ
acts as a scaffold, marking the site of division and recruit-
ing the requisite machinery to promote cell wall synthesis
there. Evidence exists, however, to suggest that FtsZ is
more directly linked to the regulation of PG metabolism
than mediating simple recruitment of enzymes to the
division site.

In at least two contexts, FtsZ mutants with altered — but
not completely eliminated — polymerization properties
induced defects in PG metabolism leading to cell lysis. In
the first scenario, E. co/i mutant cells expressing the
temperature sensitive fz5Z84 allele and lacking the
DD-carboxypeptidases PBP5 and PBP7 or PBP4 and
PBP7 lysed rapidly when shifted to the restrictive tem-
perature, suggesting a functional interaction between
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Figure 4
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Model for coordinated action of FtsZ and peptidoglycan metabolism in driving cell division. (Left) The Z-ring (green line) assembles proximal to the
inner membrane through interactions with FtsA and other membrane tethering proteins (yellow). This serves to initiate assembly of the divisome,
including factors required for PG synthesis (red) and hydrolysis (purple). (Right) The Z-ring provides a signal (black dashed arrows) — through
generation of moderate force (green arrow) and/or other biophysical or biochemical mechanisms (black arrows) — to peptidoglycan synthetic and
hydrolytic factors that provides directionality and evenness to the synthesis of an invaginating septum. The peptidoglycan synthetic (red arrow)
and hydrolytic (purple arrow) activities within the divisome shape a septum (blue line) that pushes the inner membrane and provides the major

force for constriction (blue arrow).

FtsZ with aberrant activity and these otherwise non-
essential low molecular weight PBPs [65]. In the second
scenario, production of an FtsZ variant that lacks the
disordered C-terminal linker that separates the G'TPase
domain from the C-terminal conserved peptide in
C. crescentus or B. subtilis caused cells to lyse rapidly
[66,67°°]. At least in C. crescentus, this FtsZ variant-in-
duced lysis was coincident with altered PG chemistry, but
occurred without obvious defects in divisome assembly,
that is, the scaffolding function of FtsZ [67°°]. These
observations hint that FtsZ impacts specific PG metabolic
activities through mechanisms that are in addition to its
role in protein recruitment.

What might FtsZ provide beyond a platform for assembly
of division proteins? One possible model is again inspired
by observations in fission yeast. In that organism, when
the actomyosin ring was disrupted, septum ingression
continued, but occurred in a spatially disorganized, asym-
metric manner that led to misshapen (non-circular) septa
[64,68°]. Careful observation and modeling of septum
ingression demonstrated that an active actomyosin ring
promotes septum synthesis in a curvature-dependent
manner — regions of the septum with higher curvature
constricted more quickly — and hence rectifies the non-
circular septa [68°]. As such, it was suggested that the
force from actomyosin ring contraction (which is propor-
tional to local membrane curvature) is used to modulate
the spatial organization and/or activity of cell wall syn-
thesis machineries to ensure even, processive constric-
tion. In a similar manner, in bacterial cells, a small force
from the Z-ring could locally promote septum synthesis
(Figure 4). It is also possible that, even without meaning-
ful force generation, dynamic FtsZ assembly and disas-
sembly in the Z-ring promotes even distribution of cell

wall synthetic activity around the circumference of the
septum. This hypothesis may help explain why FtsZ
GTPase mutants are viable, but yield deformed septa
in E. coli cells. Nevertheless, the question remains of how
FtsZ, through force generation or other means, regulates
the spatiotemporal organization of PG metabolic enzyme
activity.

Conclusions

The discovery that FtsZ forms polymers and plays a
central role in cell division early on led to the attractive
hypothesis that it plays a major force-generating role in
bacterial division. However, a couple of decades of careful
study addressing the hypothesis that FtsZ is the primary
driver of cytokinesis have failed to rigorously support that
possibility. Instead, evidence points us back to the cell
wall synthetic machinery as the major source of constric-
tive force. In moving forward, however, we are confronted
with gaping holes in knowledge that prevent formulation
of a quantitative physical and mechanistic model for
coordinated Z-ring assembly, PG synthesis, and cell wall
constriction.

What do we need to know? First, the physical orientation,
density, and architecture of the glycan strands and pep-
tide crosslinks at the septum need to be elucidated. This
would allow us to better envision the spatial coordination
of the divisome and cell wall synthesis, and to identify
testable mechanisms for how insertion of new cell wall
material might push against the inner membrane. Second,
we require additional details regarding the enzymology of
cell wall metabolism at the division site. Which enzymatic
activities contribute to force generation and how much
energy could be liberated from each reaction and used to
do the work of constriction? Finally, to address directly if
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FtsZ-mediated force indeed guides PG synthesis, we
require methods to perturb force generation without
disrupting the scaffolding function of FtsZ. With these
parameters and tools in hand, we can begin to approach a
quantitative understanding of the forces behind bacterial
cytokinesis.
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