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Preface

Until the 1990s, it was assumed that the absence of a cytoskeleton, comprised of 
intracellular dynamic protein filaments that generate long-range order, is a defining 
characteristic of all archaea and bacteria, distinguishing them from eukaryotic cells.

Bacterial DNA was thought to be attached to the cell wall, so that, after replica-
tion, a chromosome pair would be segregated by wall extension. Division of the cell 
into two would then occur by construction of a new central partition. Plasmids, 
small pieces of DNA and other molecular entities such as protein complexes were 
thought to travel through prokaryotic cells without guidance, through diffusion.

These views began to break down when FtsZ protein was found to locate, as a 
ringlike filamentous structure, at the cell division site, and this widely distributed 
protein was shown to be a homologue of eukaryotic tubulin. The absence of a cyto-
skeleton in archaea and bacteria was finally abandoned in 2003, when other bacte-
rial proteins, already known to have amino acid sequence homology to eukaryotic 
actin, were shown to form intracellular filaments with similarity to F-actin. Soon 
after that, bacterial plasmid systems were discovered that used actin-like or tubulin-
like protein filaments to effect segregation. Since then, many other types of filament 
have been discovered; some are unique to prokaryotes, in a surprising variety of 
biological contexts, but many are related to eukaryotic cytoskeletal filaments.

With important discoveries being made in archaea as well as bacteria, the field 
has expanded enormously to warrant the dedication of a whole book to known pro-
karyotic filament structures, together with current theories and controversies regard-
ing the mechanisms by which the filaments carry out their diverse functions, that go 
well beyond what similarities with eukaryotic homologues would suggest.

What has emerged, in particular, is that prokaryotes lack the motor proteins asso-
ciated with eukaryotic cytoskeletal filaments and that intracellular motility often 
depends on the activity and dynamics of the filaments themselves. As described in 
the various chapters of the book, these cytomotive filaments have been found to 
exhibit treadmilling, dynamic instability and relative sliding. In other words, our 
view of a bacterium has undergone a truly remarkable revolution.

Cambridge, UK� Jan Löwe 
� Linda A. Amos 
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Chapter 1
Overview of the Diverse Roles of Bacterial 
and Archaeal Cytoskeletons

Linda A. Amos and Jan Löwe

Abstract  As discovered over the past 25 years, the cytoskeletons of bacteria and 
archaea are complex systems of proteins whose central components are dynamic 
cytomotive filaments. They perform roles in cell division, DNA partitioning, cell 
shape determination and the organisation of intracellular components. The proto-
filament structures and polymerisation activities of various actin-like, tubulin-like 
and ESCRT-like proteins of prokaryotes closely resemble their eukaryotic counter-
parts but show greater diversity. Their activities are modulated by a wide range of 
accessory proteins but these do not include homologues of the motor proteins that 
supplement filament dynamics to aid eukaryotic cell motility. Numerous other fila-
mentous proteins, some related to eukaryotic IF-proteins/lamins and dynamins etc, 
seem to perform structural roles similar to those in eukaryotes.

Keywords  FtsZ • Tubulin • MreB • ParM • Actin • TubZ • ESCRT • Bacterial cell 
division • Archaea • Cytomotive filaments • Plasmid segregation • Cell constriction 
• Sliding filament motility • Dynamic instability • Treadmilling

�Introduction

Life, as we know it, is based on self-replicating cells. Although membrane-bounded 
cells were presumably predated by self-sustaining systems of complex chemical 
reactions that may have taken place within confined spaces (Martin and Sousa 
2015), all of the living cells known to us are enclosed in a lipid bilayer. Free-living 
eukaryotic cells have systems for expelling excess water which allows them to live 
surrounded by water without swelling up and bursting. However, except under par-
ticularly favourable conditions, independent bacterial or archaeal cells all need a 
protective outer wall to survive (Errington 2013; Chap. 3). The cells of bacteria and 
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archaea also differ from eukaryotes in lacking a dedicated nuclear compartment 
enclosed in a conserved double membrane, punctuated by pores, that separates 
DNA from the cytoplasm in eukaryotic cells. Instead, the boundary between the 
prokaryotic nucleoid and cytoplasm is usually indistinct. Thus, it was long assumed 
that the contents of these cells were randomly-placed particles, moved around by 
diffusion. However, visualisation of the bacterial cytoskeleton and investigation of 
the relevant proteins in the 1990s totally changed this view. Even bacteria depend on 
dedicated systems of cytoplasmic filaments to carry out many of the activities 
involved in their replication. Studies over the past two decades have revealed that 
the key filaments are remarkably well conserved in all cells, including bacteria and 
archaea, and it is clear that systems of filamentous proteins belonging to a few 
superfamilies are present in some form throughout all kingdoms of life. Moreover, 
subtle variations in the protein subunits and the filaments they form apparently tai-
lor the filaments to their respective tasks. Studying the filaments provides some 
unique insights into the evolutionary relationships between different organisms cur-
rently in existence. The cytoskeleton appears to provide a better evolutionary his-
tory than, for example, metabolism (Koonin 2015), because of its multitude of 
interactions that makes exchange between different organisms more difficult than 
the exchange of an enzyme that works on common small molecule substrates.

A variety of highly dynamic filament-forming proteins exist in the many types of 
Gram-positive bacteria [such as rod-shaped Bacillus subtilis (see Chap. 3), globular 
Staphylococcus aureus (see Chap. 9, section “Noc function in other bacteria: Noc is 
essential for NO in S. aureus”; Turner et al. 2010) or multicellular streptomycetes 
(see Chap. 6, section “Bacterial intermediate filament-like proteins”; Chap. 9, sec-
tion “The control of septal placement in sporulating Streptomyces”; Bush et  al. 
2015), in Gram-negative bacteria [such as Escherichia coli (Chap. 2) or Caulobacter 
crescentus (Chap. 4)], in pathogenic chlamydiae (see Jacquier et al. 2015; Ouellette 
et al. 2012), and also in the three major archaeal phyla, Euryarchaeota, Crenarchaeota 
and Thaumarchaeota (Brochier-Armanet et al. 2008; see Chaps. 12, 13, and 14). 
Filaments present in all these cells, are used there for membrane-shaping, cell polar-
isation and cell division (Shaevitz and Gitae 2010; Aylett et  al. 2011); the great 
advantage of having polymers perform such roles is in achieving long range order 
from small subunits. In most species, there are filaments closely related to eukary-
otic cytoskeletal filaments, in particular, to the strands of F-actin and microtubules 
(Fig. 1.1). Coiled-coil protein filaments are also needed by species such as C. cres-
centus to shape the wall during growth and duplication (Mercier et al. 2014; Chap. 
4). From these findings, it is evident that the cytoskeleton of the last common ances-
tor of all extant cells, including the ‘simplest’ independent bacteria now known, was 
already highly sophisticated. Comparisons among different bacteria, archaea and 
eukarya, of their cytoskeletal proteins as well as a variety of other genetically-
encoded components, suggest it is most likely that archaea emerged from early 
Gram-positive bacteria (Valas and Bourne 2011; Cavalier-Smith 2010; Forterre 
2015), while eukaryotes seem to be derived from archaea-like host-cells (see e.g. 
Baum and Baum 2014; Spang et  al. 2015; Koonin 2015) that encompassed 
endosymbiotic organelles (notably mitochondria and chloroplasts), derived from 
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Fig. 1.1  The cytomotive filament proteins found in all kingdoms of life: ribbon-model structures 
of subunit dimers of the youngest (eukaryotic) and oldest (bacterial) protein species of (a, b) the 
actin family (PDB codes 2ZWH, 1JCG; Oda et al. 2009; van den Ent et al. 2001) and (c, d) the 
tubulin family (PDB codes; 1JFF, 1WSB; Löwe et al. 2001; Oliva et al. 2004). In a, b the four 
subdomains are distinguished by colour; in c, d the GTPase domains are coloured green, GTPase-
activation domains (including loop T7 and helix H8) blue, central helices (H7) yellow, C-terminal 
hairpin structures red; nucleotides and Taxol are shown as ball models. Related proteins are shown 
in Chaps. 7, 8, 10, 11 and 14
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Gram-negative bacteria and mostly retain their original cytomotive filaments 
(Yooshida et al. 2012; Leger et al. 2015).

A wide range of techniques has been used, in vivo and in vitro, to reach our pres-
ent view of bacterial and archaeal cytoplasmic filaments, with various kinds of 
structural investigation playing particularly important parts (e.g. Chen et al. 2010; 
Erickson et al. 2010; Aylett et al. 2011; Bharat et al. 2015b). The distinguishing 
characteristics of the filament-forming proteins in different prokaryotes will become 
clearer in the varied chapters of this book. It is important to mention that EM images 
of filamentous material are not sufficient evidence that any particular protein is 
capable of assembly into polymers (see supplementary data of Ghosal et al. 2014), 
unless a reproducible longitudinal periodicity from the subunits is clearly detect-
able; this is because dust always includes microscopic filamentous material, so fila-
ments can usually be found on any EM grid that is searched sufficiently; also, if 
negative stain is used, this can provide extra artefactual objects (Griffith and Bonner 
1973). However, most of the images presented in these reviews have been supported 
in published studies by light-scattering, ultracentrifugation, gel filtration, near-
atomic resolution structures obtained by X-ray crystallography or by electron 
microscopy of frozen specimens (cryo-EM) and other data.

�Proteins that Form the Filaments

Many dynamic members of nucleotide-dependent filamentous proteins work as lin-
ear motors, pushing or pulling objects through the cell and are thus known as cyto-
motive filaments. The basic properties of these filaments are so well adapted for 
intracellular movement that they have been conserved throughout evolution, though 
they have been subtly modified in different species to perform a wide variety of 
tasks (Fig. 1.2). Movement may be driven by adding subunits to a filament “plus” 
end (pushing the ”cargo”, Chap. 10) or removing them from the “minus” end (pull-
ing the cargo, Chap. 11; Gerdes et al. 2010), or both activities together may lead to 
treadmilling (Chaps. 11 and 16). Another particularly common theme is to have one 
repeating row of subunits simply sliding relative to another row, which may be iden-
tical to the first or completely different (Chaps 7, 10 and 11); this applies equally to 
these cytomotive filaments and to the various types of rotary motors (Islam and 
Mignot 2015; Minamino and Imada 2015; Wilkens 2015; Grüber et al. 2014), which 
are not covered in this book.

Although the structure of the so-called “protofilaments” (strands) and the “longi-
tudinal” interactions (along the strands) between subunits have remained clearly 
recognisable (Fig. 1.1), the “lateral” interactions between different protofilaments 
(strands), needed to provide an adequate level of structural stability, are quite varied. 
All of the various possibilities have been found (see e.g. Popp and Robinson 2012; 
Ghosal and Löwe 2015), from pairs, polar or apolar, to large bundles or sheets or 
even cylinders (Jiang et  al. 2016; Pilhofer et  al. 2011). Protofilaments may run 
straight or be helical; in the latter case, pairs are usually twisted around one-another. 
A greater variation within each family of the conserved filament-forming proteins 
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in bacteria and archaea than in eukarya reflects the long evolutionary history of 
prokaryotes compared with the relatively brief time that eukaryotes have been in 
existence and the stronger evolutionary pressure on genome size in prokaryotes. 
The confusing variety of core proteins in bacteria is compounded because some 
bacteria have acquired additional genes, only distantly related to their own typical 
sequences, apparently through horizontal gene transfer (HGT). Thus, many bacte-
rial species contain plasmids or large phages that code for cytomotive filaments (e.g. 
actin-family ParM – Chap. 10 – or tubulin-family TubZ – Chap. 11) that resemble 
archaeal proteins. Verrucomicrobia may have acquired its tubulin-like BtubA/B het-
erodimers that assemble into narrow microtubules with only a few protofilaments 
(Pilhofer et al. 2011) from an early form of eukaryote. In contrast, the finding that 
the archaeal Lokiarchaeum genome encodes hypothetical short proteins containing 
gelsolin-like domains, not found in any bacterial or any other archaeal genomes, is 
thought to mean that these organisms are themselves related to the vertical line link-
ing archaea and eukarya (Spang et al. 2015). They are however distinct from all 
known eukarya in lacking motor proteins such as kinesin, myosin or dynein.

Accessory proteins that link prokaryotic cytomotive filaments to their cargoes or 
to the cell membrane and/or act as catalysts of the cytomotive activity may also 
strongly modulate the behaviour of the core filaments in different cells; some appear 
to work in similar ways to known eukaryotic proteins but, unlike the conserved fila-
ments, mostly seem to result from convergent evolution rather than being directly 
related. So far, no motor proteins related to kinesin, myosin or dynein, that tend to 
use the filaments as static cytoskeletal tracks in eukaryotic cytoskeletal networks, 
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Fig. 1.2  Diverse functions of cytoskeletal elements in bacteria. Bacterial cytoskeletal filaments 
perform roles in cell division, DNA segregation, cell shape maintenance and cellular compartment 
organization. Bacterial tubulin homologues shown in green: FtsZ has a role in cytokinesis (a), 
TubZ executes plasmid segregation (b). Bacterial actin homologues shown in yellow: FtsA is 
needed for cell division (a), ParM executes plasmid segregation (c), MamK organises magneto-
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filaments on membrane to regulate cell shape (including Intermediate Filament-like coiled-coil 
proteins, like crescentin) (e). Nucleoids shown in blue (a)
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have been found. Nevertheless, it is becoming clear (see below) that prokaryotes do 
make use of sliding filaments for pushing, pulling and constricting. How the fila-
ments may interact with membrane-associated motors, such as flagellar rotary 
motors and their homologues (Nan et al., 2014), or with protein complexes involved 
in peptidoglycan (PG) synthesis (Laddomada et al. 2016; Agrebi et al. 2015; Typas 
et  al. 2012; Perez-Nuñez et  al. 2011) or with cell division protein FtsK (Reyes-
Lamothe et al. 2012; Trip and Scheffers 2015) is only beginning to be investigated.

�Prokaryotic Cytokinesis

As described in detail in other chapters, almost all bacteria and many archaea divide 
at mid-cell by processes dependent on a ring that contains protofilaments of tubulin-
related FtsZ (Fig. 1.1a); the names of the Fts proteins derive from the finding that 
temperature-sensitive mutants of B. subtilis or E. coli fail to divide at non-permissive 
temperatures, leading to filamenting cells (Lutkenhaus and Donachie 1979; Beall 
and Lutkenhaus 1989). However, some groups of archaea divide using ESCRT fila-
ments (Chap. 12) instead of FtsZ and the Chlamidiae group of bacteria seem to use 
actin-like filaments (Erickson and Osawa 2010; Ouellette et al. 2012). Cytokinesis 
can take place without the aid of filaments in mutants lacking a cell wall (L-forms), 
depending only on the production of sufficient membrane to enclose two cells 
(Mercier et  al. 2014), but in normal circumstances some active mechanism is 
required to ensure that division occurs in an orderly way. In the case of cells pro-
tected by an outer wall, its growth by insertion of new material is controlled by the 
filaments on the cytoplasmic side of the membrane.

�Cell Constriction by a Ring of FtsZ Filaments

A ring of FtsZ filaments, the so-called Z-ring (Ma et al. 1996), controls the assem-
bly of a new septum between a pair of daughter cells (see Egan et al. 2015) and also 
appears to exercise a constrictive force on the underlying cell membrane. Until very 
recently, the most popular theory for membrane constriction was an “iterative pinch-
ing” mechanism (Erickson et  al. 2010; Chap. 5) involving nucleotide-dependent 
bending of dynamic membrane-tethered FtsZ protofilaments; this fits in with the 
fact that FtsZ protofilaments observed in vitro can be straight filaments, single or 
bundled, or can be curved to form arcs and mini-rings, especially in the presence of 
ADP. A more recent alternative idea (see Chap. 7) is that a ring of overlapping, 
though perhaps individually dynamic, protofilaments shrinks in diameter simply by 
FtsZ potofilaments sliding relative to one another. Of course, iterative-bending of 
dynamic filaments and a sliding-filament mechanism are not mutually exclusive and 
their relative importance could even vary among different species. The assembled Z 
ring organises the machinery that synthesises the PG-based septum (see Egan et al. 
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2015; Chap. 2). There is evidence that septum assembly is the rate-limiting process 
of cytokinesis (Coltharp et al. 2016) but is unlikely to be the primary driving force. 
The Z-centric hypothesis is supported by work showing that FtsZ can assemble Z 
rings in vitro and generate a force that constricts liposomes (Chaps. 5 and 7).

�Control of FtsZ Filaments by Associated Proteins

Associated proteins are needed to dynamically connect FtsZ to the membrane. FtsA 
and ZipA are the currently best-characterised Z-ring membrane-anchoring proteins 
but are absent from some bacteria that have FtsZ.  Other proteins, such as SepF 
(Duman et al. 2013), link FtsZ to membrane in these cells. Adjacent filaments in a 
ring may also be cross-bridged and stabilised by SepF or other proteins such as 
ZapA (Dajkovic et al. 2010; Bailey et al. 2014), ZapC (Ortiz et al. 2015; Schumacher 
et al. 2016) or ZipA (Skoog and Daley 2012). Although ZapA, ZapB, ZapC and 
ZapD are all dispensable for division in E. coli, it is likely that, when present, they 
contribute to its overall robustness. Other proteins control ring-assembly in a variety 
of ways, depending on species. The stress-response protein SulA that binds to the 
minus end of FtsZ (Cordell et al. 2003) may inhibit ring formation either by prevent-
ing treadmilling or by sequestering subunits (Dajkovic et al. 2008; Chen et al. 2012).

The Z-ring that primarily defines the site of division also recruits other conserved 
proteins of the “divisome complex“ needed for exporting materials to the periplasm 
(Glas et al. 2015; LaPointe et al. 2013; Villanelo et al. 2011; Goley et al. 2011), 
where new cell wall is assembled to partition the daughter cells. As the diameter of 
the ring decreases, divisome components on either side of the membrane constric-
tion insert new peptidoglycan into the ingrowing cell septum. This process is quite 
closely homologous to that carried out by the “elongasome complex“ during cell 
wall growth (see Szwedziak and Löwe 2013). An early model of constriction 
involved just the pair of ingrowing partition walls pushing on the cell membrane but 
this now seems unlikely to be the primary force in species that have FtsZ, because 
of observations of wall-less liposomes being constricted by filaments (Osawa and 
Erickson 2013; Szwedziak et al. 2014; Chaps. 5 and 7). It is possibly the sole con-
strictive force for division of Chlamydia cells, which have no FtsZ although, despite 
being round, they do have actin-like MreB (Ouellette et al. 2012), which is usually 
required only for shape-maintenance in rod-shaped cells. In any case, constriction 
needs to take place at exactly the same rate as PG assembly so the latter process is 
likely to restrict the speed of filament-ring constriction (Coltharp et al. 2016). In 
plant cells, the division of chloroplasts, endosymbiotic bacteria that have mostly 
lost their PG cell wall, appears to be driven by a contracting ring of FtsZ (Osteryoung 
and Pyke 2014; Miyagishima et al. 2014).

Also to be considered in relation to the constriction mechanism by a Z-ring is the 
in vitro observation that rings of filaments assembled from both FtsZ and FtsA on to 
a lipid layer undergo continuous chiral treadmilling (Loose and Mitchison 2014; 
Chap. 15), rather than the stochastic cycles of assembly and disassembly that would 
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be expected for iterative pinching due to filament bending (Osama and Erickson 
2011; Chap. 5). Thus, once a dynamic ring has been set up in vivo, it is possible that 
constriction is driven by relative sliding movements that continually maximise 
filament-overlap (Szwedziak et  al. 2014, Chap. 7); this would probably involve 
every plus end sliding (instead of growing, as during setting-up of a ring) to keep up 
with the shrinking minus end of a neighbouring filament. FtsA appears to play a 
crucial role in regulating activity at filament ends (Beuria et al. 2009); if the 
membrane anchor used in vitro is ZipA instead of FtsA, the FtsZ filaments do not 
treadmill (Loose and Mitchison 2014; Chap. 15).

FtsA, which is related to actin family member MreB (Fig. 1.1 and Chap. 8), apart 
from the replacement of one subdomain by another in a different position (Szwedziak 
et al. 2012; Chap. 7), is essential to assemble the mid-cell Z-ring in many species, 
including E. coli; the C-terminus of FtsZ binds to FtsA and the C-terminus of FtsA 
binds to lipid. As mentioned already, these interactions are sufficiently dynamic to 
allow the FtsZ filaments to treadmill, at least before there is any constriction of the 
Z-ring. FtsA itself is capable of assembly into actin-like protofilaments. During 
initial establishment of the ring at mid-cell, the mismatch between subunit length 
(~5 nm vs ~4 nm) in the two polymers will inhibit FtsA self-assembly at low curva-
ture but interacting pairs of FtsA monomers may still exert a tension on FtsZ fila-
ments, to favour a higher curvature and help to orient the ring. However, some 
components of the divisome can only bind to FtsA subunits that are not blocked by 
self-association (Chaps. 2, 7 and 8). Thus, as the ring curvature increases and the 
difference in radii compensates more for the subunit mismatch, longer FtsA poly-
mers become possible and an increasing number of divisome components will be 
gradually displaced; this may be important for finishing off the septum neatly.

The activity of the DNA-translocase FtsK, an integral membrane protein compo-
nent of the divisome, is essential during bacterial cell division, particularly for the 
final stage in the segregation of the chromosomes into the daughter cells (Bailey 
et al. 2014; Reyes-Lamothe et al. 2012; Chap. 9, section “NO: nucleoid equidistri-
bution by random cell division in Mycobacterium”). The structurally-related HerA 
protein is thought to similarly mediate DNA pumping into daughter cells during 
archaeal cell division (Iyer et al. 2004).

�Restriction of Z Ring Assembly to Mid-Cell

A surprising variety of mechanisms prevent assembly of FtsZ filaments in the wrong 
places, to ensure positioning of the Z ring on the membrane at mid-cell and also to 
help co-ordinate cell division with chromosome segregation. In E coli, for example, 
nucleoid occlusion factor SlmA, on the surface of each nucleoid, specifically inhib-
its Z ring assembly nearby and thus protects the nucleoid from being bisected 
(Tonthat et al. 2013; Chap. 9). Similarly, in C. crescentus, an ATPase called MipZ 
binds to the chromosomal replication origin (oriC) on a nucleoid and inhibits Z-ring 
assembly there (Kiekebusch et al. 2012; Kiekebusch and Thanbichler 2014). In B. 
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subtilis, however, the nucleoid occlusion protein Noc binds simultaneously to spe-
cific DNA sequences and to the cell membrane via an N-terminal amphipathic helix 
(Adams et al. 2015; Chaps. 3, 7 and 9); the close association of the nucleoprotein 
complexes with membrane is thought to physically occlude assembly of division 
machinery.

Other factors may positively favour location of a Z ring at midcell, especially in 
round cells where FtsZ assembles poorly alone; for example, some cocci have a 
transmembrane protein called LocZ or MapZ that, in some unknown way, localizes 
to midcell to help guide Z ring positioning and cell shape (Fleurie et  al. 2014; 
Holečková et al. 2015). In the round-celled Staphylococcus aureus, there is evidence 
for direct spatial cues left in the cell wall by previous septations (Turner et al. 2010). 
Even in rod-shaped E coli, the divisome is given direct guidance to midcell (Bailey 
et al. 2014), including that by MatP, a small protein associated with the origin of 
DNA replication (Dupaigne et al. 2012; Durand et al. 2012; Espéli et al. 2012). 
In rod-shaped M. xanthus cells, a protein called PomZ, a homologue of ParA 
(see below, section on WACAs – Walker A Cytoskeletal ATPases), must localize 
first to midcell, to prevent defects such as the formation of minicells or long 
filamentous cells (Treuner-Lange et  al. 2013). Similarly, in the rod-shaped 
Actinobacterium Corynebacterium glutamicum, the protein PldP moves to midcell 
early in the cell cycle and seems to play a role in localizing the Z ring (Donovan and 
Bramkamp 2014).

�Prevention of Ring Assembly Near the Poles

MinC and MinD associate on the membrane in many rod-shaped species to prevent 
the formation of empty mini-cells at the poles (see e.g. Bisicchia et al. 2013). MinD, 
like other proteins in the WACA family, undergoes ATP-dependent dimerisation. In 
the case of MinD, this change also enables the protein to bind to membrane. MinC 
uses its C-terminal domain to bind to MinD dimers and its N-terminal domain to 
inhibit the assembly of FtsZ into a ring. There is some doubt about the precise 
mechanism of inhibition. Some researchers advocate severing of FtsZ filaments by 
both MinC and SlmA (Chap. 2); others propose that each binds to filaments and 
orients them so that they cannot function (Chaps. 7 and 9). What actually happens 
may depend on the conditions; filaments prevented from associating with the mem-
brane or with each other may be more prone to depolymerisation at low FtsZ con-
centrations. Related to this is the question of how well-organised MinCD molecules 
are when bound to membrane. Lutkenhaus and colleagues argue that individual 
MinCD complexes, or possibly dimers, bind to the membrane (Park et  al. 2015; 
Chap. 2) and, by actively severing filaments, are enough to inhibit Z-ring formation. 
However, Ghosal et al. (2014) assembled copolymers of alternating MinD dimers 
and MinC dimers, forming well-organised patches on membrane in liposomes and 
propose that the proteins also do this in vivo (Chapter 7). The proteins seem per-
fectly designed to form such copolymers but, puzzlingly, the cellular concentration 
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of MinC is much lower than that of MinD. Further studies are needed of membrane-
bound MinD alone, which is already known to induce membrane tubulation and 
bind with the same longitudinal periodicity as MinCD copolymers (Ghosal et al. 
2014). Possibly MinC inserts into a minor proportion of sites along a membrane-
associated MinD filament and the two tethered N-domains of each MinC dimer can 
move around to inhibit Z-ring-assembly over an extended area. The membrane-
bound MinD filaments, with or without associated MinC-N-domain dimers, associ-
ate laterally to form fairly regular 2D arrays (Ghosal et al. 2014).

In Gram negative bacteria, the effector protein MinE (not present in most Gram 
positives) displaces MinC and also releases MinD from the membrane as ADP-
bound monomers. Free MinD and MinC can then diffuse to the other pole. A long-
lasting ring of MinE at mid-cell seems to prevent binding of MinCD there (Zheng 
et al. 2014). Thus the Min proteins in species such as E. coli are observed to oscil-
late back and forth between the two available binding regions near the two poles. In 
vitro, MinC/D/E mixtures, supplied with ATP, have been observed to bind in 
dynamic fashion to a lipid-coated surface, producing a variety of waves characteris-
tic of reversible reaction-diffusion systems, and the back-and-forth oscillation has 
been reconstituted in membrane-coated compartments (Loose et  al. 2008, 2011; 
Chap. 15; Vecchiarelli et al. 2016).

�Constriction by ESCRT-III-Like Filaments

Proteins related to eukaryotic ESCRT-III are found in some archaea (Chap. 12) but 
not in any bacteria. ESCRT-III filaments play an important role in eukaryotic cyto-
kinesis, controlling the final cut to the mid-body (Alonso et al. 2016; Agromayor 
and Martin-Serrano 2013), at the stage when acto-myosin cytokinetic force has 
reduced the cell’s diameter to the size of a prokaryote; ESCRT filaments also play a 
critical role in membrane budding and abscission in the eukaryotic endosome sys-
tem for transporting membrane proteins between the plasma membrane, the trans-
Golgi network and the lysosome/vacuole (Schuh and Audhya 2014). How the final 
cut is implemented between these eukaryotic membrane compartments is still 
unclear but it occurs in the absence of anything equivalent to an archaeal cell wall.

The filaments can self-assemble alone but disassemble with the help of an AAA 
(ATPase Associated with various cellular Activities) protein, such as eukaryotic 
Vps4 (Vacuolar protein sorting 4) that catalyses dissociation of the ESCRT machin-
ery from the endosomal membranes (Yang et al. 2015). Vps4-like proteins (called 
CdvC) are also present in the archaea (Moriscot et al. 2011; Samson et al. 2011). In 
Crenarchaea and Thaumarchaea, the ESCRT system seems to be entirely responsi-
ble for cell division (Chap. 12). A membrane-binding protein called CdvA provides 
a link between the cell membrane and the ESCRT-III-like CdvB filaments. The lat-
ter have been visualised in  vivo as cone-shaped spiral assemblies that gradually 
constrict the membrane between 2 daughter cells (Dobro et al. 2013). It is not yet 
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known whether these filaments undergo relative sliding or simply keep growing 
spirally inside a gradually-constricting circle.

Because FtsZ is ubiquitous in bacteria and is active in cell division in some 
archaea but in no eukarya, whereas cell division in some archaea and in many 
eukarya involves ESCRT-III (Lindås et al. 2008; Samson et al. 2008), it seems likely 
that FtsZ and FtsZ-based cell division are ancient (Davis 2002; Faguy and Doolittle 
1998) whereas ESCRT-III is more recent; also that eukaryotic cells are derived from 
archaea rather than directly from bacteria.

�DNA Segregation

After, and to some extent during, DNA duplication, copies of chromosomal or plas-
mid DNA are separated to opposite halves of the mother cell by a variety of co-
operating mechanisms, many of which employ cytomotive filaments (see eg. 
Szardenings et  al. 2011; Eun et  al. 2015). Some bacteriophages also move their 
DNA around inside cells using filaments (eg. Guo et al. 2014).

�Segregation of Plasmids by Actin-Like Filaments

Actin-family proteins that effect plasmid partitioning by assembling into filaments 
in the bacterial cytoplasm (‘type II’ partitioning systems), include ParM, AlfA 
(Shaevitz and Gitai 2010; Polka et al. 2014) and possibly some or all of Alps1-6 
(Rivera et al. 2011; Donovan et al. 2015). A similar protein has recently been found 
encoded by a lytic bacteriophage (Yuan et al. 2015). ParM, whose sequence and 
crystal structure are closer to some archaeal actin-like proteins, such as Ta0583 
found in Thermoplasma acidophilum (Roeben et al. 2006), than to bacterial MreB, 
is currently the best understood cytomotive filament in prokaryotes (Gayathri et al, 
2012; Bharat et al. 2015a; Chap. 10).

ParMRC (ParM/ParR/parC) is responsible for the equal distribution of R1 plas-
mids in the two daughter cells during a cell division. Two ParM protofilaments form 
a left-handed double helical filament, similar, at low resolution, to a mirror image of 
F-actin. Dynamic instability of ParM filaments assembling alone involves rapid fila-
ment formation and breakup, approximately 200 times faster than actin, causing 
them to disappear unless they are usefully occupied. Plus ends are stabilised when 
bound to ParR, a protein complex that, in turn, binds to a centromere-like region of 
the plasmid DNA (parC) (Møller-Jensen et al. 2007). Gayathri et al. (2012) found 
that the C-terminus of ParR binds to the barbed (plus) end of ParM. A ParM fila-
ment attached by its plus end to ParR, either after capture or initiating assembly 
there, grows steadily and more slowly than a free end. It became clear from this 
work that ParM double-stranded filaments associate side-by-side in vitro to form an 
anti-parallel mitotic-spindle-like bundle, with ParRC bound at each end; thus, ParM 
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filament elongation pushes plasmids apart (cf. eukaryotic anaphase B). A curved 
polymer of ParR connecting each plasmid to its end of the growing spindle is func-
tionally similar to a eukaryotic formin complex (e.g. Skau and Watermann 2015).

More recently, Bharat et al. (2015a), found that just pairs of double helical fila-
ments come together to form spindles in E. coli cells, where they imaged them 
directly by cryo-EM tomography. Since only doublets and no bundles were seen in 
cells, a ParMRC-dependent mechanism of segregating individual pairs of plasmids 
asynchronously was proposed, obviating the need for cohesion of plasmid pairs or 
for spindle checkpoints. It is most likely that the spindles are seeded right after rep-
lication when the parC regions of the plasmids have been doubled into two; the two 
parC regions will each seed one unipolar ParM filament and these will readily asso-
ciate into an antiparallel arrangement. Dynamic instability may remove filaments if 
they are not paired to form a spindle, ensuring (checkpoint-like) that pairs of plas-
mids are pushed to opposite ends of the cell.

�Segregation of Plasmids and Phage by Tubulin-Like TubZ

TubZRC (a ‘type III’ partitioning system, Larson et  al. 2007; see Chap. 11) has 
many parallels with the ParMRC system, a clear example of convergent evolution, 
suggesting that small bundles of dynamic filaments are very good for distributing 
objects within a cell. The plasmid-encoded tubulin-family protein, TubZ, found in 
Bacilli appears to be more closely-related to archaeal CetZs than to FtsZ (Aylett 
et al. 2011); CetZs are also more similar to tubulins than FtsZs are (Duggin et al. 
2015; Chap. 14). However, although the tubulin-like longitudinal contacts are pre-
served in TubZ, a slight kink within each monomer produces a twist in an individual 
protofilament (unlike the straight protofilaments of FtsZ and tubulin); thus filaments 
consisting of paired protofilaments are also twisted and look superficially like the 
structure of F-actin (Aylett et al. 2010). A pair of double filaments or twisted bundle 
of four single protofilaments seem to be needed for TubZ/TubR/tubC plasmid parti-
tioning (Montabana and Agard 2014), whereby shrinking TubZ filament ends may 
pull replicated plasmids into each daughter cell (cf. eukaryotic anaphase A). TubR 
is a protein that, like ParR, forms a short curved polymer and binds to a centromere-
like region of the DNA (tubC) (Ni et al. 2010; Aylett and Löwe 2012). The C-termini 
of TubZ subunits interact with the TubR complex; this usually happens only at one 
end of a filament (Fink and Löwe 2015), since the C-termini of TubZ subunits in a 
filament attach to the surface of the next subunit (Aylett et al. 2010; Montabana and 
Agard 2014).

A variety of bacteriophages have also been found to encode tubulin/TubZ-like 
proteins, sometimes known as PhuZ (Kraemer et al. 2012; Oliva et al. 2012; Aylett 
et  al. 2013). Rather than separating duplicated DNA, assembling filaments are 
believed to be essential for centring all of the replicated bacteriophage virions 
together within the bacterial host (Erb et al. 2014). The lateral interactions between 
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different protofilaments are also unlike any seen in other members of the tubulin 
family (Zehr et al. 2014)

�Segregation of Chromosomal DNA or Plasmids by WACAs

A large class of proteins known as WACAs (Walker A Cytoskeletal ATPases, having 
sequences that are placed in the ‘P loop’ superfamily but have a deviant Walker A 
motif (Koonin 1993), which promotes the formation of “sandwich” dimers (e.g. Soj, 
Leonard et al. 2005). They may therefore assemble to form bipolar filaments like 
eukaryotic septins, to which Soj monomers show some structural similarity (Löwe 
and Amos 2009). However, there is currently no structural information regarding 
the possible form of assembly of Soj and similar proteins. Like actin and tubulin, 
WACAs use nucleotide-dependent polymerisation to carry out complex tasks. Their 
roles, often performed on a specific substrate such as DNA or membrane, include 
chromosome segregation (Soj), plasmid segregation ‘type I’ (ParA, Motallebi-
Veshareh et  al. 1990; Szardenings et  al. 2011) or controlling the position of the 
Z-ring (MinD). Many have a partner protein that is needed in activating the ATPase 
cycle. Plasmid ParAs bind nonspecifically to nucleoid DNA in a nucleotide-
dependent reversible way. The activating partner protein, ParB, with cargo attached 
(via the centromere site parS on the plasmid) stimulates the ATPase cycle. ParA2 
has been shown to form filaments in vitro (Hui et al. 2010) but other ParAs may 
form filaments only when interacting with the nucleoid. Replicated plasmids might 
then be segregated by being transported over the nucleoid surface by filament depo-
lymerisation (Hu et  al. 2015). Alternatively, ParA dimers may bind all over the 
surface and dynamic relocation of each plasmid might be explained by a ‘burnt 
bridge’ molecular ratchet mechanism (Ietswaart et  al. 2014; Ptacin et  al. 2010; 
Vecchiarelli et al. 2014): interaction of the ParB/parS complex with a ParA dimer 
bound to the nucleoid would release the ParA monomers and the ParB/parS com-
plex would then be free to bind to a neighbouring ParA dimer. Even a random walk 
would tend to separate plasmid copies.

ParB binds tightly only to parS on the plasmid but other ParB dimers may associ-
ate with the complex and bind weakly to adjacent stretches of DNA (Baek et al. 
2014; Chen et al. 2015). Spreading of the complex in 2 or 3 dimensions is thought 
to help the DNA to condense into a compact form, with SMC (structural mainte-
nance of chromosomes) proteins being recruited once folding has begun (Graham 
et al. 2014; Wang and Rudner 2014).
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�Cell Shape Determination

Bacteria mostly have simple shapes, spheres, rods, plates, helices and crescents; 
non-spherical cells depend on filaments associated with the membrane to maintain 
their shapes. Motile cells have elongated shapes, usually with one or more flagella 
attached to one pole. Curved or helical shapes seem to be particularly good, both for 
swimming in liquid and for gliding over surfaces. Some bacteria can even change 
shape, moving by contractility (Trachtenberg et al. 2014; Ku et al. 2014).

�Actin-Like MreB in Rod-Shaped Cells

The longitudinal protofilament contacts between MreB subunits (see Fig. 1.1b and 
Chap. 8) are almost identical to those of polymerised actin but pairs of protofila-
ments are antiparallel, rather than parallel, and straight, rather than twisting around 
each other. MreB is found in all walled bacteria with elongated shapes and its fila-
ments lie close to the cell membrane, in a similar manner to that of actin in the 
eukaryotic submembrane “cortex” Unlike F-actin, MreB filaments seem to assem-
ble naturally into bends or helices (see images in van den Ent et al. 2001) and may 
assemble preferentially on to curved membrane. Association of MreB with cell 
membrane can be via accessory proteins such as RodZ (van den Ent et al. 2010; 
Morgenstein et al. 2015) but can also be direct (van den Ent et al. 2014; Chap. 8).

Consistent with behaviour found in vitro, MreB was first visualised in cells as 
long continuous helical filaments stretching along the cell (Jones et al. 2001) but 
this view was challenged when new imaging experiments suggested MreB formed 
only small patches or short filaments (reviewed in Reimold et al. 2013; Chap. 8) and 
it was claimed that long helical filaments are artefacts (Swulius and Jensen 2012). 
However, the extended filament model has been quite robustly defended (Errington 
2015 and Chap. 3; Nan et al. 2014). Certainly, it is unclear why a protein with such 
versatile cytomotive activity in vitro would have evolved simply to serve as a scaf-
fold for cell wall extension driven by the elongasome in rod-shaped bacteria. FtsZ 
filaments provide all the direction needed for wall growth in round bacteria. It seems 
possible that, even if individual MreB filaments are normally short and unstable 
in  vivo, they may overlap intermittently to form short-lived continuous bands. 
Continuous MreB structures seem to be more stable in vivo in the gliding bacteria 
(Myxococcus: Mauriello et al. 2010). MreB homologues are also found, unexpect-
edly, in Spiroplasma and Haloplasma, which are wall-less and contractile (Ku et al. 
2014).

Whether or not MreB filaments actively shape cell membranes of rod-shaped 
cells, they appear to organise their elongasome complexes that are responsible for 
cell wall synthesis and cell growth, with insertion of new peptidoglycan into the cell 
wall in a helical pattern (Kawai et al. 2009). Normally, this process seems to cause 
patches of MreB to rotate dynamically around the cell circumference (van Teeffelen 
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et al. 2011). However, Morgenstein et al. (2015) found some mreB mutants that sup-
pressed the shape defect resulting from deletion of RodZ, but without restoring 
rotation. The uncoupling of rotation and growth showed that MreB rotation is not 
essential for building a rod-shaped wall; but much more research is needed to under-
stand the details of this complex process.

Chlamydia cocci have MreB, which is absent from other round cells, but they 
lack FtsZ; Ouellette et al. (2012) found that these species require MreB for cell divi-
sion, as well as FtsI/Pbp3 (a component of all divisomes, see Weiss et al. 1999) and 
Pbp2 (part of both the elongasome, the PG synthesis machinery required for elonga-
tion in rod-shaped bacteria, and of the divisome machinery that builds the cell walls 
between daughter-cells, see Szwedziak and Löwe 2013). Whether MreB filaments 
are actively involved in constricting the membrane between Chlamydia daughter 
celłs, as well as positioning the PG-synthesis machinery, is currently unclear.

�Filamentous Proteins That Promote Curvature

A variety of filamentous proteins are directly or indirectly involved in curvature 
control (Bohuszewicz et  al. 2016). A prominent type with long coiled-coil seg-
ments, similar to those in metazoan intermediate (IF) filaments (Chernyatina et al. 
2015), tektins present in eukaryotic cilia and flagellar microtubules (Amos 2008; 
Linck et al. 2014) and the lamins found in all eukaryotic nuclei, has been identified 
in many different bacteria (Bagchi et al. 2008). As suggested in Chap. 6, the defini-
tion of the IF-like family needs to be relaxed a little to allow the inclusion of bacte-
rial proteins with bona fide IF functions, while still excluding most of the large 
number of other proteins that can form coiled-coil assemblies. The series of pre-
dicted coiled coil domains in crescentin (Cabeen et al. 2011) does resemble that of 
eukaryotic nuclear lamins and IF proteins such as vimentin (Chernyatina et  al. 
2012) but no crescentin atomic structure is currently available to confirm the 
similarity.

Most of the bacterial IF-like filaments, like lamin filaments, seem to associate 
closely with membrane, carrying out supporting and shaping roles. Some, like PopZ 
(Chaps. 6, 7 and 9; Ptacin et al. 2014) are found only at cell poles. However, cres-
centin filaments in Caulobacter crescentus (Chap. 4) and AglZ in Myxococcus xan-
thus (Yang et al. 2004; Mauriello et al. 2010), extend along the whole cell length. 
Filaments of crescentin produce the typical crescent-shape of Caulobacter crescen-
tus by forming a membrane-stiffening band of polymers on one side of the cell, 
where it interacts with MreB on the membrane (Dye et al. 2011).

Bactofilins are bacteria-specific proteins that are quite widespread in both Gram-
positive and Gram-negative bacteria (Kühn et al. 2010) but have no exact eukaryotic 
counterpart apart from, possibly, the amyloid-like proteins that support certain 
organelles such as gas vesicles. The bactofilins of C. crescentus form filamentous 
structures involved in the regulation of murrein synthesis and are normally restricted 
to the more curved regions of the cell membrane, at the poles. When overexpressed, 
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however, or expressed in a heterologous cell system, bactofilins can form long 
filamentous structures. They also form multimers as purified proteins but cannot be 
studied by x-ray crystallography or solution nuclear magnetic resonance (NMR) 
because of their propensity to spontaneously polymerise. However, the atomic 
structure of C. crescentus BacA has recently been calculated to 1.0 Å precision from 
solid-state NMR data, leading to a model in which the core domain forms a right-
handed β helix made up of 3 β-sheets, with a triangular hydrophobic core (Shi et al. 
2015). Head-to-tail assembly of these domains yields 3 nm diameter filaments and, 
at physiological salt concentrations, the filaments associate as ribbons or two-
dimensional sheets.

Myxococcus xanthus, a predatory soil bacterium (Nan and Zusman, 2011), pos-
sesses four bactofilins of which one, BacM, is known to play an important role in 
cell shape maintenance (Zuckerman et al. 2015). Electron and fluorescence light 
microscopy, as well as studies of purified BacM, indicated that this protein polymer-
ises in vivo and in vitro into ~3 nm wide filaments that further associate into fibers 
of about 10 nm. Zuckerman et al reported that BacM forms an extended left-handed 
β-helix and further hypothesised that β-sheet domains polymerise head-to-tail into 
3  nm filaments via hydrophobic patches. Surprisingly, protein folding and poly-
merisation occurred even in the presence of chaotropic agents such as one molar 
urea.

Bactofilins BacE and BacF are essential for motility in B. subtilis cells, where 
they have been seen as complexes of defined size that show a dynamic localisation 
pattern (El Andari et al. 2015). They play a role in flagellar assembly, being required 
for the formation of flagellar hook and filament structures (Shimogonya et al. 2015) 
but not of basal bodies. Functional YFP fusions to BacE and to BacF were seen to 
localise on the cell membrane as discrete assemblies with a diameter of 60–70 nm. 
BacF assemblies were relatively static, partially colocalising with basal bodies, 
while BacE assemblies were fewer per cell and highly mobile. Tracking of BacE 
foci showed the assemblies arresting at single points for a few hundred millisec-
onds, so their interaction with flagellar structures must be transient.

The DivIVA peripheral membrane protein, found in Gram positive bacteria, is 
similar to the bar-domain proteins of eukaryotes (Mim and Unger 2012) and also 
locates to curved regions of membrane (Ramamurthy and Losick 2009; Oliva et al. 
2010). DivIVA plays a role in locating MinCD to polar regions as well as promoting 
membrane curvature (Bach et al. 2014). Flotillins are widespread membrane pro-
teins that have been shown to form rafts in the membrane of B. subtilis and influence 
its curvature (Bramkamp and Lopez 2015).

Many other filaments have been noticed in the cytoplasms of individual species 
(Barry and Gitai 2011; Lin and Thanbichler 2013) and their functions are usually 
unknown. However, the presence of the enzyme CTP-synthase (CtpS), which forms 
filaments in eukaryotes as well as bacteria (Ingerson-Mahar and Gitai 2012), affects 
the curvature of C. crescentus (Chap. 4). There are, of course, several types of extra-
cellular filaments, flagella and pili used in bacterial and archaeal motility (Islam and 
Mignot 2015; Wilde and Mullineaux 2015; Shrivastava et al. 2015).
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�Organisation of Intracellular Membrane Compartments

Although there are few membranous organelles in bacteria, large intracellular com-
partments may exist as invaginations of the cell membrane, especially in more spe-
cialised bacteria, such as the Magnetotactic bacteria or Cyanobacteria (‘blue-green 
algae’) (see Bohuszewicz et  al. 2016). Magnetotactic bacteria, such as 
Magnetospirillum, have bag-like cell-membrane invaginations called magneto-
somes that contain iron oxide or iron sulphide crystals. MamK, a specialised actin-
like protein, forms straight double filaments that organise a linear arrangement of 
magnetosomes to act as a magnetic field sensor (Draper et al. 2011; Ozyamak et al. 
2013; Chap. 8). Cyanobacteria have their photosynthetic machinery embedded in 
extensive inward folds of the cell membrane (Nierzwicki-Bauer et  al. 1983) and 
some contain gas vacuoles to provide buoyancy; there is evidence that filaments are 
involved in organising such membranes (Walsby 1994). In some phyla, the invagi-
nations may be pinched off completely by some unknown mechanism. In fast-
growing species, invaginations may be small and transient and thus currently 
undetected. The roles of bacterial dynamin-like proteins (BDLPs, see Bramkamp 
2012; Low and Löwe 2010) are still unclear but it seems likely that they include the 
creation and maintenance of some such membrane compartments; in vitro, BDLPs 
form polymers on lipid tubes like their eukaryotic counterparts (Low et al. 2009; 
Michie et al. 2014).

�Evolutionary Relationships

Studies of prokaryotic cytomotive filaments are providing a rich source of informa-
tion about cell evolution (Wickstead and Gull 2011; Yutin and Koonin 2012; Baum 
and Baum 2014; Spang et al. 2015). Actin-family proteins in some archaea are very 
closely-related to eukaryotic actin (see Chap. 13). As mentioned above, many types 
of archaea divide their cells using filaments of FtsZ proteins that are virtually indis-
tinguishable from those in bacteria, although archaea commonly have two genes 
coding for FtsZs, as compared with a single gene in a bacterial genome; it is not yet 
known why. Some archaeal groups also have, in addition, one or more genes coding 
for CetZs, proteins that appear to be intermediate in sequence and structure between 
FtsZ and tubulin (Aylett et al. 2011; Duggin et al. 2015, see Chap. 14). They assem-
ble into protofilaments in vitro but appear to have in vivo roles not required for 
cytokinesis. Bacteria contain structurally-similar proteins, but only in association 
with plasmids (see Chap. 11) and these were presumably acquired through 
HGT. Thus, evidence from the tubulin-family proteins is consistent with archaea 
having evolved from a fully-functional bacterium-like ancestor and the original 
eukaryote host cell having been an archaeon. The few Verrucomicrobia species that 
have tubulin-like BtubA/B microtubules are thought to have gained the sequences 
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via HGT (Schlieper et al. 2005; Pilhofer et al. 2007; Koonin 2015), possibly from 
an extinct primitive eukaryote (Martin-Galiano et al. 2011).

Archaea that use ESCRT proteins for cytokinesis (Chap. 12) are likely to be 
descended from an ancestor that lost its unnecessary FtsZ after developing ESCRTs. 
Eukaryotic cells may share an ancestor with these archaea or may have acquired 
ESCRT proteins horizontally at some early stage in their evolution. Further evi-
dence for evolution having progressed from a bacterium-like ancestor to an 
archaeon-like stage, then to a eukaryotic cell, is provided by the atomic structures 
and filament assemblies of actin-family proteins.,As detailed in Chap. 13, archaeal 
species express actin-family proteins called crenactin that closely resemble eukary-
otic actin (Lindås et al. 2014; Izoré et al. 2014; Braun et al. 2015). In bacteria, plas-
mid proteins, such as ParM (Chap. 10), which resembles an actin-family protein of 
an archaeon (Thermoplasma, Roeben et al. 2006) much more than genomic bacte-
rial MreB, would have arrived via HGT. MreB itself appears to have been derived 
originally from a family of non-filamentous enzymatic proteins (Kabsch and 
Holmes 1995) and resembles the heat-shock protein HSP-70 even more than eukary-
otic actin does. MreB is much less widespread in bacteria than FtsZ. It may either 
have appeared later than FtsZ or have been lost by cells that did not need MreB after 
gaining FtsZ; its use by Chlamydia in cytokinetic constriction, in place of FtsZ, may 
be a secondary development. Nevertheless, both families of very active cytomotive 
filamentous proteins have been highly preserved in the vertical heritage from early 
bacteria to complex eukaryotes. In other words, descendents of the cells in which 
these versatile proteins evolved have completely taken over the Earth.
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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 • Z ring • FtsA • ZipA • Zap proteins • Cytokinetic machin-
ery • Divisome • Polymerization driven avidity • Min system • Oscillatíon • 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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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.

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
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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, ftsI 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 ftsI, 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 μM (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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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 SlmA (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 

A

B

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
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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 KD in the 30–50 μM 
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 SlmA) 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 SlmA 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 SlmA 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 SlmA 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 that is ~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 SlmA]), 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 SlmA, 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– SlmA–) 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).

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 (ΔzapB) and none with loss of NO 
(ΔslmA). The phenotype due to deleting two or more of the systems depends upon growth rate. At 
fast growth rates loss of Min and SlmA 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 (Δmin 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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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. 2.4c). 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).

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. (c) An FtsZ filament tethered to the membrane is attacked by 
MinCD and SlmA 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  E. coli Cell Cycle Machinery



40

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 Elf 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 (MinCN) that interacts 
directly with the globular domain of FtsZ and antagonizes polymerization in vitro 
and a C- terminal domain (MinCC) 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 MinCC/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.

MinCC/MinD 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 SlmA

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 SlmA 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, SlmA weakly antagonizes FtsZ assembly, but this activ-
ity is dramatically enhanced upon binding to DNA containing a SlmA binding site 
(SBS) (Cho et al. 2011; Cho and Bernhardt 2013). The structure of free SlmA and 
SlmA bound to an SBS revealed that SlmA 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 SlmA function and the recent structure of 
DNA/SlmA/CCTP peptide complex confirms these residues are involved in binding 
to the CCTP of FtsZ (Schumacher and Zeng 2016). SlmA 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 SlmA dimers per SBS bind-
ing site on the chromosome (Li et al. 2014).

The ability of SlmA bound to an SBS to depolymerize FtsZ requires the CCTP 
(Du and Lutkenhaus 2014). Furthermore, the interaction of SlmA 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 SlmA dimers. Thus, 
SlmA bound to an SBS preferentially binds to polymers of FtsZ. Once SlmA 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 SlmA (Du and Lutkenhaus 2014). This suggests that SlmA 
bound to an FtsZ filament through interaction with the CCTP makes an additional 
contact to stimulate GTP hydrolysis (Fig. 2.4c). Thus, SlmA, like MinC/MinD, uses 
a two-pronged mechanism to attack FtsZ filaments (Du and Lutkenhaus 2014).

During the cell cycle SlmA 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 SlmA 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 SlmA does not affect cell morphol-
ogy, due to the dominance of the Min system, however, when both Min and SlmA 
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 
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such cells, and results in Z rings at midcell and also at the poles. Cells lacking Min 
and SlmA 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 SlmA, 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 SlmA 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 SlmA 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 ∆min ∆slmA 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 SlmA 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 SlmA 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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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 

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

2  E. coli Cell Cycle Machinery



46

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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MurJ (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 lb), long thought to be the primary synthesis is 
unclear, but might be needed to remade and strengthen PG made by FBW and FBI.

�FtsI

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 FtsI 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).

2  E. coli Cell Cycle Machinery



48

�Septal PG Machine

Estimates of protein copy numbers indicate there are ~150 molecules per cell of 
FtsQ, FtsL, FtsB, FtsW, FtsI, 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 1c (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 FtsI, 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 ftsA 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 ftsA 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 ftsL, 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 
FtsI), 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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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 FtsI. Possibly, FtsN is in a complex with other proteins 
(it is known to interact with PBP1b and FtsI) 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, 

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
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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 
ftsW 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 (TolQARB 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 SlmA) 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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Chapter 3
Cell Cycle Machinery in Bacillus subtilis

Jeff Errington and Ling Juan Wu

Abstract  Bacillus subtilis is the best described member of the Gram positive bac-
teria. It is a typical rod shaped bacterium and grows by elongation in its long axis, 
before dividing at mid cell to generate two similar daughter cells. B. subtilis is a 
particularly interesting model for cell cycle studies because it also carries out a 
modified, asymmetrical division during endospore formation, which can be simply 
induced by starvation. Cell growth occurs strictly by elongation of the rod, which 
maintains a constant diameter at all growth rates. This process involves expansion 
of the cell wall, requiring intercalation of new peptidoglycan and teichoic acid 
material, as well as controlled hydrolysis of existing wall material. Actin-like MreB 
proteins are the key spatial regulators that orchestrate the plethora of enzymes 
needed for cell elongation, many of which are thought to assemble into functional 
complexes called elongasomes. Cell division requires a switch in the orientation of 
cell wall synthesis and is organised by a tubulin-like protein FtsZ. FtsZ forms a  
ring-like structure at the site of impending division, which is specified by a range of 
mainly negative regulators. There it recruits a set of dedicated division proteins to 
form a structure called the divisome, which brings about the process of division. 
During sporulation, both the positioning and fine structure of the division septum 
are altered, and again, several dedicated proteins that contribute specifically to this 
process have been identified. This chapter summarises our current understanding of 
elongation and division in B. subtilis, with particular emphasis on the cytoskeletal 
proteins MreB and FtsZ, and highlights where the major gaps in our understanding 
remain.
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�Introduction to B. subtilis

Bacillus subtilis is an aerobic, Gram positive, endospore forming bacterium of the 
phylum Firmicutes. It is by far the best characterised Gram positive organism and 
basic knowledge about B. subtilis is frequently used to guide and inform thinking 
about other Gram positive organisms. Historically, interest in B. subtilis was based 
largely on three features of its biology: early success in achieving natural transfor-
mation with linear DNA, which greatly facilitated genetic analysis of the organism 
(Anagnostopoulos and Spizizen 1961); its ability to form endospores, which was 
used as a simple model for cellular development and differentiation (Errington 
1993, 2003; Tan and ramamurthi 2014); and industrial interest in its prodigious abil-
ity to secrete certain valuable hydrolytic enzymes (e.g. proteases and amylases) 
directly into the growth medium (Pohl and Harwood 2010).

The biggest driver for study of B. subtilis, at least in the 1960s to 1990s, was 
probably interest in endospore (spore) formation (Fig. 3.1). Sporulation of B. subti-
lis is triggered essentially by nutrient stress. The process begins with a modified, 
highly asymmetric cell division. This generates a small prespore (sometimes called 
forespore) cell, destined to become the mature endospore, and a much larger mother 
cell. The mother cell engulfs the prespore, forming a cell within a cell. The two cells 
then cooperate in a complex developmental process in which the prespore becomes 
highly differentiated and covered in protective layers. Eventually, the mother cell 
lyses to release the now dormant endospore. Endospores are incredibly resistant and 
can remain dormant for extremely long periods of time, before germinating in 
response to specific chemical signal molecules (germinants). The process of sporu-
lation in B. subtilis is now understood in great detail (Errington 1993, 2003; Tan and 
Ramamurthi 2014).

Research on spore formation contributed considerably to the development of 
methods for studying the sub-cellular distribution of proteins and other important 
macromolecules in bacteria, laying the foundations for modern bacterial cell biol-
ogy (Shapiro and Losick 2000; Errington 2003). These imaging methods, together 
with the exceptionally powerful molecular genetics of B. subtilis, stimulated a new 
era of studies on the cell cycle and cell morphogenesis. FtsZ, a tubulin homologue 
that is the key player in bacterial cell division, and MreB, an actin homologue that 
governs cell shape in many rod shaped bacteria, will be the main topics for discus-
sion in this chapter. As the main focus of the chapter lies on B. subtilis, reference to 
work on other bacteria will be limited to situations where the contrast or additional 
information is helpful. For more detail on the E. coli system and on FtsZ and MreB 
proteins generally, the reader is directed to Chaps. 2, 5, 7 and 8.
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�MreB and the Cell Elongation Machinery

�Organization of the B. subtilis Cell Wall

Peptidoglycan (PG) is the major component of virtually all bacteria (Typas et al. 
2012). It comprises a single huge macromolecule that covers the entire surface of 
the cell. Lying just outside the cytoplasmic membrane it acts as a protective layer 
but it also constrains the membrane against the outward turgor pressure imposed by 
the high osmolarity of the cytoplasm. PG is of considerable practical significance as 
its synthesis is the target for many useful antibiotics, and fragments of the wall are 
recognised by innate immune receptors during infection. The PG contributes to the 
shape of the cell but has no intrinsic 3D shape, so it must be sculpted by synthetic 
enzymes into the correct form.

PG is composed of long glycan strands with alternating N-acetylglucosamine 
and N-acetylmuramic acid sugars, cross linked by peptide bridges made up of a 
mixture of L- and D-amino acids (De Pedro and Cava 2015). The precursor for PG 
synthesis, called lipid II, is a disaccharide pentapeptide coupled to a C55 isoprenoid 
lipid (bactoprenol) and is synthesised in the cytosol by a well characterised series of 
enzymes. Lipid II is flipped to the exterior and assembled into the existing cell wall 
sacculus by a multiplicity of synthetic enzymes called penicillin-binding proteins 
(PBPs), which possess the glycosyltransferase and transpeptidase activities needed 
to extend the glycan strands and create peptide cross bridges (Lovering et al. 2012; 
Scheffers and Tol 2015). Recently the RodA protein was identified as a possible 
monofunctional glycosyltransferase (Meeske et al. 2016 and Emami et al. 2017). 
Extracellular autolytic enzymes are required to allow expansion of the wall by 
breaking bonds in pre-existing material. Their activities need to be tightly regulated 
to enable controlled expansion of the wall during growth, while avoiding potentially 
catastrophic turgor-driven lysis (Vollmer et al. 2008).

Gram positive bacteria lack the outer membrane characteristic of Gram nega-
tives. However, Gram positive walls typically contain a second major class of poly-
mers called teichoic acids (TAs) (Sewell and Brown 2014; Percy and Grundling 
2014). In many Gram positives there are two major forms: wall teichoic acids 
(WTA), which are covalently linked to the PG; and lipoteichoic acids (LTA), which 
are coupled to a lipid carrier. In B. subtilis WTA and LTA have the same general 
composition, of poly-[glycerol-phosphate]. TAs have been implicated in many 
functions. Metal homeostasis is probably a central role – scavenging divalent cat-
ions and maintaining surface charge.

B. subtilis cells have a characteristic morphology; in essence, an elongated regu-
lar cylindrical tube with hemispherical poles. Growth occurs by elongation along 
the long axis of the cell, and division occurs approximately each time a doubling in 
length occurs. The cells have a typical diameter of about 850 nm, irrespective of the 
growth rate. Changes in growth rate are accommodated by alterations in cell length, 
with faster growing cells (average up to about 5 μm) being longer than slower grow-
ing cells (average minimally about 2 μm) (Sharpe et al. 1998).

J. Errington and L.J. Wu
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Cell shape determination is a central problem in biology. In B. subtilis and many 
other rod-shaped bacteria, shape is thought to be determined and maintained by the 
action of “cytoskeletal” proteins of the MreB family (see below). These proteins are 
structurally and biochemically related to eukaryotic actins. Like actin proteins, they 
undergo reversible polymerization, which is regulated by binding and hydrolysis of 
ATP. However, recent work has highlighted certain intrinsic differences, most nota-
bly the tight direct association of MreB polymers with the cytoplasmic membrane 
(Salje et al. 2011). Mutations in the mreB genes of many bacteria abolish proper cell 
shape control. The possibility that they have a direct role in cell shape determination 
and or maintenance comes in part from the analogy with shape control by actin fila-
ments in eukaryotes but also from the view that the organization of a large scale 
(μm) structure requires long range topographical instructions, such as might be pro-
vided by elongated MreB filaments. Early experiments examining the localization 
of MreB proteins in B. subtilis provided strong support for this view through the 
observation of elongated helical filaments that appeared to wrap around the long 
axis of the cell (Jones et al. 2001). However, the significance of these elongated fila-
ments and even their existence have been the subject of much recent debate (see 
below).

�B. subtilis Has Three Actin Like MreB Homologues

The mreB gene was first defined by mutations altering cell shape in E. coli (Wachi 
et  al. 1987). Early genome sequence analyses revealed that B. subtilis has three 
mreB paralogous genes (Levin et al. 1992; Varley and Stewart 1992; Abhayawardhane 
and Stewart 1995). The gene designated mreB has an equivalent chromosomal loca-
tion to that of mreB genes of most other bacteria, in lying immediately upstream of 
homologues of mreC and mreD genes that are also involved in cell elongation. The 
other homologues – mbl (MreB like) and mreBH (MreB homologue) are located in 
distant parts of the chromosome. Early mutational studies of mreB and mbl were 
hampered by the presence of the important mreC and mreD genes downstream from 
mreB and the lethal nature of the mutations. The latter problem was simplified by 
the finding that for both paralogues, the viability of null mutants can be rescued by 
addition of high concentrations (e.g. 20 mM) of Mg2+ to the culture medium, for 
reasons that are not clear (Formstone and Errington 2005). To summarise the results 
of several papers, the three paralogues appear to have partially redundant functions, 
and overexpression of any one of the genes can enable growth and reasonably nor-
mal morphology of an otherwise triple null mutant. Single mutations tend to have 
subtly different effects on morphology: mreB mutants have an increased diameter 
but remain able to grow in a straight line; mbl mutants are highly twisted with some 
bulging and lysis; mreBH mutants have a narrow cell phenotype, especially under 
low Mg2+ conditions (Jones et al. 2001; Carballido-López et al. 2006; Kawai et al. 
2009a; Defeu Soufo and Graumann 2006).

3  Cell Cycle Machinery in Bacillus subtilis
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Interestingly, Schirner and Errington (2009) found that upregulation of an ECF 
sigma factor (σI) involved in cell envelope stress was sufficient to suppress the 
lethality that normally occurs in attempting to construct an mreB, mbl, mreBH triple 
mutant. The suppressed mutant grew well (though requiring high Mg2+) but with a 
spherical morphology. Thus, it seems that, as in many other organisms, MreB pro-
teins play a crucial role in rod-shape morphogenesis and cylindrical cell wall 
extension.

�Filaments, Foci and Movement

Early imaging experiments with all three B. subtilis MreB family proteins appeared 
to reveal extended helical filaments localized close to the cell periphery and thus 
presumably close to the inner surface of the cytoplasmic membrane (Jones et al. 
2001). All three MreB family proteins exhibited roughly similar patterns of local-
ization and seemed to co-localize, at least under some conditions (Carballido-López 
et  al. 2006; Defeu Soufo and Graumann 2006). The localization of various cell 
elongation proteins (Leaver and Errington 2005; Formstone et al. 2008) and the use 
of labelling methods designed to identify nascent cell wall synthesis (Daniel and 
Errington 2003; Tiyanont et al. 2006) also seemed compatible with a helical mode 
of wall synthesis. Some experiments suggested a degree of remodelling or active 
movement of the filaments during cell elongation (Carballido-López and Errington 
2003; Defeu Soufo and Graumann 2004). The filamentous helical view of MreB 
localization was exciting because, in principle, the filaments could act as a geomet-
ric guide for the synthetic machinery directly defining the morphology of rod-
shaped cells.

In 2011, however, three groups described experiments that revealed the circum-
ferential movement of relatively short filaments or foci (rather than long filaments) 
of MreB proteins in B. subtilis (Garner et al. 2011; Domínguez-Escobar et al. 2011) 
and E. coli (Van Teeffelen and Gitai 2011). Importantly, the circumferential move-
ment was dependent on active cell wall synthesis, suggesting that MreB follows 
rather than leads the synthetic process. The problem with the short filament or 
patchy view of MreB organization lies in the question of what its role is in cell elon-
gation. Domínguez-Escobar et al. (2011) proposed that MreB acts as a scaffold to 
help assemble the complex of proteins needed to coordinate the synthesis of PG, 
WTA and other wall associated elements. The complex was proposed to use existing 
glycan strands as a template for insertion of new material. However, this presum-
ably only works while the template strands have the correct geometry and could not 
account for the long term fidelity of shape maintenance and especially the restora-
tion of shape in cells with any shape abnormality.

Meanwhile, electron cryotomography failed to detect elongated filaments of 
native MreB in flash frozen intact E. coli cells (Swulius et al. 2011), and demon-
strated that the very prominent helical cytoplasmic filaments made by one particular 
E. coli MreB/GFP fusion protein were an artefact specific to that fusion protein 
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(Swulius and Jensen 2012). However, Salje et  al. (2011) potentially solved the 
conundrum of the missing filaments of native protein in the cryo-EM experiments 
through the discovery that MreB protein polymers have a high affinity for mem-
branes and in vivo this tight membrane association would likely hide the filaments 
from detection in the low contrast cryo-EM images. This also explained the problem 
with the E. coli GFP-MreB fusion protein mentioned above because the membrane 
targeting sequence of E. coli MreB is close to the N-terminus and thus probably 
occluded by the GFP fusion. Meanwhile, Dempwolff et al. (2011) obtained support-
ing evidence for membrane association of MreB and Mbl, though interestingly not 
MreBH, by expressing GFP fusions of the 3 proteins in eukaryotic cells.

The most recent in vivo imaging experiments on B. subtilis, using various super-
resolution methods may have resolved some of the confusion around MreB local-
ization, by demonstrating that the proteins (at least MreB and Mbl) are able to form 
relatively extended helical filaments, at least under some conditions, but that the 
whole filament systems undergo overall near circumferential movement, which is 
dependent on (and presumably driven by) PG synthesis (Reimold et  al. 2013; 
Olshausen et al. 2013). Olshausen et al. (2013) suggested that the elongated fila-
ments could serve to coordinate the synthetic activities of multiple wall synthetic 
complexes, providing a plausible mechanistic explanation for the function of long 
MreB filaments.

Two recent lines of work on the E. coli MreB system suggest that MreB may 
have more than one mode of action in cell shape regulation, which may clarify some 
of the conflicting data described previously. First, Ursell et al. (2014) and Billings 
et  al. (2014) found that MreB filaments or patches have affinity for regions of a 
particular (aberrant) curvature. Recruitment of the cell wall machinery to those sites 
could help to correct the curvature leading to the restoration of shape. Morgenstein 
et al. (2015) then discovered that in certain mutational backgrounds, MreB motion 
is not required for maintenance of a rod shape. The authors proposed that MreB can 
help specify cell shape by two distinct mechanisms: first, by a motion-independent 
mechanism that relies on recruitment of the synthetic machinery to sites of inap-
propriate curvature, effectively a “repair” mechanism; and second, by a motion-
dependent mechanism that helps distribute synthesis over a greater proportion of the 
surface and is used when cells are growing rapidly and presumably are relatively 
unperturbed.

The significance of movement and the possible roles of filaments in shape deter-
mination have been reviewed in detail recently (Errington 2015).

3  Cell Cycle Machinery in Bacillus subtilis



74

�A Complex Web of Interactions Between MreB Proteins and Cell 
Wall Effectors

The models discussed above mainly assume that MreB proteins work by controlling 
the spatial activity of the enzymes responsible for cell wall expansion. This view is 
supported by numerous reports describing interactions between MreB and various 
components of the cell wall machinery. The list of possible MreB interacting pro-
teins identified by various methods as candidate members of the B. subtilis elonga-
tion machine or “elongasome” are summarised in Table 3.1. Similar collections of 
interacting proteins have been identified for several other rod-shaped organisms, 
particularly E. coli and Caulobacter crescentus (reviewed by (Errington 2015). The 
methods used to identify these proteins include various indirect approaches, such as 
co-localization, localization dependence, and genetic epistasis, as well as more 
direct methods of bacterial or yeast 2-hybrid approaches and biochemical pull 
downs. Although some of the data are not entirely convincing, for example, the 
“helix-like” localization patterns, taken together, these methods point to the exis-
tence of large elongasome complexes containing multiple proteins involved in syn-
thesis of PG and WTA, as well as potentially extracellular factors, such as autolytic 
enzymes or their regulators. At the moment, little is known about the stoichiometry 
of these complexes or about whether they are stable or transient.

�The Future

Much remains to be learned about the detailed functions of the MreB family pro-
teins of B. subtilis. It is by no means clear why B. subtilis possesses three paralo-
gous genes. At one level, it reflects the general complexity of the cell wall synthetic 
machinery of the organism. Thus, it also carries multiple copies of many other syn-
thetic genes, including, for example: 4 class A (TPase and GTase) PBPs (Popham 
and Setlow 1996), 3 LTA synthases (Grundling and Schneewind 2007a, b; Schirner 
et al. 2009), 3 WTA transferases (Kawai et al. 2011), and at least 2 families of lipid 
II flippases (Meeske et al. 2015). The overlapping semi-redundant functions of the 
3 MreB proteins may reflect that they interact differentially with subsets of cell 
envelope proteins in order to adapt cell envelope properties to changing environ-
mental conditions. Perhaps “chemical warfare” between organisms in complex and 
highly competitive environments such as soil, drives adaptability in cell envelope 
synthesis and organization. Although some aspects of the differential activities of 
the 3 MreB proteins are beginning to be worked out (Carballido-López et al. 2006; 
Domínguez-Cuevas et al. 2013), much more probably remains to be elucidated.

An important related question concerns how the many interactions between 
MreB proteins and the various other components of the cell envelop synthetic 
machinery (PG synthases, PBPs, autolysins, WTA synthases, etc) are mediated, 

J. Errington and L.J. Wu



75

Table 3.1  Possible MreB interacting poteins identified as candidate components of the elongasome

Proteina

MW 
(kDa) Localizationb Comment References

MreC 32 I/E Cell shape function. Encoded by 
gene immediately downstream 
from mreB

Leaver and Errington 
(2005), Kawai et al. 
(2009b), Garner et al. 
(2011) and 
Domínguez-Escobar 
et al. (2011)

MreD 19 I Cell shape function. Encoded by 
gene immediately downstream 
from mreBC

Leaver and Errington 
(2005), Garner et al. 
(2011), Domínguez-
Escobar et al. (2011) 
and Muchova et al. 
(2013)

RodZ 23 I/C Required for normal cell shape Domínguez-Escobar 
et al. (2011) and 
Muchova et al. 
(2013)

CwlO 50 E Autolytic enzyme, regulated by 
FtsEX

Domínguez-Cuevas 
et al. (2013)

LytE 37 E Autolytic enzyme. Export regulated 
by MreBH?

Carballido-López 
et al. (2006)

FtsE 25 C ABC-transporter (ATP-binding 
protein). With FtsX regulates 
CwlO. Controlled specifically by 
Mbl?

Domínguez-Cuevas 
et al. (2013)

FtsX 32 I ABC-transporter (membrane 
protein). With FtsE regulates 
CwlO. Controlled specifically by 
Mbl?

Domínguez-Cuevas 
et al. (2013)

PBP 1 99 E Major bifunctional PBP. Important 
for both cell elongation and 
division

Van Den Ent et al. 
(2006) and Kawai 
et al. (2009a, b)

PBP 2A 79 E Major TPase with specific role in 
elongation. Partially redundant to 
PBP H

Van Den Ent et al. 
(2006), Kawai et al. 
(2009a, b), Garner 
et al. (2011) and 
Domínguez-Escobar 
et al. (2011)

PBP 2B 79 E Major TPase with specific role in 
division

Van Den Ent et al. 
(2006) and Kawai 
et al. (2009b)

PBP 2C 79 E Bifunctional PBP with unknown 
function

Van Den Ent et al. 
(2006) and Kawai 
et al. (2009b)

PBP 2D 71 E Transpeptidase with unknown 
function

Van Den Ent et al. 
(2006) and Kawai 
et al. (2009b)

(continued)
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Table 3.1  (continued)

Proteina

MW 
(kDa) Localizationb Comment References

PBP 3 74 E Accessory TPase that can rescue 
cell division in the absence of PBP 
2B activity

Kawai et al. (2009b)

PBP 4 70 E Bifunctional PBP with unknown 
function

Kawai et al. (2009a, b)

PBP H 76 E Major TPase with specific role in 
elongation. Partially redundant to 
PBP 2A

Van Den Ent et al. 
(2006), Kawai et al. 
(2009b), Domínguez-
Escobar et al. (2011)

PBP I 65 E TPase of unknown function. Van Den Ent et al. 
(2006) and Kawai 
et al. (2009b)

RodA 43 I PG synthesis. Possible 
monofunctional GTase

Domínguez-Escobar 
et al. (2011), Meeske 
et al. (2016), Emami  
et al. (2017)

DapI 41 C N-acetyl-diaminopimelate 
deacetylase. PG synthesis

Rueff et al. (2014)

TagA 29 C Teichoic acid synthesis. UDP-N-
acetyl-D-mannosamine transferase

Formstone et al. 
(2008)

TagB 44 C Teichoic acid synthesis. Putative 
CDP-glycerol:glycerol phosphate 
glycerophosphotransferase

Formstone et al. 
(2008)

TagF 87 C Teichoic acid synthesis. CDP-
glycerol:polyglycerol phosphate 
glycero-phosphotransferase

Formstone et al. 
(2008)

TagG 32 I ABC transporter for teichoic acid 
translocation (permease)

Formstone et al. 
(2008)

TagH 59 C ABC transporter for teichoic acid 
translocation (ATP-binding protein)

Formstone et al. 
(2008)

TagO 39 C Teichoic acid synthesis. 
Undecaprenyl-phosphate-GlcNAc-
1-phosphate transferase

Formstone et al. 
(2008)

TagT 35 E Transfer of anionic cell wall 
polymers from lipid-linked 
precursors to peptidoglycan

Kawai et al. (2011)

TagU 34 E Transfer of anionic cell wall 
polymers from lipid-linked 
precursors to peptidoglycan

Kawai et al. (2011)

YvcK 34 C Required for normal localization of 
PBP 1

Foulquier et al. 
(2011)

GpsB 11 C Regulation of PBP 1 localization, 
especially its switch between 
elongation and division sites.

Claessen et al. (2008)

EF-Tu 43 C Translation elongation factor Defeu Soufo et al. 
(2015)

aIn addition to the above, Kawai et al. (2011) identified many additional MreB-associated proteins 
by pull-down mass spectrometry
bI integral membrane, E extracellular, C cytoplasmic
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particularly whether they are static or dynamic and the extent to which they are 
hierarchical and mutually permissive or exclusive.

A final major question concerns the localization and dynamic properties of the 
proteins. What conditions determine the length of the MreB filaments and how do 
length and movement relate to the various problems associated with cell shape 
determination, maintenance and repair?

There is a sense that the array of analytical methods we now possess, enabling us 
to localise proteins with increasing temporal and spatial resolution and to define the 
components of protein complexes and their stoichiometry, should allow details of 
the machinery and mechanisms to be resolved. Complexity may be the biggest bar-
rier to progress.

�FtsZ and the Cell Division Machinery

Most bacteria with a PG wall divide by directing the ingrowth of a sheet of wall 
material that eventually forms the new hemispherical poles of the daughter cells. In 
almost all bacteria, the key cytoskeletal protein involved in defining the site of divi-
sion and then orchestrating the process is called FtsZ, which is structurally and 
biochemically homologous to tubulin (Löwe and Amos 1998). In bacteria where the 
process has been studied in detail, FtsZ appears to form a circumferential ring that 
defines the site of cell division (Bi and Lutkenhaus 1991). It also serves to recruit, 
directly or indirectly, multiple protein components of a division machine, some-
times called the “divisome” (Adams and Errington 2009; Egan and Vollmer 2013). 
Several divisome associated proteins might also be considered as cytoskeletal pro-
teins (e.g. FtsA, DivIVA, MinD; see below), depending on the definition. B. subtilis 
is an interesting model for the study of bacterial cell division because it has two 
contrasting modes of division: a “conventional mode”, carried out by vegetatively 
growing cells; and a modified, highly asymmetric division undertaken by sporulat-
ing cells.

�Biochemical Properties of FtsZ

The presence of a tubulin GTP-binding signature motif in FtsZ (GGGTGTG) was 
first reported in the early 1990s (Raychaudhuri and Park 1992; De Boer et al. 1992; 
Mukherjee and Lutkenhaus 1994). Crystallographic studies confirmed the near con-
gruence of the structures of FtsZ and tubulin proteins (Löwe and Amos 1998). Not 
surprisingly, the proteins also have similar biochemical properties. Like tubulin, 
FtsZ assembles in vitro in a head to tail fashion to form single stranded protofila-
ments, which can further assemble into bundles, sheets or rings. The protofilaments 
are also highly dynamic and go through cycles of turnover/polymerization, 
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regulated by the binding and hydrolysis of GTP. See Chapter 5 for a detailed descrip-
tion of FtsZ polymerization dynamics.

�FtsZ Visualization During Growth and Sporulation of B. subtilis

The ability of FtsZ to form tubulin-like protofilaments and protofilament bundles 
raised important questions about the abundance, assembly and dynamics of the pro-
tein in  vivo. Estimations of protein abundance have suggested about 2000–6000 
molecules per cell in B. subtilis (Feucht et al. 2001; Ishikawa et al. 2006; Muntel 
et al. 2014), giving a protein concentration of about 2–6 μM, well above the in vitro 
critical concentration for assembly (e.g. 0.72 μM for E. coli FtsZ; Chen et al. 2012). 
Also, given a protofilament subunit repeat length of 4.3 nm (Oliva et al. 2004), there 
is enough FtsZ to circumnavigate the cell about 3–10 times.

Several labs have investigated the localization of FtsZ in B. subtilis. Wang and 
Lutkenhaus (1993) used immunogold electron microscopy to demonstrate associa-
tion of FtsZ with the leading edge of the invaginating cell division structure. The 
immunofluorescence studies of (Levin and Losick 1996) confirmed the presence of 
FtsZ bands (presumed to be rings) at the expected position near mid cell in vegeta-
tive cells but also unexpectedly, near both poles of early sporulating cells. This turns 
out to be a key feature of the mechanism used by B. subtilis to achieve asymmetric 
cell division during sporulation, which will be discussed in detail below. Several 
reports have highlighted the possible role of helical FtsZ structures as intermediates 
in assembly or constriction at cell division sites (Ben-Yehuda and Losick 2002; 
Feucht and Errington 2005; Peters et al. 2007; Strauss et al. 2012). Helical FtsZ 
structures are most prominent during the transition from vegetative growth to sporu-
lation in B. subtilis, during which the site of division shifts from mid cell to near the 
pole. The mid cell Z ring appears to transform into a helix which grows length-wise, 
before breaking down into two short helices, one near each pole. Each helix then 
coalesces into a ring (Ben-Yehuda and Losick 2002). Therefore, each sporulating 
cell assembles two Z rings, one at each pole, but only one develops into a septum 
(see below). Several mutations in ftsZ have been described that promote a tendency 
to form spiral Z rings and similarly shaped division events (Feucht and Errington 
2005; Michie et al. 2006), suggesting that the helical configuration has functional 
relevance. Peters et  al. (2007) also described helical configurations in vegetative 
cells, based on modified immunofluorescence imaging methods. On the other hand, 
several higher resolution imaging methods, including super-resolution fluorescence 
imaging and cryo-EM of B. subtilis and other organisms have suggested that FtsZ 
rings may be more complex, and beaded or discontinuous (Jennings et al. 2011; 
Strauss et al. 2012; Li et al. 2007; Min et al. 2014).

Dynamic movement of FtsZ rings has been observed by time-lapse imaging 
(Strauss et al. 2012) but more quantitative and perhaps surprising information came 
from fluorescence recovery after photobleaching (FRAP) experiments. Erickson 
and colleagues established that FtsZ subunits in Z rings, either pre-constriction or 
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during constriction, turn over with a half time of about 8 seconds (Anderson et al. 
2004). This emphasises the likely importance of dynamics in FtsZ function but also, 
the difficulty in imaging such structures with the need for both high spatial and 
temporal resolution. Löwe’s lab have recently described compelling evidence for 
the formation of regular circumferential bands of FtsZ in which the protofilaments 
are connected by regular lateral contacts for 2 Gram negative bacteria, E. coli and 
Caulobacter crescentus, as well as in an in vitro system. These observations support 
a model for constriction involving filament sliding (Szwedziak et  al. 2014). It 
remains to be seen whether this model can be extended to B. subtilis and other Gram 
positive bacteria, but it seems unlikely that the fundamental features of FtsZ func-
tion in bacterial division are not well conserved.

�The B. subtilis Divisome

The B. subtilis divisome has been studied in considerable detail: some properties of 
the proteins thought to contribute directly or indirectly to divisome function in this 
organism are described in Table 3.2. These proteins have been identified through 
homology to known division proteins in other organisms, by biochemical pull 
downs or through various genetic screens.

Imaging experiments suggest that the divisome assembles in at least two distinct 
steps (Gamba et al. 2009). In the first step, which seems to involve mainly cytosolic 
factors, a “ring” of FtsZ protein assembles, in parallel with the recruitment of 
“early” divisome proteins FtsA, SepF, ZapA and EzrA. After a delay representing 
about 20% of the cell cycle, the second step of assembly takes place, in which the 
“late” proteins are recruited. These are mainly proteins with major extracellular 
domains or integral membrane proteins. Various regulatory proteins, including 
GpsB, DivIVA, MinJ, MinD and MinC arrive at about the same time or slightly 
later, possibly being dependent on initiation of membrane or PG ingrowth. Ishikawa 
et al. (2006) detected interactions between the various early proteins in a series of 
biochemical pull-down experiments.

Three “early” cytosolic proteins appear to promote the formation of a functional 
Z ring in B. subtilis – FtsA, SepF and ZapA. FtsA was identified by its conserved 
location immediately upstream of and adjacent to FtsZ (Beall et al. 1988). Unlike E. 
coli, ftsA mutants of B. subtilis are viable, though they are substantially deficient in 
division (Beall and Lutkenhaus 1992). FtsZ still localizes at regular intervals but 
most of the Z rings are abnormal, often appearing as multiple diffuse bands rather 
than one clear, strong band (Jensen et al. 2005). Purified B. subtilis FtsA binds and 
hydrolyses ATP (Feucht et al. 2001) but little more work has been done on this pro-
tein so far. Using the Thermotoga maritima protein, Löwe and colleagues have 
demonstrated that even though FtsA has a different subdomain architecture to actin, 
the protein can form canonical actin-like protofilaments in vitro (Van Den Ent and 
Löwe 2000; Szwedziak et al. 2012). FtsA interacts specifically with the C-terminal 
domain of FtsZ. Despite a great deal of work over nearly 2 decades, little is known 
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Table 3.2  Proteins of the B. subtilis divisome and its regulators

Protein
MW 
(kDa) Locationa Comments Key references

FtsZ 40 C Tubulin-like protein. Assembles into 
protofilaments and higher order 
structures to generate the “Z ring” at 
the division site. Recruits other 
divisome proteins to the ring.

Beall et al. (1988), 
Beall and Lutkenhaus 
(1991), and Wang and 
Lutkenhaus (1993)

FtsA 48 C Actin / HSP70 superfamily ATPase. 
Dimerises and can form higher order 
structures. C-terminal amphipathic 
helix promotes membrane 
association. Direct interaction with 
FtsZ, which contributes to 
membrane association of the Z ring.

Beall and Lutkenhaus 
(1991), Feucht et al. 
(2001), Jensen et al. 
(2005) and Ishikawa 
et al. (2006)

SepF 17 C Forms regular 50 nm diameter rings 
in vitro and interacts directly with 
FtsZ in vitro, promoting FtsZ 
bundling. Membrane targeting 
domain contributes to membrane 
association of the Z ring.

Hamoen et al. (2006) 
and Gündoğdu et al. 
(2011)

ZapA   9.0 C Widely conserved protein that 
promotes Z ring formation by direct 
interaction with FtsZ.

Gueiros-Filho and 
Losick (2002)

EzrA 65 C N-terminal transmembrane anchor. 
Cytosolic domain has a spectrin-like 
fold. Interacts with FtsZ, 
contributing to membrane 
association of the Z ring. Additional 
role in cell elongation via 
interactions with PBP 2B and GpsB.

Levin et al. (1999), 
Haeusser et al. (2004), 
Claessen et al. (2008), 
and Cleverley et al. 
(2014)

GpsB 11 C DivIVA-related protein involved in 
both cell elongation and cell 
division. Interacts with the major PG 
synthase, PBP 1, and thought to be 
involved in shuttling of this protein 
between elongation and division 
complexes. Synthetic lethal in 
combination with ftsA mutation. 
Synthetic “sick” in combination with 
ezrA. EzrA-SepF interaction 
probably important for shuttling.

Claessen et al. (2008) 
and Tavares et al. 
(2008)

(continued)

J. Errington and L.J. Wu



81

Table 3.2  (continued)

Protein
MW 
(kDa) Locationa Comments Key references

FtsL 13 E Bitopic membrane protein with short 
extracytoplasmic coiled-coil-like 
domain. Target of several cell 
division regulatory mechanisms. 
Unstable protein subject to 
degradation by a regulated 
intramembrane proteolysis (RIP) 
process involving YluC protease. 
Stability also regulated by 
interactions with DivIC and DivIB.

Daniel et al. (1998), 
Daniel and Errington 
(2000), Sievers and 
Errington (2000a, b), 
Kawai and Ogasawara 
(2006), Bramkamp 
et al. (2006) and Daniel 
et al. (2006)

DivIB 30 E Bitopic membrane protein with large 
extracellular domain. Structural data 
from other organisms suggests two 
domains, one of which resembles the 
POTRA domain often involved in 
protein protein interactions. 
Complex pattern of interactions with 
FtsL and DivIC. Homologue called 
FtsQ in E. coli.

Beall and Lutkenhaus 
(1989), Harry and 
Wake (1989, 1997), 
Katis and Wake (1999), 
Katis et al. (2000), 
Daniel and Errington 
(2000) and Daniel et al. 
(2006)

DivIC 15 E Bitopic membrane protein with short 
extracytoplasmic coiled-coil-like 
domain. Interacts with FtsL and 
DivIB. Likely homologue 
confusingly called FtsB in E. coli.

Katis et al. (1997), 
Katis and Wake (1999), 
Katis et al. (2000), 
Sievers and Errington 
(2000b), Robson et al. 
(2002) and Daniel and 
Errington (2000)

FtsW 44 I Integral membrane protein closely 
related to RodA involved in cell 
elongation.

Lu et al. (2007)

Pbp2B 79 E Penicillin binding protein. 
Monofunctional (class B) 
transpeptidase specifically required 
for cell division.

Yanouri et al. (1993), 
Daniel et al. (1996) and 
Daniel and Errington 
(2000)

DivIVA 19 C Coiled coil protein with weak 
similarity to eukaryotic 
tropomyosins. Targeted to division 
sites and cell poles at least in part by 
sensing membrane curvature. 
Membrane interaction through 
conserved N-terminal domain 
containing essential tryptophan 
residue. Involved in a range of cell 
pole associated functions in Gram 
positive bacteria.

Cha and Stewart 
(1997), Edwards and 
Errington (1997), 
Hamoen and Errington 
(2003) and Lenarcic 
et al. (2009), 
Ramamurthi and 
Losick (2009) and Van 
Baarle et al. (2013)

(continued)
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about the precise function of ftsA other than that it can form high MW dynamic 
complexes of various kinds with FtsZ (e.g., Loose and Mitchison 2014). Perhaps its 
best defined function lies in membrane association, which occurs through a 
C-terminal amphipathic helix (Pichoff and Lutkenhaus 2005) and enables the pro-

Table 3.2  (continued)

Protein
MW 
(kDa) Locationa Comments Key references

MinC 25 C Widely conserved division inhibitor 
acting on FtsZ and possibly other 
steps in division.

Reeve et al. (1973), 
Levin et al. (1992), 
Marston and Errington 
(1999) and Gregory 
et al. (2008)

MinD 29 C Widely conserved indirect division 
inhibitor that works by spatial 
regulation of MinC protein. Poorly 
characterised additional role in 
chromosome segregation during 
sporulation.

Reeve et al. (1973), 
Levin et al. (1992), 
Marston et al. (1998) 
and Marston and 
Errington (1999), 
Kloosterman et al. 
(2016)

MinJ 44 I / C PDZ-domain protein targeted to cell 
poles by interaction with DivIVA (at 
least). Required for correct spatial 
localization of the MinCD complex 
and thus the regulation of cell 
division.

Patrick and Kearns 
(2008), Bramkamp 
et al. (2008) and Van 
Baarle and Bramkamp 
(2010)

Noc 33 C Site-specific DNA binding protein. 
Inhibitor of division. Major factor 
effecting nucleoid occlusion.

Wu and Errington 
(2004), Wu et al. (2009) 
and Adams et al. (2015)

WhiA 36 C Enigmatic nucleoid associated factor. 
whiA mutation causes severe 
filamentation when combined with 
zapA, ezrA or various regulatory 
proteins of cell division.

Surdova et al. (2013)

SpoIIE 92 C/I Bifunctional sporulation-specific 
protein. C-terminal kinase domain 
regulates prespore-specific gene 
expression. C-terminal domain 
required for efficient switch in cell 
division position from mid cell to 
sub-polar position, probably via a 
direct interaction with FtsZ.

Arigoni et al. (1995), 
Feucht et al. (1996), 
Wu et al. (1998), Lucet 
et al. (2000), Carniol 
et al. (2005) and 
Bradshaw and Losick 
(2015)

MciZ   4.0 C Mother cell-specific inhibitor of FtsZ 
assembly. Caps FtsZ protofilaments 
at the “minus” end.

Handler et al. (2008) 
and Bisson-Filho et al. 
(2015)

RefZ 24 C Site-specific DNA-binding protein 
that contributes to precise relative 
positioning of chromosome and 
asymmetric division site during 
sporulation.

Wagner-Herman et al. 
(2012) and Miller et al. 
(2015)

aC cytosolic, I integral membrane, E extracytoplasmic
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tein to anchor the Z ring to the membrane (Szwedziak et al. 2014). Interestingly, this 
interaction with the membrane is strongly dependent on the membrane potential 
(Strahl and Hamoen 2010).

Genetic and biochemical experiments suggest that SepF protein provides a sec-
ond membrane anchor for the Z ring in Gram positive bacteria. sepF was discovered 
simultaneously in two labs by different methods. Ishikawa et al. (2006) identified 
the SepF protein in pull-down experiments using FtsZ, FtsA, EzrA and ZapA as 
bait. Yeast 2-hybrid experiments detected the formation of a SepF-SepF self interac-
tion, as well as an interaction with FtsZ. Meanwhile, Hamoen et al. (2006) identified 
sepF as a candidate cell division gene from its conserved position (in Gram positive 
bacteria) between ftsZ and divIVA. Deletion of the gene gives a mild reduction in 
division frequency but the division septa formed are thick and morphologically 
abnormal. Mutation of sepF turned out to be lethal in the presence of mutations in 
ftsA or another division associated gene, ezrA (Ishikawa et al. 2006; Hamoen et al. 
2006). In vitro, SepF protein assembles into large and regular protein rings with a 
diameter of about 50 nm: these rings are able to bundle FtsZ protofilaments into 
long tubular structures (Gündoğdu et al. 2011). Detailed structural analysis of the 
protein (Duman et al. 2013) suggests that the N-terminal region, like FtsA, contains 
a membrane associating amphipathic helix, whereas the C-terminal domain is glob-
ular and responsible for both the formation of SepF rings and association with 
FtsZ. Duman et al. (2013) suggest that the amphipathic helices of FtsA and SepF 
both serve to promote association of the Z ring with the leading edge of the septum, 
since this region contains positively curved (convex) membrane into which the heli-
ces can readily insert. Duman et al. (2013) proposed a model in which SepF poly-
mers bind as arc onto the convex leading edge of the nascent division septum and 
maintain the Z ring in this position by bundling FtsZ protofilaments. However, this 
model is slightly unsatisfactory in leaving open the question of why SepF makes 
complete rings in vitro.

ZapA is a low MW (9 kDa) positive regulator of FtsZ assembly. It was identified 
in a screen for genes which, when overexpressed, could overcome the cell division 
block caused by overproduction of MinD (Gueiros-Filho and Losick 2002). Absence 
of ZapA gives no discernible phenotype under normal conditions but causes a severe 
division block in cells producing lower than normal levels of FtsZ, or lacking the 
ezrA, divIVA or whiA genes (Gueiros-Filho and Losick 2002; Surdova et al. 2013). 
ZapA interacts directly with FtsZ and, in vitro, it promotes FtsZ polymerisation as 
well as lateral association, yielding both single and bundled filaments (Gueiros-
Filho and Losick 2002; Low et al. 2004). A temperature-sensitive mutant of FtsZ 
(FtsZ(Ts1)), defective in lateral association between FtsZ protofilaments at high 
temperatures, can be rescued by overexpressing ZapA. This supports the proposed 
function of ZapA as a promoter of FtsZ bunding (Monahan et al. 2009). ZapA of 
Pseudomonas aeruginosa forms dimers or tetramers in solution but oligomerizes at 
high concentrations; a property that could support its function as an effective FtsZ 
cross-linker (Low et al. 2004).

The ezrA gene, which is present only in Gram positive bacteria, was identified by 
mutations suppressing the division phenotype of a thermosensitive ftsZ allele (Levin 
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et al. 1999). ezrA mutants can tolerate reduced levels of active FtsZ and the gene 
name derives from the observation that the ezrA single mutant makes extra Z-rings. 
The protein has an unusual topology with a single N-terminal transmembrane span 
followed by a major domain that is cytosolic. Curiously, one protein that shares this 
unusual topology is E. coli ZipA, which is an essential FtsZ-interacting protein in E. 
coli (Hale and De Boer 1997), but it seems that EzrA and ZipA are otherwise unre-
lated in sequence. ezrA mutants also have a slightly reduced cell diameter, indicat-
ing a mild defect in cell elongation. Genetic experiments suggest that this may be 
due to incorrect regulation of the activity of the major PBP (PBP 1) involved in 
synthesis of PG during both elongation and division (Claessen et  al. 2008). The 
results of detailed mutational analysis of the gene suggest that different regions of 
the large protein contribute in different ways to the regulation of Z ring dynamics 
(Haeusser et al. 2007; Land et al. 2014). The crystal structure of the cytoplasmic 
domain of EzrA was recently solved (Cleverley et al. 2014) and shown to be similar 
to that of eukaryotic spectrins, comprising multiple, connected repeats of antiparal-
lel α-helices, forming a complete semi-circle of 12 nm diameter. Spectrins are cyto-
skeletal proteins that can form two-dimensional polygonal networks lining the 
membrane, and they help maintain plasma membrane integrity and cytoskeletal 
structure in eukaryotic cells. The formation of a semi-circle could enable both the 
C-terminal four-helix bundle and the N-terminal transmembrane domain to interact 
with the membrane at the same time. Structural modelling indicates that an antipar-
allel dimer of EzrA molecules, as found in some crystal structure forms, could trap 
a paired FtsA-FtsZ protofilament inside the arch. In principle, this could serve to 
both anchor the protofilaments to the membrane and or locally prevent the forma-
tion of protofilament bundles.

Because FtsZ protein is thought to be indirectly associated with the cell mem-
brane, through its interactions with FtsA, SepF and possible EzrA, it seems likely 
that most of the remaining divisome proteins, which are largely integral membrane 
or extracytoplasmic proteins (summarised in Table 3.2), do not interact directly with 
FtsZ. Their functions are probably concerned mainly with membrane dynamics, or 
peptidoglycan synthesis and turnover and will not be discussed in detail here.

�Regulation of Z Ring Formation and Cell Division

Cell division needs to be tightly coordinated with other cell cycle events, particu-
larly chromosome replication and segregation. Recently, the field of bacterial cell 
cycle regulation has been invigorated by the unexpected discovery that cell size 
homeostasis is achieved by an “adder” process in which new born cells grow by a 
relatively fixed length increment before dividing again, rather than by measuring a 
“division mass”, according to a decades old dogma (Campos et al. 2014; taheri-
araghi et  al. 2015). The key questions now concern how the length increment is 
measured by the cell and used to regulate divisome function. In B. subtilis the intra-
cellular concentration of FtsZ stays constant throughout the cell cycle and, although 
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the frequency of Z ring formation varies with growth rate, the levels of FtsZ are 
unaffected. Artificially increasing the level of FtsZ in B. subtilis cells only leads to 
a small increase in Z ring frequency (Weart and Levin 2003).

One factor that could be involved in buffering the levels of available FtsZ is the 
two-component ATP-dependent protease, ClpXP. ClpX is a member of the AAA+ 
(ATPases associated with various cellular activities) family of ATPases. It recog-
nizes and unfolds specific protein substrates and transfers the unfolded protein to 
the serine protease ClpP for degradation (Sauer et al. 2004). ClpXP is thought to 
participate in the regulation of FtsZ assembly by maintaining the pool of subunits 
available for ring formation (Weart et al. 2005; Camberg et al. 2009; Dziedzic et al. 
2010). In B. subtilis ClpX inhibits FtsZ polymerization in vivo and in vitro in an 
ATP-and ClpP-independent manner but does not degrade it, though ATP hydrolysis 
has been shown to be required for maximum inhibition (Weart et al. 2005; Haeusser 
et al. 2009). This is in contrast to E. coli in which ClpX modulates the level of FtsZ 
by degrading FtsZ (Camberg et al. 2009).

Several spatial and or temporal regulators of divisome function have been identi-
fied, mainly acting by negative regulatory mechanisms.

�Nucleoid Occlusion (NO)

The fact that cell division tends not ever to bisect the nucleoid, even in cells with 
perturbations in chromosome replication or organization, led Woldringh and col-
leagues to postulate a negative regulation exerted by the nucleoid, potentially by the 
DNA itself (Mulder and Woldringh 1989; Woldringh et al. 1991), which Rothfield 
later termed “nucleoid occlusion” (Cook et al. 1989). About 10 years ago, protein 
factors contributing to NO were identified almost simultaneously in B. subtilis (noc) 
and E. coli (slmA) (Wu and Errington 2004; Bernhardt and De Boer 2005): surpris-
ingly, they were unrelated proteins that turned out to have different modes of divi-
sion inhibition. B. subtilis noc was identified serendipitously as a factor that had a 
synthetic lethal division phenotype when combined with mutations affecting the 
Min system (which is described below). Three lines of evidence suggested that Noc 
protein was a NO factor: first, the protein had a classical helix-turn-helix motif and 
bound tightly to DNA; second, overexpression of Noc inhibited division; third, noc 
mutants had an increased frequency of nucleoid “guillotining” when DNA replica-
tion or segregation was perturbed (Wu and Errington 2004). Later work established 
that Noc is a site-specific DNA-binding protein with recognition sites (Noc binding 
sites; NBS) distributed all over the chromosome, except in the replication terminus 
region, where binding sites are scarce (Wu and Errington 2004; Wu et al. 2009). 
Noc appears to have been derived by gene duplication and divergence from the ParB 
(Spo0J) protein in Firmicutes, and like Spo0J it spreads from its primary binding 
sites to form arrays which are important for its function. While the N-terminal 
domain of Spo0J (ParB) is involved in interaction with its partner protein Soj, the 
N-terminal domain of Noc contains an amphipathic helix, which enables it to 
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associate with the cell membrane (Adams et  al. 2015). Both overexpression and 
deletion of Noc affect division at the level of FtsZ assembly (Wu and Errington 
2004). It seems that the formation of Noc arrays around NBSs enhances membrane 
association and that recruitment of these DNA-Noc arrays to the membrane pre-
vents the local formation of FtsZ ring assemblies (Adams et al. 2015). It is possible 
that Noc works by enhancing a natural NO system, akin to that originally described 
by Woldringh, in which the presence of chromosomal DNA excludes accumulation 
or formation of high MW divisome complexes.

�The Min System

NO prevents division from occurring in the vicinity of the nucleoid, but it cannot 
protect the nucleoid free regions at the nascent and old cell poles. The system that 
prevents polar division is called Min and was first discovered via E. coli mutants 
that frequently divide near to the cell pole, giving small anucleate cells called mini-
cells (Adler et al. 1967). The B. subtilis MinC and MinD proteins were identified by 
sequence homology to their E. coli counterparts (Levin et al. 1992). The B. subtilis 
Min system is now known to consist of at least four proteins: MinC, MinD, MinJ 
and DivIVA. MinC is an FtsZ inhibitor which interacts directly with FtsZ. In vitro 
studies have shown that like E. coli MinC, the B. subtilis protein inhibits FtsZ bun-
dle formation by disrupting lateral interactions between protofilaments (Dajkovic 
et  al. 2008; Scheffers 2008; Blasios et  al. 2013), though E. coli MinC has been 
shown to also destabilize FtsZ protofilaments (Hu et al. 1999; Shen and Lutkenhaus 
2010). MinD is a membrane-associated activator of MinC. Both MinC and MinD 
are relatively well conserved among bacteria. The two proteins form a heterotetra-
meric complex and in B. subtilis are recruited to the division site and the cell poles 
by MinJ, which in turn associates with the “topological specificity” determinant 
DivIVA (Edwards and Errington 1997; Marston et al. 1998; Bramkamp et al. 2008; 
Patrick and Kearns 2008). E. coli lacks counterparts of the MinJ and DivIVA pro-
teins and instead uses an amazing oscillating MinCD mechanism to prevent division 
at the cell poles (Lutkenhaus 2007).

The key feature of DivIVA that enables it to spatially control the Min inhibitory 
effect lies in its targeted localization to division sites and cell poles. DivIVA oligo-
mers have affinity for high negative membrane curvature, which normally occurs 
only at invaginating division septa or recently completed cell poles (Lenarcic et al. 
2009; Ramamurthi and Losick 2009; Eswaramoorthy et  al. 2011). It is probably 
recruited to the site of division as soon as membrane invagination begins, due to 
divisome constriction. Therefore, accumulation of DivIVA at the division site is 
dependent on the presence of a functional divisome but once curvature has been 
generated, the rings of DivIVA, one on each side of the growing septum, are no 
longer affected by contraction of the divisome (Eswaramoorthy et al. 2011). Upon 
completion of septation, the divisome disassembles and the septum splits to gener-
ate new cell poles for the two daughter cells. In cells that are not dividing, DivIVA-
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GFP is concentrated at the hemispherical cell poles (Eswaramoorthy et al. 2011) but 
in dividing cells, DivIVA is remodelled and a portion of the DivIVA molecules 
remain at the pole, while some protein migrates to the new division site 
(Eswaramoorthy et  al. 2011; Bach et  al. 2014). The main structural feature of 
DivIVA is a parallel coiled coil, similar to the yeast tropomyosin Cdc8, a eukaryotic 
cytoskeletal protein involved in cytokinesis (Edwards et al. 2000; Oliva et al. 2010). 
This major C-terminal portion of DivIVA resembles the crescent shape of eukary-
otic BAR domains normally found at the interface between the actin cytoskeleton 
and lipid membranes, which bind to curved membranes and also introduce curva-
ture (Oliva et al. 2010). This raises the possibility that DivIVA senses membrane 
curvature using a mechanism similar to the Bar domain proteins. Structural and 
genetic evidence suggest that membrane interaction occurs via a hairpin structure 
with conserved exposed basic and hydrophobic residues in the N-terminal domain 
of the protein (Oliva et al. 2010).

MinJ is presently the least well characterised component of the Min system. It 
has 6 transmembrane helices with both N- and C-termini in the cytoplasm. The 
C-terminal globular portion of the protein comprises a classical PDZ domain; a 
protein fold often involved in protein-protein interactions (Van Baarle and 
Bramkamp 2010). MinJ can interact with both DivIVA and MinD, based on 2-hybrid 
experiments (Patrick and Kearns 2008; Bramkamp et  al. 2008), suggesting that 
MinJ is the immediate polar target for recruitment of MinD, rather than DivIVA 
(Bramkamp et al. 2008).

As originally described by Marston et al. (1998) and reinforced by subsequent 
papers (Gregory et  al. 2008; Bramkamp et  al. 2008; Van Baarle and Bramkamp 
2010), DivIVA and presumably now MinJ are recruited to mid cell soon after the 
initiation of division. MinJ, in turn, recruits the MinCD complex, which has no 
effect on the ongoing division but is poised to disassemble the divisome as division 
is completed, and or prevent the assembly of a new division complex. Although in 
general it appears that little, if any, of these proteins are retained at completed “old” 
cell poles, some activity is probably retained to prevent inappropriate minicell divi-
sions from occurring there.

The mechanism of action of the MinCD inhibitor is not yet fully understood, 
despite over 20 years of study. MinD is a member of the Walker A cytoskeletal 
ATPase (WACA) family, a group of cytoskeletal proteins thought to be unique to 
bacteria (Löwe and Amos 2009; Shih and Rothfield 2006; Michie et  al. 2006; 
Pilhofer and Jensen 2013). Characteristic of this family is a ‘deviant’ Walker A 
motif – KGGXXGKT’ containing two conserved lysines, both important for bind-
ing and hydrolysis of ATP (Lutkenhaus 2012). As in E. coli, the ATPase activity of 
B. subtilis MinD is required for membrane binding and activation of MinC (Karoui 
and Errington 2001), but biochemical details of how the inhibitory activity of the 
MinCD complex is regulated remain elusive. One interesting recent development 
has been the report that E. coli MinC and MinD form alternating copolymeric cyto-
motive filaments with structural similarity to septins (Ghosal et al. 2014). Septins 
are a group of eukaryotic GTP-binding cytoskeletal proteins that polymerize into 
hetero-oligomeric protein complexes and play many important roles, including 
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serving as membrane scaffolds for protein recruitment and as diffusion barriers for 
subcellular compartmentalization (Mostowy and Cossart 2012). It is not clear 
whether the B. subtilis homologues behave similarly or what the functional signifi-
cance of the copolymer organization is.

�Nutritional Regulation of Cell Division

In B. subtilis and probably many other bacteria, cell size is regulated according to 
the growth rate, such that fast growing cells are, on average, larger than slow grow-
ing cells (Sharpe et al. 1998). Weart et al. (2007) identified the UgtP protein as a key 
metabolic regulator of cell division in B. subtilis. UgtP is responsible for synthesis 
of glucolipids using UDP-glucose as a substrate. Mutations in the ugtP gene, or 
genes upstream in the UDP glucose synthetic pathway (pgsC or gtaB) had a small 
cell phenotype, in which both FtsZ ring formation and cell division occur at a 
smaller average cell size than in the wild type. UgtP turned out to interact directly 
with FtsZ in vitro and in vivo, and its inhibitory effect on FtsZ assembly is stimu-
lated by UDP-Glucose (Weart et  al. 2007). Under nutrient rich conditions UgtP 
levels are increased, as is the availability of its UDP-Glucose substrate, leading to 
an inhibition/delay in assembly of the FtsZ ring.

Monahan et al. (2014) identified a similar but quite distinct regulatory effect on 
cell division involving central carbon metabolism. They showed that a temperature 
sensitive ftsZ mutant could be rescued by mutations in genes encoding pyruvate 
kinase (pyk) or phosphoglycerate kinase (pgk) and established that these mutations 
work by limiting the supply of pyruvate from glycolysis. They identified the E1α 
subunit of pyruvate dehydrogenase, which uses pyruvate as a substrate in generating 
acetyl-CoA. Localization of E1α was found to shift between nucleoid associated 
and nucleoid excluded depending on the availability of nutrients (high vs low, 
respectively). Various genetic tests were consistent with a model in which E1α is a 
positive regulator of FtsZ ring formation helping to couple this to sensing of nutrient 
availability. Molecular details of the putative interaction between the various play-
ers in this process remain to be worked out.

�Z Rings and Cell Division During Sporulation

Early in sporulation the cell division cycle is substantially modified to pave the way 
for generation of the distinct prespore and mother cell progeny and their subsequent 
differentiation. As mentioned above, this involves a repositioning of FtsZ rings 
away from the normal mid cell position to the cell poles (Errington 2003). The fol-
lowing section focuses mainly on events involving FtsZ. The key cell cycle changes, 
which are controlled by global changes in transcription in response to starvation, are 
as follows. First, medial division is blocked by a mechanism that is presently 
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unclear, but a major change in chromosome configuration – the formation of a struc-
ture called the axial filament (Ryter 1965; Bylund et al. 1993) – probably contrib-
utes, through a nucleoid occlusion effect. Instead FtsZ rings are directed to sub-polar 
positions at each end of the cell (Levin and Losick 1996). Formation of these polar 
Z-rings requires both a small upregulation of FtsZ synthesis and the synthesis of a 
sporulation-specific protein SpoIIE (Ben-Yehuda and Losick 2002; Feucht et  al. 
1996) (see below). The upregulation of ftsZ occurs via a promoter controlled by the 
σH form of RNA polymerase, which is active only in stationary phase and sporula-
tion (Gholamhoseinian et al. 1992; Gonzy-Tréboul et al. 1992).

Mutations in several key regulatory genes of sporulation give rise to an interest-
ing phenotype called “disporic”, in which prespore-like cells form at both poles of 
the cell (Piggot and Coote 1976). Lewis et al. (1994) showed that in these cells the 
asymmetric division events occurred sequentially, with the first preceding the sec-
ond by about 20 min. This suggested that the Z rings at the two poles develop at 
different rates, ultimately contributing to the generation of asymmetry – whichever 
potential divisomes matures first defines the pole which the prespore cell forms 
(Lewis et al. 1994). The polar sporulation septum differs from a normal vegetative 
septum in having a much thinner layer of PG (Ryter 1965; Illing and Errington 
1991; Tocheva et  al. 2013). This thinning may be related to the fact that a little 
while later, the PG needs to be hydrolysed to enable the remarkable process of pre-
spore engulfment to occur: the small prespore is engulfed by the mother cell to 
produce a cell within a cell, similar to eukaryotic phagocytosis (Illing and Errington 
1991; Tocheva et al. 2013). In addition to FtsZ (Beall and Lutkenhaus 1991), FtsA 
is probably also required for sporulation division (Beall and Lutkenhaus 1992), 
though curiously, the latter protein only appears to accumulate at one of the polar 
potential division sites  – presumably the one that goes on to support division 
(Feucht et al. 2001). DivIB, DivIC and FtsL, at least, are also required for formation 
of the sporulation septum (Levin and Losick 1994; Daniel et al. 1998; Feucht et al. 
1999) but whether the other vegetative divisome proteins are also required for the 
sporulation septum has not been systematically studied. How the polar septum is 
formed despite continued presence of the Noc, MinCDJ and DivIVA proteins is 
also not clear.

The large (92 kDa) SpoIIE protein plays two distinct critical roles in the prespore 
developmental programme. In addition to its role in asymmetric septation, it is also 
essential for activation of the first compartment-specific transcription factor, σF, in 
the prespore (Duncan et  al. 1995; Arigoni et  al. 1996; Feucht et  al. 1996). The 
N-terminal domain of SpoIIE contains 10 predicted transmembrane spans. This is 
followed by a central regulatory domain and a C-terminal PP2C phosphatase 
domain. SpoIIE is recruited to both polar Z rings sequentially (Arigoni et al. 1995; 
Levin et al. 1997; Wu et al. 1998), probably via a direct interaction with FtsZ (Lucet 
et al. 2000). The precise role of SpoIIE in FtsZ assembly is still not clear. Absence 
of SpoIIE causes a delayed and reduced frequency of polar divisions, as well as a 
vegetative-like thickening of the septa that are formed (Illing and Errington 1991; 
Barák and Youngman 1996, Feucht et al. 1996; Khvorova et al. 1998; Ben-Yehuda 
and Losick 2002; Carniol et al. 2005). Crucially, after septation, the SpoIIE protein 
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from the septum is sequestered into the smaller prespore compartment (Wu et al. 
1998; Campo et  al. 2008; Bradshaw and Losick 2015), where the phosphatase 
domain helps to drive the activation of σF specifically in that compartment. 
Regulation of SpoIIE is highly complex and involves association with and release 
from the divisome, recruitment at the adjacent cell pole by interaction with DivIVA, 
oligomerization and controlled proteolysis (Bradshaw and Losick 2015).

At the transcriptional level, formation of a polar septum, through the localized 
action of SpoIIE phosphatase, triggers the prespore localized activation of σF, which 
then turns on the early prespore programme of gene expression. One of the newly 
expressed genes, spoIIR, encodes a factor that triggers the activation of a different 
sigma factor, σE, in the mother cell compartment. Among the proteins made as a 
result of transcription by σE-RNA polymerase is a specific inhibitor of ftsZ assem-
bly, called MciZ (Handler et al. 2008) that appears to work as a protofilament cap-
ping protein (Bisson-Filho et al. 2015). MciZ helps to block the utilization of the 
second polar FtsZ ring located in the mother cell compartment. Three other σE-
dependent proteins (SpoIID, SpoIIM and SpoIIP) also facilitate the formation of a 
second polar division, but apparently by working downstream on PG synthesis 
(Eichenberger et al. 2001).

�FtsZ Inhibitors as Potential Antibiotics

FtsZ of B. subtilis and closely related Gram positive bacteria, including 
Staphylococcus aureus, is susceptible to inhibition by a family of related benzamide 
compounds, with potential for use as antibiotics. These compounds bind to an allo-
steric site in the protein and apparently trap the protein in the “open” state, which 
promotes protofilament assembly (Haydon et al. 2008; Tan et al. 2012). In vivo, this 
results in the formation of multiple discrete foci of FtsZ, which recruit all tested 
downstream divisome proteins (4 early and 4 late) (Haydon et al. 2008; Adams et al. 
2011). However, productive Z rings are not formed, leading to a complete division 
block. The potential clinical use of these compounds has not yet been evaluated.

�L-Form (Cell Wall Deficient) Bacteria

Despite the extraordinary complexity of the wall, its various important functions, 
and its role as the target for many powerful antibiotics, it is surprisingly easy for B. 
subtilis to lose its wall. Only one or two mutations are needed to enable B. subtilis 
(and many other organisms; Mercier et al. (2014)) to switch into a wall deficient 
mode called L-form (Leaver et al. 2009; Mercier et al. 2013; Kawai et al. 2015). 
L-forms require an osmoprotective medium to prevent them from incurring osmotic 
lysis and they have pleomorphic shapes, due to lack of the rigid cell wall. Remarkably, 
L-forms can tolerate the complete deletion of many genes that are normally essen-
tial for growth and division, including both FtsZ and the complete set of MreB 
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homologues (Leaver et al. 2009; Mercier et al. 2012). They divide by a blebbing 
mechanism that requires only an increase in membrane synthesis (Mercier et  al. 
2013). Apart from interest in L-forms as potential biotechnological devices or pos-
sibly as agents responsible for certain infectious diseases, they are likely to be use-
ful in basic studies of cell wall elongation and division through their ability to 
tolerate the disruption of many genes that are normally essential (Kawai et al. 2014).

�The Future

Some of the open questions about the FtsZ system are similar to those of MreB. The 
advent of cryo-EM tomography is beginning to resolve the nature of the FtsZ ring 
(Szwedziak et al. 2014) but resolution of the detailed structure in vivo remains prob-
ably the biggest impediment to understand divisome function. Although various 
temporal and spatial regulators are now known and have been subjected to detailed 
study, again, understanding of their precise mechanism of action will probably 
await resolution of the Z-ring structure problem. Furthermore, even in the absence 
of the key negative regulators (MinCD and Noc), residual cell divisions still tend to 
occur between replicated chromosomes (Wu and Errington 2004; Rodrigues and 
Harry 2012), indicating the existence of as yet unidentified regulatory factors.

Once the structure of the Z ring has been resolved many details of the division 
process will need to be worked out, including the enigmatic roles of several mem-
brane associated divisome proteins, such as DivIB, DivIC, FtsL and FtsW. Finally, 
it will be interesting to resolve how the division machinery is modified in order to 
bring about the various subtle changes associated with the asymmetric division of 
sporulating cells. How is mid cell division blocked? How is polar division pro-
moted: in particular, how are the normal activities of the NO and Min systems over-
ridden? Finally, how does the cell regulate the differential thickness of the vegetative 
vs sporulation septa?
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Chapter 4
Cytoskeletal Proteins in Caulobacter 
crescentus: Spatial Orchestrators of Cell Cycle 
Progression, Development, and Cell Shape

Kousik Sundararajan and Erin D. Goley

Abstract  Caulobacter crescentus, an aquatic Gram-negative α-proteobacterium, is 
dimorphic, as a result of asymmetric cell divisions that give rise to a free-swimming 
swarmer daughter cell and a stationary stalked daughter. Cell polarity of vibrioid C. 
crescentus cells is marked by the presence of a stalk at one end in the stationary 
form and a polar flagellum in the motile form. Progression through the cell cycle 
and execution of the associated morphogenetic events are tightly controlled through 
regulation of the abundance and activity of key proteins. In synergy with the regula-
tion of protein abundance or activity, cytoskeletal elements are key contributors to 
cell cycle progression through spatial regulation of developmental processes. These 
include: polarity establishment and maintenance, DNA segregation, cytokinesis, 
and cell elongation. Cytoskeletal proteins in C. crescentus are additionally required 
to maintain its rod shape, curvature, and pole morphology. In this chapter, we 
explore the mechanisms through which cytoskeletal proteins in C. crescentus 
orchestrate developmental processes by acting as scaffolds for protein recruitment, 
generating force, and/or restricting or directing the motion of molecular machines. 
We discuss each cytoskeletal element in turn, beginning with those important for 
organization of molecules at the cell poles and chromosome segregation, then cyto-
kinesis, and finally cell shape.

�The Caulobacter crescentus Life Cycle

Caulobacter crescentus is an aquatic, Gram-negative α-proteobacterium with a 
curved rod morphology that undergoes cell cycle-regulated morphogenesis and an 
obligate asymmetric cell division (Stove and Stanier 1962; Shapiro et al. 1971). Its 
dimorphic life cycle and overt cell polarity, along with readily available genetic 
tools and easy methods of synchronization, make C. crescentus an excellent model 
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organism for studying cell cycle-regulated processes and the role of the cytoskele-
ton in directing these events.

C. crescentus has two distinct cell types resulting from asymmetric cell division 
–a motile daughter or “swarmer” cell that possesses a polar flagellum and adhesive 
pili, and a sessile daughter or “stalked” cell that bears a slender, polar extension of 
the cell body called the stalk (Fig. 4.1) (Stove and Stanier 1962). An adhesive 
polysaccharide-rich matrix (holdfast) is secreted at the end of the stalk, and serves 
to attach the stalked cell to surfaces in the aquatic environments C. crescentus 
inhabits (Curtis and Brun 2010). Though the precise function of the stalk is debated, 
it likely serves to maximize nutrient access and/or uptake when C. crescentus is 
growing within a community in nutrient-poor aquatic environments (Klein et  al. 
2013). The flagellum and pili in swarmers and the stalk in stalked cells serve as 
morphological markers of cell polarity, and their polar locations are maintained 
from generation to generation.

Under laboratory growth conditions, the swarmer cell, which is non-replicating, 
differentiates into a stalked cell shortly after birth (Fig. 4.1). In nutrient-limited 
conditions in the wild, the swarmer cell stage is prolonged until a signal is received 
that there are enough nutrients available to produce progeny (Lesley and Shapiro 
2008; England et  al. 2010; Britos et  al. 2011; Boutte et  al. 2012). The 
swarmer-to-stalked cell differentiation is characterized by morphological changes, 

Fig. 4.1  Cytoskeletal elements involved in cell cycle progression. Swarmer cells (left, with 
polar flagellum) and newly divided stalked cells have a unipolar PopZ matrix and a single ParB 
focus (bound to parS) close to the old pole. ParA and MipZ bind DNA (gray line) non-specifically 
and localize as diffuse clouds enriched at the pole(s). In newborn cells, MipZ is concentrated at the 
old pole by ParB bound to PopZ whereas ParA is concentrated at the new pole by TipN. Following 
initiation of chromosome replication, a new PopZ matrix is assembled at the new pole. At the same 
time, PopZ at the old pole recruits SpmX to drive stalk biogenesis. As chromosome replication 
progresses, one of the ParB foci moves up the ParA concentration gradient towards the new pole, 
leading to an ori-ter-ori orientation of the chromosome. MipZ is segregated to the new pole with 
ParB-parS, leading to a MipZ concentration gradient with the minimum at approximately midcell 
(See text for more details)
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including elongation of the cell, ejection of the flagellum, retraction of the pili, and 
biogenesis of a stalk at the pole where the flagellum previously resided (Jenal 2000; 
Curtis and Brun 2010).

Accompanying the morphological changes associated with the swarmer-to-
stalked transition, the stalked cell initiates replication and segregation of its single, 
circular chromosome. The chromosome is precisely positioned in C. crescentus, 
with each chromosomal locus localizing to a particular cellular address (Viollier 
et al. 2004). Notably, the chromosomal centromere (parS, a locus close to the origin 
of replication (ori)) is anchored at the old cell pole and the terminus (ter) is found 
near the new cell pole. Upon duplication, one copy of the centromere is rapidly 
segregated to the opposite pole and other loci follow into the opposite daughter 
compartment as they are replicated. The anchoring of the centromeres to opposite 
poles after segregation leads to an ori-ter-ori orientation of the chromosome in pre-
divisional cells (Viollier et al. 2004). Following DNA segregation, a flagellum is 
built at the pole opposite the stalk, the envelope begins to constrict near midcell, and 
cytokinesis yields biochemically and morphologically distinct stalked and swarmer 
daughters (Fig. 4.1). The stalked cell immediately enters another round of division, 
while the swarmer first must differentiate to become a stalked cell.

Progression of C. crescentus through the cell cycle and execution of the associ-
ated morphogenetic events described above are tightly controlled through regula-
tion of the abundance, activity, and localization of key proteins. Interconnected 
transcriptional circuits lead to sequential, cell cycle-dependent expression of over 
500 genes (Laub et al. 2000; Zhou et al. 2015). Layered on top of transcriptional 
regulation, post-transcriptional and post-translational mechanisms, for example 
regulated proteolysis and phosphorylation, are in place to increase the robustness of 
the cell cycle program (Schrader et al. 2014; Zhou et al. 2015; Goley et al. 2007; 
Jenal 2009). In synergy with the regulation of protein abundance or activity, cyto-
skeletal elements are key contributors to cell cycle progression through spatial regu-
lation of key developmental processes. These include: polarity establishment and 
maintenance, DNA segregation, cytokinesis, and cell elongation. Cytoskeletal pro-
teins in C. crescentus are additionally required to maintain its rod shape, curvature, 
and pole morphology. In this chapter, we explore the mechanisms through which 
cytoskeletal proteins in C. crescentus orchestrate developmental processes by acting 
as scaffolds for protein recruitment, generating force, and/or restricting or directing 
the motion of molecular machines. We will discuss each cytoskeletal element in 
turn, beginning with those important for organization of molecules at the cell poles 
and chromosome segregation, then cytokinesis, and finally cell shape.

�PopZ: Centromere Anchoring and Polar Organization

In C. crescentus, the cell poles serve as sites of assembly for molecules and activi-
ties involved in cell cycle progression and development, including the chromosomal 
centromere, proteins required for stalk and flagellar biosynthesis, and factors 
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involved in the specification of stalked or swarmer cell fate. PopZ (Pole-organizing 
protein that affects FtsZ or Polar organizing protein Z) is a polar cytoskeletal protein 
that is conserved in nearly all α-proteobacteria and plays a key role in recruiting 
diverse proteins to the cell pole(s).

PopZ was first identified in C. crescentus as a polymerizing protein important for 
polar anchoring of the chromosomal centromere by two independent methods: a 
bioinformatic screen for proteins that are predicted to interact functionally with 
known polar proteins (Bowman et  al. 2008) and a genetic screen for genes that 
cause cell division defects on overexpression (Ebersbach et al. 2008). It is a small 
acidic protein (177 amino acids in C. crescentus, pI = 3.88) that forms a scaffold for 
the recruitment of factors involved in stalk morphogenesis and centromere segrega-
tion and anchoring. While it is non-essential, deletion of popZ leads to cell elonga-
tion, minicell formation and prevention of stalk synthesis (Fig. 4.3B) (Bowman 
et al. 2008; Ebersbach et al. 2008).

�PopZ Localization and Function in Cells

The first indication for the role of PopZ in polar organization came from investigat-
ing its localization over the cell cycle (Fig. 4.1 and 4.3I) (Bowman et  al. 2008; 
Ebersbach et al. 2008). PopZ – visualized as a functional fluorescent fusion to YFP - 
forms a unipolar focus at the old pole in newly divided cells (Fig. 4.3I1). As chro-
mosome replication is initiated and centromere segregation proceeds, PopZ 
transitions from a unipolar focus to bipolar foci (Fig. 4.3I2). PopZ oligomerizes and 
forms a matrix that excludes large macromolecules, including the nucleoid and 
ribosomes. This matrix can be seen by phase contrast microscopy as regions of low 
refractive index and by electron cryotomography (ECT) as ribosome-free zones 
(Fig. 4.4A) (Ebersbach et al. 2008; Bowman et al. 2010). The PopZ matrix has been 
proposed to function as a multivalent platform for the recruitment and/or retention 
of specific proteins at the cell pole(s) (Bowman et al. 2008, 2010; Ebersbach 2008).

A critical function of PopZ is in regulating the localization of the chromosomal 
centromere (parS) through its interactions with the ParA / ParB chromosome segre-
gation machinery (Bowman et al. 2008, 2010; Ebersbach et al. 2008; Ptacin et al. 
2014). At the old pole of newborn cells, the PopZ matrix binds to ParB, which binds 
to parS, thereby anchoring the parS-proximal regions of the chromosome (includ-
ing the ori) close to the old pole. Following replication of the parS locus, one of the 
two ParB-parS complexes moves towards the new cell pole where it is captured by 
a newly assembled PopZ matrix (Fig. 4.1). Thus, the polar PopZ matrices anchor the 
duplicated centromeres at the poles and stabilize the ori-ter-ori orientation of the 
replicating chromosome. In vitro observations and heterologous expression studies 
indicate that PopZ can directly bind free ParB or ParB bound to parS, suggesting 
that PopZ and ParB are sufficient for centromere anchoring (Bowman et al. 2008; 
Ebersbach et al. 2008). In addition to anchoring the centromere, PopZ further con-
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tributes to chromosome organization by regulating the localization of ParA – the 
ATPase that directs migration of one copy of ParB-parS to the new pole (Bowman 
et al. 2008, 2010; Ebersbach et al. 2008; Ptacin et al. 2014). Regulation of ParA 
localization by PopZ is described in the section on ParA.

Upon the swarmer-to-stalked cell transition, PopZ at the old pole undergoes an 
apparent change in function (Ebersbach et al. 2008; Bowman et al. 2010). Roughly 
coincident with the initiation of DNA replication, PopZ releases the ParB-parS 
complex at the old pole and begins to recruit factors important for stalk morphogen-
esis and other developmental events at the old pole (Fig. 4.1). SpmX, a periplasmic 
muramidase that is the earliest recruit to the developing stalked pole, is localized to 
the old pole in a PopZ-dependent manner. SpmX recruitment is presumed to be 
indirect: the muramidase domain of SpmX, which is thought to reside in the 
periplasm, is sufficient for its localization, whereas PopZ is exclusively cytoplasmic 
(Bowman et al. 2010). Following localization of SpmX at the pole, PopZ recruits 
histidine kinases, DivJ and CckA, which regulate cell fate and stalk synthesis, and 
CpdR, ClpX, and RcdA, factors required for the regulated proteolysis of the master 
cell cycle regulator, CtrA (Ebersbach et  al. 2008; Bowman et  al. 2010). 
Co-immunoprecipitation experiments indicate that PopZ directly interacts with 
DivJ and CckA, further supporting the role for PopZ as a scaffold for the localiza-
tion of these proteins (Ebersbach et  al. 2008; Bowman et  al. 2010). PopZ could 
recruit the other factors indirectly through its interaction with DivJ, CckA or other, 
as yet unknown, proteins.

�Assembly Properties of PopZ

In vitro, PopZ forms large oligomers as evidenced by its behavior in native poly-
acrylamide gel electrophoresis (PAGE) and size exclusion chromatography. 
Although PopZ is a 17 kDa protein, it migrates in complexes as large as 650 kDa in 
a native PAGE (Bowman et al. 2008; Ebersbach et al. 2008). Size exclusion chro-
matography studies of PopZ mutants indicate that PopZ forms dimers of trimers, 
which then associate to form higher order structures (Bowman et al. 2013). Electron 
micrographs of purified PopZ show that PopZ polymers are 5 nm in diameter and 
vary widely in length – ranging from short filaments of 25–50 nm to long, branched 
filaments that are over 200 nm in length (Fig. 4.5A) (Bowman et al. 2008). Mutants 
of PopZ that are defective in forming higher order structures do not form a polar 
focus in vivo and are incapable of bipolar localization, suggesting that the ability to 
polymerize is required for PopZ localization (Laloux and Jacobs-Wagner 2013; 
Bowman et al. 2013).

PopZ is dissimilar in sequence and structure to other known polymerizing pro-
teins, thus it establishes a new class of cytoskeletal proteins. Sequence comparison 
of PopZ homologs across α–proteobacterial species reveals that PopZ has three 
main regions:
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	1.	 An N-terminal region containing an α-helix (amino acids 1-26 in C. crescentus 
PopZ)

	2.	 A proline-rich linker region (amino acids 26 – 106)
	3.	 An α-helix-rich C-terminal region (amino acids 106 – 177) (Laloux and Jacobs-

Wagner 2013; Bowman et al. 2013)

The N-terminal and C-terminal regions have distinct functions in regulating the 
assembly and polar localization of PopZ. The C-terminal α-helices are required for 
polar localization of PopZ, as mutants of PopZ that do not contain the C-terminal 
region fail to self-assemble and are diffuse throughout the cell (Laloux and Jacobs-
Wagner 2013; Bowman et al. 2013). Size exclusion chromatography, multi-angle 
laser light scattering and native PAGE analyses indicate that the C-terminal region 
is sufficient for oligomerization (Bowman et al. 2013). This is further supported by 
observations in C. crescentus and upon heterologous expression in E. coli that fluo-
rescent fusions to the C-terminal region of PopZ localize as a unipolar focus 
(Bowman et al. 2013).

While the C-terminal region is sufficient for polymerization of PopZ and its 
localization at the old pole in C. crescentus, PopZ requires its N-terminal α-helix for 
the transition from a unipolar focus to bipolar foci and for directing stalk biogenesis 
(Laloux and Jacobs-Wagner 2013). Mutations in the N-terminus lead to reduced 
frequency of bipolar PopZ foci, cell elongation and poor SpmX localization (Laloux 
and Jacobs-Wagner 2013). Moreover, isolation of N-terminal mutants of PopZ that 
prevent its interaction with ParA in vitro, but which do not affect PopZ bipolar 
localization in vivo, suggests that the N-terminus is also required for binding ParA 
(Ptacin et  al. 2014). Cells expressing these mutants have delayed or incomplete 
migration of the ParB-parS complex, emphasizing the need for the PopZ-ParA 
interaction for efficient chromosome segregation (see ParA section for more detail).

�PopZ: Unanswered Questions

While the details of the function of PopZ in regulating chromosome organization 
and polar development are beginning to become clear, how PopZ localizes to the 
poles in the first place has not yet been explained. PopZ does not rely on any other 
known polar protein for its localization and can localize to polar foci when expressed 
in E. coli, which lacks a PopZ homolog, suggesting that polar assembly is an intrin-
sic property of PopZ (Bowman et  al. 2008; Ebersbach et  al. 2008). One model 
argues that PopZ localizes to any nucleoid free region – which is the new pole in the 
case of swarmers – unless there is a pre-existing PopZ focus. The strongest evidence 
for this model comes from heterologous expression studies in E. coli. PopZ-YFP 
localizes as a single focus in E. coli, irrespective of expression levels (Bowman 
et  al. 2008; Ebersbach et  al. 2008; Laloux and Jacobs-Wagner 2013). Moreover, 
heterologous expression of popZ-yfp in E. coli following treatment with cephalexin, 
a cell division inhibitor, leads to PopZ foci between nucleoids (Laloux and 
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Jacobs-Wagner 2013). It therefore seems likely that the nucleoid physically excludes 
the large PopZ matrix, and vice versa, leading to PopZ assembly only in nucleoid-
free regions. Whether these observations in E. coli are sufficient to explain polar 
PopZ localization in C. crescentus cells, which are smaller than E. coli and in which 
the nucleoid fills a larger portion of the cytoplasm, is unclear. Moreover, it is pos-
sible that C. crescentus has additional factors that assist in polar localization of the 
PopZ matrix. For example, either the inhibition of the MreB cytoskeleton or the loss 
of the polar marker TipN disrupts the normal distribution of PopZ (Bowman et al. 
2008; Laloux and Jacobs-Wagner 2013). However, it has not been established if 
their effects on PopZ are direct.

Another unanswered question is how PopZ forms a new matrix at the new pole 
after DNA replication initiation. Unlike ParB and MipZ, which transition from uni-
polar to bipolar distribution by moving across the cell with the segregating 
centromere, PopZ forms a matrix at the new pole de novo, without disassembly or 
movement of the old matrix (Bowman et  al. 2008; Ebersbach et  al. 2008). PopZ 
overproduction in both C. crescentus and E. coli leads to expansion of a single PopZ 
matrix at one pole (Ebersbach et al. 2008; Laloux and Jacobs-Wagner 2013), there-
fore changes in PopZ levels cannot explain its appearance at the new pole. Initiation 
of DNA replication was originally suggested to be a signal for the formation of the 
new PopZ matrix (Bowman et  al. 2008; Ebersbach et  al. 2008). However, more 
recent evidence from cells treated with the replication inhibitor novobiocin suggests 
that it is the segregation of chromosome, specifically ParA-dependent migration of 
the ParB-parS complex and not replication itself, that is required for the bipolariza-
tion of PopZ (Laloux and Jacobs-Wagner 2013). It is estimated that 40% of total 
PopZ is not in a polar matrix, but rather is diffuse in the cytoplasm (Bowman et al. 
2008; Laloux and Jacobs-Wagner 2013). It is possible that ParA, bound to TipN at 
the new pole, recruits cytoplasmic PopZ and increases its local concentration such 
that PopZ can form a new matrix (Laloux and Jacobs-Wagner 2013). How this series 
of interactions is triggered only upon centromere segregation remains to be 
determined.

�ParA and the Chromosome Segregation Machinery

The parABS locus encodes a tripartite DNA partitioning system that functions in 
diverse bacteria to segregate plasmid or chromosomal DNA. It comprises a cis-acting 
DNA sequence, parS, and two proteins: ParB, which binds parS and parS-proximal 
sites along the DNA, and ParA, a Walker-type ATPase required for directed move-
ment of ParB-parS complexes. As discussed below, there is conflicting data as to 
whether ParA assembles into cytoskeletal filaments or, alternatively, forms a nucleo-
protein complex made of DNA-bound ParA dimers to promote DNA segregation 
(Howard and Gerdes 2010; Mierzejewska and Jagura-Burdzy 2012). We include 
ParA in our discussion of cytoskeletal proteins in C. crescentus, as one of the models 
proposed for chromosome segregation invokes ParA assembly into filaments.
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�ParABS: Localization and Function in Cells

ParA and ParB were first identified as proteins required for plasmid segregation in 
E. coli (van den Elzen et al. 1983). Since then, numerous studies have demonstrated 
their roles in chromosome segregation in diverse bacteria (Mohl and Gober 1997; 
H. J. Kim et al. 2000; Mohl et al. 2001; Godfrin-Estevenon et al. 2002; Fogel and 
Waldor 2006; Saint-Dic et  al. 2006; Jakimowicz et  al. 2007; Toro et  al. 2008; 
Bartosik et al. 2009; Donovan et al. 2010; Iniesta 2014; Mierzejewska and Jagura-
Burdzy 2012). parA and parB are essential in C. crescentus (Mohl and Gober 1997), 
and ParB depletion causes DNA segregation defects and cell elongation (Easter and 
Gober 2002).

ParB dimers bind specific AT-rich sites near the chromosomal origin of replica-
tion (ori), known as parS, through a conserved helix-turn-helix motif (Toro et al. 
2008; Figge et al. 2003). In pre-divisional cells, ParB bound to parS forms a polar 
focus that partially overlaps with PopZ at the old pole (Fig. 4.1) (Mohl and Gober 
1997; Bowman et al. 2008; Ebersbach et al. 2008). Following the initiation of repli-
cation, parS is one of the first loci to be duplicated, as it lies only 8 kb away from 
ori. parS functions as the chromosomal centromere and is invariantly the first locus 
to be segregated (Toro et al. 2008). parS duplication leads to formation of two ParB-
parS complexes. One ParB-parS focus migrates rapidly to the new pole, while the 
other focus is retained near the old pole (Mohl and Gober 1997; Viollier et al. 2004; 
Bowman et al. 2008; Toro et al. 2008; Shebelut et al. 2010). ParA is required for the 
completion of directed movement of the ParB-parS focus to the new pole (Mohl and 
Gober 1997; Toro et al. 2008).

ATP-bound ParA dimers bind sequence non-specifically to the nucleoid (Easter 
and Gober 2002) and may also polymerize (Ptacin et al. 2010). In swarmer cells, 
when imaged by widefield fluorescence microscopy, ParA forms a dynamic, cloud-
like localization, with its highest concentration at the new pole opposite the ParB-
parS complex (Fig. 4.3J) (Schofield et al. 2010). As DNA replication progresses, one 
of the two ParB-parS complexes comes in contact with the ParA cloud and is trans-
located rapidly across the cell to the new pole (Shebelut et al. 2010). ParB activates 
the ATPase activity of ParA and converts ParA-ATP – bound to DNA and/or assem-
bled as a polymer - to free ParA-ADP monomers (Easter and Gober 2002; Figge 
et al. 2003). ParB, due to its affinity for ParA-ATP, moves up the concentration gradi-
ent of ParA towards the new pole (Toro et al. 2008; Ptacin et al. 2010; Shebelut et al. 
2010). Thus, a tight coordination between ATPase activity, dimerization, and differ-
ential DNA binding affinities of the ParAB system drives chromosome segregation.

�Mechanism of ParABS-Mediated Chromosome Segregation

While it is clear that ParA is required for directing the centromere to the new pole, 
whether ParA generates a pulling force on the centromere, like microtubules in a 
eukaryotic spindle, or if ParB follows the retracting ParA cloud through directed 
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diffusion is unclear. Based on existing data, there are two models for ParA function 
and DNA translocation in C. crescentus. In the first model, ATP-bound ParA is pro-
posed to form a linear, bundled polymer that is anchored at the new pole (Ptacin 
et al. 2010; Banigan et al. 2011). As the ParB-parS complex binds this filament at 
its unanchored end, it activates the ATPase activity of ParA and leads to depolymer-
ization of the ParA filament. As ParA depolymerizes, it pulls ParB-parS along due 
to the affinity of ParB for ATP-bound ParA. Thus, ParABS system forms a “burning 
bridge” that helps translocate parS.

Evidence for this ParA depolymerization-based burning bridge model comes 
from the observation that ParA can form bundled filaments in vitro (Ptacin et al. 
2010), and that ParA from other species have been observed to form filaments 
(Leonard et al. 2005; Ebersbach et al. 2006; Ringgaard et al. 2009). However, there 
is limited evidence for such a filament structure in vivo. While early super-resolution 
images of ParA-eYFP suggested a ~40  nm thick linear filament of ParA that 
stretches from the new pole to the ParB focus (Ptacin et  al. 2010), more recent 
super-resolution microscopy of ParA-Dendra2 revealed a cloud-like localization 
that is distinct from a structured filament (Lim et al. 2014). Moreover, an estimation 
of ParA concentration in cells suggests that there are far fewer ParA molecules than 
would be required to form a linear polymer that can stretch across the cell from the 
new pole to where ParB first interacts with ParA (Lim et al. 2014). Furthermore, 
single molecule tracking of the ParB focus revealed that ParB-parS complex does 
not follow a linear path, as would be predicted for a burning bridge model (Lim 
et al. 2014).

For the above reasons, a diffusion-based “DNA-relay” model has been proposed 
wherein ParA-ATP dimers on the DNA form a cloud-like nucleoprotein complex 
that drives the motion of ParB-parS through directed diffusion coupled with a 
Brownian ratchet (Lim et al. 2014). Observations of the movement of chromosomal 
loci suggest that these loci are in constant oscillations about their equilibrium point. 
Thus, ParA dimers bound to DNA also undergo oscillation. When the ParB-parS 
complex binds a DNA-bound ParA dimer out of its equilibrium point, the elastic 
nature of the chromosome brings ParA/ParB-parS complex closer to the equilib-
rium point. Simultaneously, ParB stimulates ParA’s ATPase activity leading to 
release of ParA monomers from the chromosome. As this cycle of ParB binding to 
ParA dimers and their subsequent removal repeats, the centromere moves to the new 
pole following the DNA bound ParA-dimer concentration gradient.

�Ensuring Robust Chromosome Segregation: ParABS 
and Beyond

Maintaining a concentration gradient of DNA-bound ParA that increases towards 
the new pole is central to efficient segregation through the proposed DNA relay 
mechanism. Interaction of ParA with PopZ and the new pole marker TipN are 
required to establish this gradient (Ptacin et al. 2010, 2014; Schofield et al. 2010) 
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(Fig. 4.1). Heterologous expression of PopZ and ParA in E. coli suggests that PopZ 
interacts directly with ParA (Laloux and Jacobs-Wagner 2013). Moreover, in other-
wise wild-type C. crescentus cells, a DNA binding mutant of ParA (ParAG16V) local-
izes specifically as bipolar foci in complex with the PopZ matrix, whereas in ∆popZ 
cells, this mutant is distributed throughout the cytoplasm with no apparent concen-
tration gradient (Ptacin et al. 2014). These observations illustrate that binding to 
both PopZ and DNA are required to maintain the ParA gradient.

While necessary, the PopZ-ParA interaction is not sufficient to maintain the ParA 
gradient with its highest concentration near the new cell pole, as PopZ is enriched 
at the old pole or both poles depending on cell cycle status. For this, TipN, which is 
localized at the new cell pole, is required. In ∆tipN cells, the ParA concentration 
gradient redistributes to a cloud enriched at both poles, leading to inefficient ParB-
parS migration (Ptacin et al. 2010; Schofield et al. 2010). Moreover, whereas the 
DNA-binding mutant ParAG16V forms bipolar foci in otherwise wild-type cells, it 
localizes to the old pole in ∆tipN cells. In addition, ParA and TipN have been shown 
to interact directly by FRET and in vitro pull down experiments (Schofield et al. 
2010). From these observations, TipN has been suggested to restrict the ParA con-
centration maximum to the new pole, possibly by titrating away free ParA mono-
mers that result from ParB-activated ATP hydrolysis by ParA and subsequent release 
of ParA from the DNA (Schofield et al. 2010). Simultaneous deletion of popZ and 
tipN is synthetic lethal, further supporting the cooperative contributions of these 
factors to regulating ParA localization and function.

While it is clear that ParA is required for efficient centromere migration, there 
appear to be other compensatory mechanisms for chromosome segregation in the 
absence of a functional ParA. These include MreB-driven cell elongation (Shebelut 
et al. 2009, 2010; Schofield et al. 2010) and bulk segregation mechanisms mediated 
by the motor activities associated with DNA replication and transcription (Shebelut 
et al. 2010). In fact, ParA is required only for the late stages of centromere translo-
cation (Shebelut et al. 2010). Nevertheless, cells lacking a functional ParABS sys-
tem are not viable and have severe cell division defects. The cytokinesis defects 
associated with parABS mutants are attributed to the mislocalization of MipZ, a 
ParB-associated factor that coordinates DNA segregation with assembly of the cyto-
kinetic FtsZ ring (Thanbichler and Shapiro 2006).

�FtsZ: The Orchestrator of Cytokinesis

Shortly after segregation of the chromosomal centromere, the multi-protein machin-
ery that will ultimately divide the cell begins to assemble near midcell (Thanbichler 
and Shapiro 2006). At the core of this machinery is FtsZ, a tubulin-like GTPase that 
is conserved in most bacteria with a peptidoglycan cell wall. It polymerizes on bind-
ing GTP and forms a ring like structure at the division site (Z-ring) that serves to 
coordinate invagination of the cell envelope during cytokinesis (Erickson et  al. 
2010; Meier and Goley 2014). In the absence of FtsZ, cells fail to divide, elongate, 
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and eventually lyse (Fig. 4.3D). FtsZ is proposed to act as a scaffold for the recruit-
ment of the division machinery (divisome), and as a potential source of constrictive 
force for envelope invagination. In addition to its role in cell division, C. crescentus 
FtsZ also directs elongation of the cell prior to initiating constriction of the envelope 
for cytokinesis (Aaron et al. 2007). The conserved features of FtsZ assembly and 
function are discussed elsewhere in this book. Here, we focus on the characteristics 
of FtsZ that have been specifically observed for C. crescentus.

�FtsZ Domain Architecture and Function

Based on sequence homology across species, FtsZ is divided into four regions – (i) 
a poorly conserved N-terminal peptide of unknown function (ii), a GTPase domain 
that adopts the tubulin fold, (iii) an intrinsically disordered C-terminal linker (CTL), 
and (iv) a C-terminal conserved (CTC) peptide (Vaughan et al. 2004). The GTPase 
domain is highly conserved and is sufficient for polymerization of FtsZ in vitro 
(X. Wang et al. 1997; Din et al. 1998; Vaughan et al. 2004). The CTC is the binding 
site for several essential regulators of FtsZ function, including membrane-anchoring 
proteins and the ClpXP protease (Ma et al. 1997; Din et al. 1998; Ma and Margolin 
1999; Król et al. 2012; Duman et al. 2013; Williams et al. 2014). The disordered 
CTL is the least conserved region of FtsZ: it is highly variable in length and sequence 
across species and is particularly long (100-400 residues) in α–proteobacteria 
(Vaughan et al. 2004; Margolin 2005). Despite its poor conservation, the CTL plays 
an essential, length- and disorder-dependent, but sequence-independent function in 
E. coli and B. subtilis (Buske and Levin 2013; Gardner et al. 2013). In C. crescentus, 
however, the linker plays both sequence- and length-dependent roles in executing 
cytokinesis (Sundararajan et al. 2015). The mechanisms by which the length and 
sequence of the CTL contribute to efficient cytokinesis are not yet clear, although 
both of these features affect steady state FtsZ levels and Z-ring structure 
(Sundararajan et al. 2015).

�Z-ring Structure In Vivo

Various studies have characterized the structure and dynamics of the Z-ring in vivo 
as a means to understand its function both as a scaffold and as a potential force 
generator. ECT and polarized fluorescence microscopy imaging of C. crescentus 
cells revealed relatively sparse, single-stranded FtsZ protofilaments oriented per-
pendicular to the long axis of the cell (Fig. 4.4B) (Z. Li et al. 2007; Si et al. 2013; 
Szwedziak et al. 2014). On average, protofilaments are positioned 16 nm from the 
inner membrane (Z. Li et al. 2007; Szwedziak et al. 2014). Whether these filaments 
assemble into a continuous ring, however, is currently subject to debate (Figs. 4.3K 
and 4.4B) (Z. Li et al. 2007; Holden et al. 2014; Szwedziak et al. 2014). An early 
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ECT study and later super-resolution light microscopy favor a model of FtsZ proto-
filaments organized into discontinuous clusters (Z.  Li et  al. 2007; Holden et  al. 
2014), but a more recent ECT study revealed protofilaments that appear to com-
pletely encircle the cell at its waist (Szwedziak et al. 2014). The diameter of the 
Z-ring gradually decreases with cell envelope invagination, starting at ~500 nm and 
decreasing to ~350 nm at a constant rate of 0.8 nm/min (Holden et al. 2014). This 
gradual constriction of the Z-ring then switches to a rapid constriction stage, during 
which the diameter decreases to ~150 nm towards the end of cytokinesis (Holden 
et al. 2014).

�FtsZ Function Over the Cell Cycle

Following DNA replication initiation in stalked cells, FtsZ begins to assemble 
approximately at the middle of the cell into a circumferential Z-ring (Fig. 4.2) 
(Quardokus et al. 2001; Thanbichler and Shapiro 2006). The assembly of the Z-ring 
triggers the sequential recruitment of more than two dozen factors that function 
together to effect cytokinesis and other FtsZ-dependent events (Goley et al. 2011). 
These factors include (i) FtsZ-binding proteins that regulate Z-ring structure,  

Fig. 4.2  Cytoskeletal regulation of cell shape and morphogenesis. In swarmer cells, dynamic 
clusters of MreB are distributed along the length of the cell and direct cell elongation. FtsZ is local-
ized to the new cell pole in swarmers, but due to the dynamic relocation of the MipZ concentration 
maxima to the poles upon centromere segregation, FtsZ is displaced from the new pole and reas-
sembled at midcell to form the Z-ring. Following Z-ring assembly, MreB is recruited to the midcell 
where it drives midcell elongation along with FtsZ. Finally, following the arrival of late division 
proteins, MreB is displaced from the midcell into dispersed clusters. Crescentin and CTP synthase 
work synergistically to direct cell curvature. Crescentin forms short structures at the inner cell 
curvature in swarmer cells, which elongate as the cell grows until these crescentin filaments reach 
the cell poles. CTP synthase forms shorter, predominantly cytoplasmic filaments in swarmer cells 
and longer, membrane-associated structures in stalked cells. Bactofilins assemble into a scaffold in 
early stalked cells at the base of the stalk and regulate pole morphogenesis
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(ii) proteins that anchor FtsZ to the membrane, (iii) factors that stabilize the division 
machinery (divisome), (iv) peptidoglycan remodeling enzymes, (v) DNA transloca-
tion factors, (vi) outer membrane proteins, and (vii) pole morphogenesis factors. 
Although all of these proteins require FtsZ for their midcell localization, only a 
subset –FtsA, FzlA, FzlC, ZapA, FtsE, KidO, GdhZ, and ClpX – interact directly 
with FtsZ (Ma et al. 1997; X. Wang et al. 1997; Din et al. 1998; Goley et al. 2010; 
Radhakrishnan et al. 2010; Beaufay et al. 2015). FtsZ and the divisome together 
cause local remodeling of the cell envelope which results in cytokinesis (Meier and 
Goley 2014). While it is clear that FtsZ acts as a scaffold for the local assembly of 
the divisome, recent evidence suggests that FtsZ also contributes to the regulation 
of peptidoglycan enzyme activities through a CTL-dependent mechanism beyond 
its scaffolding function (Sundararajan et al. 2015).

Surprisingly, FtsZ directs a significant portion of cell wall synthesis for cell elon-
gation in C. crescentus (Aaron et al. 2007; Kuru et al. 2012). Before the initiation of 
constriction, FtsZ recruits MreB, the actin homolog important for directing 
elongation-mode cell wall synthesis, and MurG, a critical component of the pepti-
doglycan precursor synthesis pathway, and directs longitudinal peptidoglycan syn-
thesis at the midcell (Aaron et  al. 2007; Goley et  al. 2011). Midcell elongation 
continues until the arrival of the late divisome proteins FtsW and FtsB, after which 
peptidoglycan remodeling switches from an elongation mode to a division mode 
(Aaron et al. 2007; Goley et al. 2011).

�Force Generation and FtsZ Filament Curvature

In vitro observations of E. coli FtsZ polymers reconstituted on liposomes have sug-
gested that, in addition to acting as a scaffold, FtsZ is capable of generating force to 
deform membranes (Osawa et al. 2008, 2009). A curvature-based force generation 
mechanism has been proposed based on several observations. First, electron micros-
copy of FtsZ protofilaments indicates that FtsZ filaments become more curved upon 
GTP hydrolysis (Lu et al. 2000) and GTP hydrolysis mutants of FtsZ fail to com-
plete cytokinesis (Y. Wang et al. 2001; Stricker and Erickson 2003). In addition, the 
geometry of membrane deformation by FtsZ in vitro depends on the orientation of 
the membrane anchor relative to the direction of filament curvature (Osawa et al. 
2009; Osawa and Erickson 2011). Based on these observations and the presence of 
a discontinuous Z-ring, an “iterative pinching” model of FtsZ function has been 
proposed (Z. Li et al. 2007; Erickson et al. 2010; Y. Li et al. 2013; Holden et al. 
2014). According to this model, membrane-anchored, curved FtsZ filaments cause 
local deformation of the membrane that is coupled with peptidoglycan remodeling. 
Repeated rounds of FtsZ filament assembly, membrane deformation, and peptido-
glycan remodeling at the division site lead to coordinated cell envelope 
invagination.

Regulating the curvature of FtsZ filaments is central to the proposed “iterative 
pinching model”. Interestingly, in C. crescentus, FzlA, a glutathione S-transferase 
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family protein that is conserved in α-proteobacteria, binds directly to FtsZ and 
induces formation of highly curved, stable filament bundles (Goley et  al. 2010). 
FzlA, an early recruit to the division site, is the only known FtsZ-binding factor that 
affects filament curvature and is essential for cytokinesis. Depletion of FzlA results 
in smooth elongated cells with no envelope invaginations, whereas overexpression 
of FzlA results in aberrant assembly of FtsZ as a tight focus instead of a ring-like 
structure (Goley et al. 2010). It has been proposed that FzlA-mediated curved fila-
ments contribute to FtsZ-mediated force generation in C. crescentus and its 
relatives.

�Cell Cycle Regulation of FtsZ Levels

In C. crescentus, assembly of the Z-ring is temporally regulated, in part, through 
transcriptional and post-translational regulation of FtsZ levels (Quardokus et  al. 
1996, 2001; Kelly et  al. 1998; Williams et  al. 2014). FtsZ levels are lowest in 
swarmer cells (Quardokus et al. 1996, 2001; Kelly et al. 1998). As swarmers mature 
to stalked cells, FtsZ is upregulated to approximately 1000 molecules/cell. This 
number further increases following DNA replication initiation to ~6400 molecules/
cell and finally reaches a maximum of ~7600 molecules during active envelope 
constriction in pre-divisional cells. Just before the completion of cytokinesis, FtsZ 
levels drop back down to ~1700 molecules (Quardokus et al. 2001). This cycling of 
FtsZ levels is achieved by the cell cycle-controlled transcription of ftsZ through the 
regulated activity of three cell cycle master regulators: CtrA, which represses ftsZ 
transcription (Kelly et al. 1998); DnaA, which activates ftsZ transcription (Hottes 
et al. 2005); and CcrM, which regulates the methylation state and activity of the ftsZ 
promoter (Gonzalez and Collier 2013). In addition, FtsZ has a shorter half-life in 
swarmer cells than in stalked cells, and is degraded by the ClpXP and ClpAP prote-
ase complexes (Quardokus et  al. 1996, 2001; Kelly et  al. 1998; Williams et  al. 
2014). Notably, ClpX recognizes a degradation signal on the C-terminal helix of 
FtsZ and is recruited to the division plane towards the end of cytokinesis to promote 
FtsZ turnover (Williams et al. 2014).

�Positioning of the Z-ring in Coordination with DNA Segregation

In addition to the regulation of cytokinesis through alteration of FtsZ levels, the tim-
ing and location of Z-ring assembly in C. crescentus is coordinated with segregation 
of the chromosomal centromere through the action of a negative regulator of FtsZ 
assembly, MipZ (Figs. 4.1 and 4.2) (Quardokus et al. 2001; Quardokus and Brun 
2002; Thanbichler and Shapiro 2006; Kiekebusch et al. 2012). MipZ is a Walker-
type ATPase that binds FtsZ and promotes disassembly of FtsZ filaments by 
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increasing its GTP hydrolysis activity (Thanbichler and Shapiro 2006). MipZ inter-
acts with the ParB-parS complex and with DNA, depending on its nucleotide-bound 
and dimerization state, forming a concentration gradient that is highest at the cell 
poles and lowest at midcell following parS segregation (Thanbichler and Shapiro 
2006; Kiekebusch et al. 2012). This gradient establishes a region of low MipZ con-
centration at midcell where FtsZ can polymerize, thereby determining the position 
of the Z-ring and the future division site (Thanbichler and Shapiro 2006; Kiekebusch 
et al. 2012). MipZ is the only known spatial regulator of FtsZ localization in C. 
crescentus. Unlike E. coli and B. subtilis, nucleoid occlusion of Z-ring assembly has 
not been observed in C. crescentus and, in fact, Z-rings readily form over regions of 
high DNA concentration (Thanbichler and Shapiro 2006).

Another connection between FtsZ and DNA segregation exists through FtsK, a 
component of the divisome that translocates the chromosomal terminus (ter) (S. C. 
E. Wang et al. 2006). FtsK is required for ter partitioning and it is recruited to the 
Z-ring before the beginning of invagination (S. C. E. Wang et al. 2006; Goley et al. 
2011). Depletion of FtsK results in formation of multiple Z-rings and disruption of 
division (S. C. E. Wang et al. 2006). Based on its association with the nucleoid, and 
its effect on the Z-ring, FtsK may play a role functionally analogous to nucleoid 
occlusion in C. crescentus (S. C. E. Wang et al. 2006).

�Metabolic Regulation of FtsZ Function

Recent work in numerous organisms has demonstrated that cytokinesis must not 
only be regulated in a cell cycle-dependent fashion, but also in response to environ-
mental and metabolic cues (Kirkpatrick and Viollier 2012). This is true in C. cres-
centus as well: KidO and GdhZ are metabolic enzymes implicated in the regulation 
of Z-ring assembly in response to metabolic state of the cell (Radhakrishnan et al. 
2010; Beaufay et al. 2015). These two factors are proposed to work synergistically 
to prevent premature Z-ring assembly and promote Z-ring disassembly during con-
striction. On binding to its substrate NADH, KidO reduces lateral interaction 
between FtsZ filaments (Radhakrishnan et al. 2010; Beaufay et al. 2015). GdhZ, on 
the other hand, binds NAD+ and glutamate, and increases the GTP hydrolysis rate 
of FtsZ, thereby favoring depolymerization (Beaufay et al. 2015). As both KidO and 
GdhZ are regulated by the metabolic coenzyme, NAD, it is hypothesized that they 
function as metabolic checkpoints for cell cycle progression through FtsZ. In addi-
tion, KidO and GdhZ are upregulated towards the end of cytokinesis, and are 
recruited to the division site. Hence, they could be involved in the disassembly of 
the cytokinetic ring at the end of the cell cycle, in parallel to proteolytic degradation 
of FtsZ (Beaufay et al. 2015; Williams et al. 2014). The significance of this mode of 
regulation remains to be fully elucidated (Radhakrishnan et al. 2010; Beaufay et al. 
2015).
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�MreB: Regulating Cell Shape and Polarity

FtsZ contributes to cell shape maintenance primarily by maintaining consistent cell 
length. Uniform cell width, on the other hand, is maintained by MreB, a membrane-
associated bacterial homologue of actin that is present in most rod-shaped bacteria 
(Daniel and Errington 2003; Figge et al. 2004; Shaevitz and Gitai 2010; Harris et al. 
2014). C. crescentus cells depleted of MreB widen, become lemon-shaped, and 
eventually lyse (Fig. 4.3E) (Figge et al. 2004; Gitai et al. 2004). Beyond its role in 
defining rod shape, C. crescentus MreB has been implicated in the regulation of 
chromosome segregation, polar morphogenesis, and cell curvature (Gitai et  al. 
2004, 2005; Wagner et  al. 2005; Divakaruni et  al. 2007; Shebelut et  al. 2009; 
Charbon et al. 2009; Dye et al. 2011). The assembly properties of MreB and its 
conserved role in maintaining rod shape are discussed elsewhere in this book. Here, 
we will focus on insights into MreB regulation and roles for MreB specific to cell 
cycle progression and development derived from studies in C. crescentus.

�Regulation and Dynamics of MreB Localization

Like many proteins implicated in cell shape and polar development, the localization 
of MreB is dynamic over the cell cycle in C. crescentus (Fig. 4.2). In recently 
divided cells, MreB localizes in dynamic patches dispersed along the length of the 
cell that move circumferentially along the short cell axis (Figs. 4.2 and 4.3L) (Figge 
et al. 2004; Gitai et al. 2004, 2005; Wagner et al. 2005; S. Y. Kim et al. 2006; Harris 
et al. 2014). Following assembly of the cytokinetic FtsZ ring in early stalked cells, 
MreB is recruited to midcell in an FtsZ-dependent manner and is thought to help 
direct cell wall metabolism for elongation of the cell prior to cytokinesis (Figge 
et al. 2004; Gitai et al. 2004; Divakaruni et al. 2007; Goley et al. 2011). However, 

Fig. 4.3  (continued) (Ausmees et al. 2003). (G) Phase contrast image of cells depleted of CTP 
synthase (Ingerson- Mahar et al. 2010). (H) Phase contrast image of cells overexpressing bacA-
venus (Kühn et al. 2009). Figures (I–O) represent localization pattern of individual cytoskeletal 
proteins. (I) Epifluorescence microscopy showing polar localization of PopZ-YFP (in red overlaid 
on DIC images) in synchronized cells; (I1) – early swarmer with unipolar PopZ localization, (I2) – 
Pre-divisional cell with bipolar PopZ localization, (I3) – Bipolar PopZ localization in cell under-
going cytokinesis. Scale bar = 2μm (Ebersbach et al. 2008). (J) PALM image of ParA-Dendra2 
expressed from native locus (J1) or under the control of Pxyl promoter (J2). Scale bar = 1 μm (Lim 
et al. 2014). (K) HT-PALM image of FtsZ-Dendra2 in a predivisional cell; (K1) and (K2) represent 
longitudinal and cross-sectional views of the Z-ring respectively. Scale bar = 500 nm (Holden et al. 
2014). (L) PALM image of eYFP-MreB.  Scale bar = 300  nm (Biteen et  al. 2008). (M) 
Immunofluorescence microscopy image showing CreS-FLAG (red) and the nucleoid stained with 
DAPI (blue). Scale bar = 2 μm (Ausmees et al. 2003). (N) Epifluorescence microscopy of cells 
expressing mChy-CtpS (red overlaid on phase contrast image). Scale bar = 2 μm (Ingerson-Mahar 
et al. 2010). (O) Merged image showing localization of BacA-eCFP and BacB-Venus. Scale bar = 
2 μm (Kühn et al. 2009)
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Fig. 4.3  Function and localization of C. crescentus cytoskeleton. (A) Phase contrast image of 
wild-type C. crescentus cells (Unpublished results). Figures (B–H) represent morphological 
changes upon deletion, depletion or overexpression of individual cytoskeletal elements. Scale bars 
= 2 μm. (B) DIC image of ∆popZ cells. Arrows highlight minicell formation (Ebersbach et al. 
2008). (C) Phase contrast image of cells overexpressing parA (Mohl and Gober 1997). (D) Phase 
contrast image of cells depleted of FtsZ for 4.5 h (Sundararajan et al. 2015). (E) Phase contrast 
image of cells depleted of MreB for 10 h (Figge et  al. 2004). (F) DIC image of ∆creS cells  
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the localization of MreB to midcell is not required for normal growth and morphol-
ogy, as MreB mutants have been isolated that fail to accumulate at midcell, yet have 
apparently normal cell shape (Aaron et al. 2007; Dye et al. 2011). Roughly coinci-
dent with cytoplasmic compartmentalization in late predivisional cells, MreB is dis-
persed from midcell and once again adopts a dynamic patchy localization (Gitai 
et al. 2004; Goley et al. 2011).

While FtsZ is required for midcell recruitment of MreB, it is not clear if the two 
interact directly in C. crescentus, as reported for E. coli (White et al. 2010; Fenton 
and Gerdes 2013). However, MbiA, a factor identified in C. crescentus and con-
served in a subset of α-proteobacteria, does bind MreB directly and regulate its 
localization (Yakhnina and Gitai 2012). While mbiA is not essential, overexpression 
of mbiA causes cell shape defects that resemble the effects of MreB depletion. 
Surprisingly, MbiA overproduction also leads to mislocalization of MreB: in the 
presence of excess MbiA, MreB condenses into a thick band at midcell. This occurs 
even in swarmer cells in which FtsZ has not yet assembled into a ring, implying 
FtsZ-independent midcell localization. Overexpression of mbiA also promotes mid-
cell localization of a mutant of MreB - MreBQ26P - that is otherwise defective for 
midcell recruitment (Yakhnina and Gitai 2012). As mbiA is dispensable for growth 
in the laboratory, the physiological significance and mechanism of MbiA-dependent 
regulation of MreB localization and function remain to be elucidated.

�MreB and C. crescentus Morphogenesis

Investigations into the physiological functions of MreB have been facilitated by 
identification of small molecule inhibitors of its assembly, including A22 (Gitai 
et al. 2004) and its less toxic derivative, MP265 (Takacs et al. 2010). A22 was first 
described as a molecule affecting E. coli cell shape (Iwai et al. 2002), but MreB was 
confirmed as its primary target through the identification of mutations in C. crescen-
tus MreB that confer resistance to A22 (Gitai et al. 2005; Charbon et al. 2009; Dye 
et al. 2011). Indeed, A22 and MP265 cause MreB to become diffusely localized in 
vivo (Gitai et al. 2004; Takacs et al. 2010) and inhibit its assembly into antiparallel 
double filaments in vitro (Fig. 4.5D) (van den Ent et al. 2014).

While it is clear that the conserved function of MreB is the maintenance of cell 
width through the regulation of cell wall metabolism, in C. crescentus, MreB also 
influences cell curvature. A subset of A22-resistant MreB mutant strains have 
defects in cell curvature and are straight (Dye et al. 2011). This is attributed to a role 
for MreB in the membrane attachment of crescentin, the curvature-defining inter-
mediate filament-like protein discussed later in this chapter (Charbon et al. 2009; 
Dye et al. 2011).

A second MreB-dependent morphogenetic process specific to C. crescentus and 
its relatives is the elaboration of a polar stalk. Stalk synthesis and elongation require 
specialized peptidoglycan metabolism to create a compartment with a smaller diam-
eter than the cell body. Despite their different dimensions, elongation and synthesis 
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of the stalk, like elongation of the cell body, requires MreB (Wagner et al. 2005). In 
C. crescentus cells depleted of MreB, stalks are either short, absent, or misshapen, 
appearing as polar “bulbs” much wider in diameter than wild-type stalks. When 
MreB is added back to these cells, stalks form at ectopic poles (i.e. emanating from 
the sides of cells) and are frequently branched (Wagner et al. 2005). These findings 
suggest that stalk elongation is a modified version of cell elongation, and that MreB 
is important for developing stalks of the appropriate diameter and for maintaining 
cell polarity so that stalks are assembled in the appropriate place.

�MreB and Polar Development

In addition to its role in stalk placement, MreB is proposed to play a general role in 
cell polarity, as it influences the polar localization of the chromosomal centromere 
and of numerous proteins involved in cell cycle progression and development (Gitai 
et al. 2004, 2005; Bowman et al. 2008). Alterations in MreB levels cause severe 
defects in chromosome segregation (Gitai et al. 2004). Cells treated with A22 expe-
rience growth condition-specific defects in segregation of origin-proximal regions 
of the chromosome: cells grown in liquid media have delayed parS segregation, 
while those grown on solid media frequently fail to segregate parS entirely (Gitai 
et al. 2005; Shebelut et al. 2009). Moreover, chromatin immunoprecipitation experi-
ments demonstrated physical association of MreB with multiple origin-proximal 
loci, including parS (Gitai et al. 2005). These observations initially led to the propo-
sition that MreB forms a mitotic spindle-like segregation machine. However, the 
lack of a strict requirement for MreB for chromosome segregation under all tested 
growth conditions (Shebelut et al. 2009) and absence of a large-scale polar MreB 
structure in vivo (S. Y. Kim et al. 2006; Swulius et al. 2011; van den Ent et al. 2014) 
argue against this possibility.

In addition to defects in chromosome segregation, PopZ is completely delocal-
ized in lemon-shaped cells depleted of MreB, and its assembly at the new cell pole 
is delayed in cells treated with A22 (Bowman et  al. 2008; Laloux and Jacobs-
Wagner 2013). MreB depletion also leads to mislocalization of polar developmental 
regulators including DivK, DivJ, and CckA (Gitai et al. 2004). However, since PopZ 
provides a platform for recruitment of these factors (Ebersbach et al. 2008; Bowman 
et al. 2010), the effects of MreB on their localization may be indirect. Indeed, as 
assembly of PopZ at the new cell pole requires chromosome segregation (Laloux 
and Jacobs-Wagner 2013), one possibility is that inhibition of MreB causes delayed 
or inhibited parS segregation, which prevents timely bipolarization of PopZ, which 
in turn prevents proper recruitment of other polar proteins. In general, MreB inhibi-
tion with A22 slows cell growth and cell cycle progression, providing a possible 
explanation for the observed delay in chromosome segregation and accumulation of 
PopZ at the new cell pole (Sliusarenko et  al. 2011; Laloux and Jacobs-Wagner 
2013).

4  Cytoskeletal Proteins in Caulobacter crescentus: Spatial Orchestrators of Cell Cycle…
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�MreB: Unanswered Questions

The use of small molecule inhibitors to assess the acute effects of MreB inhibition 
circumvents many of the caveats associated with the large-scale cell shape changes 
associated with long term MreB depletion. However, questions about the mecha-
nisms by which MreB participates in polarity establishment and morphogenesis still 
remain. How is the dynamic localization of MreB to and its release from midcell 
achieved, and for what purpose? Does MreB directly interact with crescentin to 
anchor it to the membrane and promote cell curvature? How does MreB help to 
maintain both the width of the cell and the width of the stalk, when their diameters 
are vastly different? And does MreB play a specific role in defining cell polarity, or 
are its effects on polarity secondary to its effects on cell physiology and shape?

�Crescentin and Cell Curvature

In addition to maintaining a rod shape through the action of MreB, C. crescentus 
cells adopt a gentle curvature as a result of another cytoskeletal protein, crescentin. 
Encoded by creS, crescentin is the first and best described bacterial intermediate 
filament (IF) protein. It was identified in a visual screen for cell shape mutants 
(Ausmees et al. 2003). creS is not essential: creS mutant cells grow as straight rods, 
but are otherwise indistinguishable from wild-type (Fig. 4.3F) (Ausmees et  al. 
2003) suggesting that this protein evolved specifically for determining cell shape. 
Emphasizing its role in defining cell shape, overexpression of creS causes hypercur-
vature of cells (Cabeen et al. 2009). While deleting creS has no effect on fitness in 
the laboratory, the vibrioid morphology of wild-type C. crescentus enhances its 
ability to colonize surfaces in conditions of fluid flow (Persat et  al. 2014). This 
enhanced surface colonization is likely to confer a fitness advantage in the wild, 
where C. crescentus populates surfaces in aquatic environments such as streams and 
lakes.

�Crescentin Localization and Assembly Properties

Crescentin forms a membrane-proximal, filamentous structure along the inner cur-
vature of the cell when visualized by immunofluorescence microscopy or by imag-
ing fluorescently-tagged crescentin variants (Figs. 4.2 and 4.3M) (Ausmees et al. 
2003; Cabeen et  al. 2009). As the cell cycle progresses, the crescentin structure 
elongates, then separates into two at the incipient division plane prior to completion 
of cytokinesis (Charbon et al. 2009). Several lines of evidence indicate that crescen-
tin is membrane associated in vivo. In cells treated with inhibitors of the actin homo-
log, MreB, or with inhibitors of cell wall synthesis, the crescentin filament appears 
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to dislodge from the inner curvature and recoil into a helical, cytoplasmic structure 
(Cabeen et al. 2009; Charbon et al. 2009). Similarly, an N-terminal truncation vari-
ant of crescentin (CreS∆N27) assembles into a helical, cytoplasmic filament, indicat-
ing that membrane attachment is likely mediated by the N-terminus (Cabeen et al. 
2009). Fluorescence microscopy of CreS-GFP in elongated cells revealed that cres-
centin helices have a uniform pitch of 1.6 ± 0.1 μm (Ausmees et al. 2003). This is 
likely a stretched conformation, as the CreS∆N27 truncation mutant that is presumed 
to be dissociated from the membrane has a shorter pitch of 1.4 ± 0.15 μm (Cabeen 
et al. 2009).

Based on sequence identity and biochemical properties, crescentin is classified 
as an IF protein (Ausmees et al. 2003). Like eukaryotic IF proteins, crescentin con-
tains 4 coiled-coil regions with seven-amino-acid (heptad) repeats separated by 
short linkers. Also like other IF proteins, crescentin bears a conserved stutter, an 
interruption in the heptad repeat, in the C-terminal coiled-coil region (Ausmees 
et al. 2003). Solubilized crescentin spontaneously assembles into filaments in vitro 
(Ausmees et al. 2003; Esue et al. 2010; Cabeen et al. 2011). While self-assembly is 
largely unaffected by salt concentrations, crescentin filaments form most readily at 
a low pH of 6.5 (Fig. 4.5E). At higher pH of up to 8.5, divalent cations (e.g. 5 mM 
Mg2+) are required to stabilize polymers (Cabeen et al. 2011). At pH 6.5, crescentin 
structures are typically 8–10 nm (single filaments) or 17–20 nm (paired bundles) in 
width, but can form thicker bundles, particularly in the presence of divalent cations 
(Fig. 4.5E) (Ausmees et al. 2003; Cabeen et al. 2011). A study of the mechanical 
properties of crescentin in vitro determined that crescentin filamentous structures 
are elastic and solid-like, and can recover their network elasticity after shear stress 
(Esue et al. 2010). Both the self-assembly and mechanical properties of crescentin 
are consistent with its designation as an IF protein. It is worth noting that crescentin 
polymers have not been observed by ECT in vivo except when a membrane-
dissociated form of crescentin was overproduced (Cabeen et al. 2010), so the physi-
ologically relevant structure of crescentin awaits demonstration.

�Crescentin-Mediated Cell Curvature: Mechanical Regulation 
of Peptidoglycan Synthesis

A growing body of evidence supports a model in which crescentin plays a mechani-
cal role in regulating peptidoglycan synthesis to elicit a curved cell shape. First, 
crescentin-induced cell curvature depends on its polymerization and membrane 
attachment (Cabeen et al. 2009, 2010, 2011; Charbon et al. 2009). Crescentin vari-
ants that fail to polymerize under physiological pH and salt conditions in vitro (e.g. 
pH 7.5, 200 mM KCl) also fail to assemble into filaments in vivo, and cells produc-
ing these non-polymerizing variants are straight (Cabeen et al. 2011). Cells express-
ing membrane-dissociated CreS∆N27 are also straight, even though the polymerization 
properties of this mutant are similar to wild-type (Cabeen et  al. 2009, 2011).  

4  Cytoskeletal Proteins in Caulobacter crescentus: Spatial Orchestrators of Cell Cycle…
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A mutation in the lipopolysaccharide biosynthesis pathway (wbqL) also causes loss 
of cell curvature by disrupting membrane attachment of crescentin by a yet unknown 
mechanism (Cabeen et al. 2010).

Second, using a dominant negative variant of crescentin, Cabeen and colleagues 
demonstrated that loss of cell curvature upon crescentin inactivation requires cell 
growth (Cabeen et al. 2009). These data argue that crescentin does not bend the cell 
directly, but that it modulates synthesis of the peptidoglycan cell wall in a manner 
that leads to cell curvature. Consistent with that hypothesis, sacculi (isolated pepti-
doglycan) from wild-type, ΔcreS, or creS-overexpressing cells imaged by electron 
microscopy have the same relative degrees of curvature as the cells from which they 
are isolated (Cabeen et al. 2009). Moreover, when crescentin is present, a gradient 
in the rates of cell wall synthesis is present across the short axis of the cell: peptido-
glycan is synthesized more slowly proximal to crescentin than it is distal to crescen-
tin (Cabeen et  al. 2009). These differential rates in peptidoglycan synthesis are 
thought to be sufficient to lead to the cell curvature observed. It is interesting to note 
that heterologous expression of creS in E. coli is sufficient to induce curvature 
(Cabeen et al. 2009), consistent with the idea that crescentin uses conserved path-
ways, i.e. those involved in cell wall metabolism, to alter cell shape.

Third, given the reduced helical pitch of membrane-dissociated crescentin, the 
physiologically relevant, membrane attached form is likely to be constrained and, 
therefore, exerts a strain on the cell envelope (Cabeen et  al. 2009). This strain 
imposed on the inner curvature of the cell is proposed to locally compress the pep-
tidoglycan, making bond hydrolysis less favorable and thereby locally altering the 
rates of cell wall hydrolysis and insertion (Cabeen et al. 2009). In support of the 
concept that peptidoglycan synthesis can be modulated by application of force, con-
straining growth of otherwise straight cells (E. coli or C. crescentus ∆creS) in a 
curved chamber induces curved morphology that is maintained when the cells are 
released (Cabeen et al. 2009). Collectively, these observations suggest that the phys-
ical constraint imposed on cells by crescentin is central to the mechanism of induc-
ing curvature, and that it does so by modulating the kinetics of cell wall remodeling 
in a spatially regulated fashion. This hypothesis is upheld in a mechanochemical 
computational model of the influence of the crescentin filament on cell growth 
(Jiang and Sun 2012).

�Crescentin: Unanswered Questions

How does crescentin assemble into functional structures in vivo and locally disas-
semble during cytokinesis? FRAP and FLIP experiments on fluorescently labeled 
crescentin suggest that these structures are nearly static (half-time of fluorescence 
recovery of 26 ± 2 min), and there is slow exchange between assembled and free 
crescentin in the cytoplasm (rate of loss of fluorescence recovery following photo-
bleaching 0.5 ±0.18/h) (Esue et al. 2010). De novo assembly of crescentin structures 
in cells depleted of native crescentin shows biphasic growth: initial rapid assembly 
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causing longitudinal extension, followed by a shift to a gradual incorporation of 
monomers and apparent thickening of structures as the filament reaches the cell 
poles (Charbon et al. 2009). Crescentin monomers are added laterally to a crescen-
tin structure that extends bidirectionally, along the inner membrane, as the cell 
grows (Charbon et al. 2009). Curiously, as the structures extend to the poles, longi-
tudinal elongation ceases despite continued lateral addition of monomers. This is 
true even in creS-overexpression conditions, arguing against limiting crescentin lev-
els being responsible for its polar exclusion (Charbon et al. 2009). It is possible that 
crescentin assembly is negatively regulated by an unknown mechanism involving 
polar proteins.

The slow turnover of the crescentin structure poses a challenge for cell division. 
This is evident during heterologous expression of creS in E. coli and in overexpres-
sion of creS in C. crescentus. In the former, expression of creS causes curvature in 
E. coli but at the same time results in cell division defects. In the latter, overexpres-
sion of cytoplasmic creS∆N27 disrupts cytokinesis, probably due to stable crescentin 
structures physically stalling constriction of cell envelope (Cabeen et  al. 2010). 
Since such a disruption of cytokinesis is only evident in cases where crescentin may 
not have all of its interacting partners (as in E. coli) or is not attached to the mem-
brane (as in the overexpression of creS∆N27), it is proposed that an unidentified 
membrane-bound factor and/or activity is important for disassembly of crescentin 
structure during cell division.

�CTP Synthase: Co-opting a Metabolic Enzyme to Define Cell 
Shape

CTP synthase (CtpS) is a universally conserved enzyme that generates CTP from 
ATP, UTP and glutamine (Long et al. 1970). Surprisingly, this essential metabolic 
enzyme was simultaneously discovered to form filaments in bacteria, yeasts, flies, 
and mammals (Ingerson-Mahar et al. 2010; Noree et al. 2010; Liu 2010; Carcamo 
et al. 2011). Polymerization of CtpS is required for feedback inhibition of its enzy-
matic activity in both eukaryotes and bacteria (Barry et al. 2014; Noree et al. 2014). 
However, CtpS fulfills an additional, apparently unique, cytoskeletal function in C. 
crescentus where it regulates cell curvature through a crescentin-dependent mecha-
nism (Ingerson-Mahar et al. 2010).

�CtpS Localization and Role in Cell Curvature

CtpS was first discovered to form filaments in C. crescentus through a microscopy-
based screen for localized proteins where mCherry-CtpS localized to filament-like 
structures near the inner curvature of the cell (Figs. 4.2 and 4.3N) (Werner and Gitai 
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2010; Ingerson-Mahar et al. 2010). Early ECT images of wild-type C. crescentus 
revealed the presence of filament bundles (ECT filaments) in a similar location that 
were not composed of any of the then-known polymerizing proteins (Briegel et al. 
2006). These ECT filaments were subsequently confirmed to be formed by CtpS 
using correlated fluorescence light microscopy and ECT (Fig. 4.4C) (Ingerson-
Mahar et al. 2010).

ctpS is essential, and depletion of CtpS in C. crescentus causes slow growth and 
increased cell curvature (Fig. 4.3G) (Ingerson-Mahar et al. 2010). Conversely, over-
production of CtpS decreases cell curvature, resulting in nearly straight cells. When 
CtpS is depleted in a ΔcreS background however, cells remain straight, indicating 
that CtpS exerts its influence on cell curvature through crescentin. Consistent with 
this hypothesis, in ctpS-overexpressing cells crescentin localization is aberrant, 
though crescentin protein levels are unaffected. Instead of assembling into filamen-
tous structures, crescentin forms small foci in the presence of excess CtpS (Ingerson-
Mahar et  al. 2010). Heterologous expression in E. coli and bacterial two hybrid 
assays indicate that CtpS directly interacts with crescentin (Ingerson-Mahar et al. 
2010). Based on these observations, it has been proposed that CtpS negatively 

Fig. 4.4  Diverse cytoskeletal structures observed in vivo. A subset of the cytoskeletal elements 
described in C. crescentus has been imaged at high resolution in vivo using electron cryotomogra-
phy (ECT). ECT images of C. crescentus cells showing (A) Ribosome-free zone associated with 
the PopZ matrix at the old cell pole (highlighted by dotted line) (Bowman et al. 2010), (B) FtsZ 
protofilaments (red) assembled into a ring proximal to the inner membrane (blue) at the site of 
division (Z. Li et al. 2007), (C) CTP synthase ribbons assembled at the inner curvature of the cell 
proximal to the inner membrane (scale bar = 200 nm) (Briegel et al. 2006; Ingerson-Mahar et al. 
2010) (D) Bactofilin scaffold assembled at the base of the stalk (scale bar = 50 nm) (Kühn et al. 
2009)
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regulates crescentin assembly, possibly by causing increased turnover of crescentin 
and/or fragmentation of polymers. This function of CtpS in regulating cell curvature 
does not require its ability to synthesize CTP, but rather relies on its glutamine ami-
dotransferase (GAT) domain (Ingerson-Mahar et al. 2010).

�Assembly Properties of CtpS

CtpS structures observed by ECT in cells typically comprise 4 parallel ribbons that 
are 10 nm apart (Fig. 4.4C). The three ribbons closest to the inner membrane are 
approximately 400–500 nm long, 7 nm thick, and 22 nm wide, while the ribbon 
farthest from the inner membrane is much shorter (Briegel et al. 2006). C. crescen-
tus CtpS is refractory to purification, however CtpS from E. coli (EcCtpS) assem-
bles into polymers in vitro that are similar to those observed for C. crescentus CtpS 
by ECT (Figs. 4.4D and 4.5F). They are 200–400 nm long and can assemble into 
bundles of 3–5 filaments spaced 8–9 nm apart (Ingerson-Mahar et al. 2010). EcCtpS 
polymerization is induced by its product, CTP, and inhibits the enzymatic activity of 
CtpS likely by preventing a critical conformational change (Barry et al. 2014).

Interestingly, the assembly and localization of CtpS is dynamic over the cell 
cycle (Figs. 4.2 and 4.3N) (Ingerson-Mahar et al. 2010). In new stalked cells, CtpS 
is present as a focus or short filament in the cytoplasm. The CtpS focus intensifies 
and elongates in late stalked cells and predivisional cells as it moves from the cyto-
plasm to the inner cell curvature, where it remains until the cell divides. The CtpS 
filament is often inherited asymmetrically, with stalked daughters receiving the 
CtpS filament and swarmers having little to no localized CtpS signal. Although 
CtpS polymers appear to be absent from swarmer cells, there is no change in the 
cellular levels of CtpS, suggesting that CtpS filament formation is triggered post-
translationally during swarmer to stalk transition (Ingerson-Mahar et  al. 2010). 
Since CTP synthesis feeds into multiple metabolic and cell cycle regulatory path-
ways, it may be that the assembly of CtpS structures is under the control of cell 
cycle-dependent metabolic regulation.

�CtpS: Unanswered Questions

While it is clear that polymerization of CtpS is an ancient adaptation critical to the 
regulation of CTP metabolism, it is less obvious how and why C. crescentus co-
opted these polymers for the determination of cell shape. It is interesting to note that 
EcCtpS can complement loss of C. crescentus CtpS both in promoting cell growth 
and maintaining wild-type cell curvature (Ingerson-Mahar et al. 2010), suggesting 
that C. crescentus CtpS has not acquired an additional activity. Instead, it is likely 
that crescentin evolved in such a way to allow interaction with and regulation by 
CtpS. How CtpS, specifically in the polymeric form, regulates the assembly and 
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Fig. 4.5  Filaments and higher order structures formed by cytoskeletal proteins in vitro. 
Transmission electron microscopy (TEM) images of purified proteins reported to have been 
assembled into higher order structures in vitro. (A) PopZ filaments, scale bar = 50 nm (Bowman 
et al. 2008). (B) ParA filaments assembled in the presence of ATP, scale bar = 100 nm. (B1), (B2), 
(B3) show enlarged images of filament bundles, scale bar = 20 nm (Ptacin et al. 2010). (C) FtsZ 
protofilaments assembled in the presence of GTP, scale bar = 100 nm (Unpublished results). (D) 
Double protofilaments of MreB assembled on a lipid monolayer in the presence of ATP, scale bar 
= 100  nm (van den Ent et  al. 2014). (E) Crescentin filaments (arrowheads) and bundles  
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activity of crescentin, however, is still unknown. Future work to characterize CtpS 
function and its interaction with crescentin at the molecular level will be required 
for a mechanistic understanding of CtpS and its role in cell shape. More generally, 
understanding how a polymerizing metabolic enzyme like CtpS has been co-opted 
for a cytoskeletal role may lend insight into how similar events occurred, for exam-
ple in the evolution of the actin-hexokinase-hsp70 superfamily (Kabsch and Holmes 
1995).

�Bactofilins: Scaffolds for Stalk Morphogenesis

Bactofilins are a class of cytoskeletal proteins unique to bacteria. Representatives 
are found across all phyla of bacteria with sequenced genomes and function in vari-
ous cellular processes, including morphogenesis, motility, and development (Kühn 
et al. 2009; Koch et al. 2011; Lin and Thanbichler 2013). The first bactofilins, BacA 
and BacB, were discovered in a microscopy-based screen for gene products involved 
in polar development during the swarmer-to-stalked cell transition in C. crescentus. 
BacA and BacB were demonstrated to function in stalk morphogenesis (Kühn et al. 
2009) and are present throughout the cell cycle. However, their localization is cell 
cycle-regulated, as they are diffuse in swarmer cells, but assemble at the stalked 
pole at the swarmer-to-stalked cell transition (Figs. 4.2, 4.3O and 4.4E). They then 
remain at the stalked pole for the duration of the cell cycle and are inherited by the 
stalked daughter upon division.

�Function and Localization of Bactofilins

Of the two bactofilins, BacA is apparently dominant to BacB, as ∆bacB cells have 
similar but less severe phenotypes than ∆bacA or ∆bacAbacB cells (Kühn et  al. 
2009; Hughes et al. 2013). Moreover, BacA is estimated to be in ten-fold excess of 
BacB (~200 molecules of BacA and only ~20 molecules of BacB per cell) (Kühn 
et al. 2009). Together they form an ordered sheet-like structure about 5 nm internal 
to the inner membrane at the base of the stalk in cells visualized by ECT (Fig. 4.4D) 

Fig. 4.5  (continued) (arrows and asterisks) assembled at pH 6.5 in the absence of Mg2+, scale bar 
= 250 nm (Cabeen et al. 2011). (F) Filaments formed by E. coli CTP synthase, scale bar = 100 nm 
(Ingerson-Mahar et al. 2010). (G) Filaments (arrows) and 2D-crystalline sheets (asterisks) formed 
by BacA, scale bar = 100 nm (Vasa et al. 2015). Note that the identities of structures seen in some 
TEM images published in papers on cytoskeletal filaments have been questioned (Ghosal et al. 
2014, supplementary file; Griffith and Bonner 1973), since contaminating cellulose fibers and thin 
uranyl acetate crystals may each be mistaken for protein polymers; here, the FtsZ and MreB fila-
ments in C and D appear white, as expected for protein embedded in negative stain, and are also 
unmistakably identifiable from longitudinal repeats corresponding to the sizes of the monomers, 
but the EM evidence for filament formation by other proteins is weaker
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(Kühn et al. 2009). This structure serves as a scaffold for the recruitment of a stalk-
specific peptidoglycan synthase, PbpC, that further recruits other factors required 
for stalk morphogenesis, such as StpX (Hughes et al. 2013). PbpC is a membrane-
bound periplasmic enzyme, and it likely interacts with the bactofilin scaffold 
through its cytoplasmic tail (Kühn et al. 2009; Hughes et al. 2013). Consistent with 
the role of PbpC in stalk elongation, cells lacking BacA (or both BacA and BacB) 
fail to elongate their stalks as efficiently as wild-type (Kühn et al. 2009).

It is not clear how bactofilins are recruited to the base of the stalk and how this 
recruitment is coordinated with the cell cycle. Bactofilins are expressed throughout 
the cell cycle, however their transcript levels are upregulated during the swarmer to 
stalk transition (McGrath et al. 2007; Kühn et al. 2009). Although they are expressed 
in swarmers, bactofilins do not form a scaffold until the swarmer-to-stalked cell 
transition. In stalked cells, bactofilins can localize in the absence of proteins such as 
SpmX and DivJ that are known to be specifically recruited to the base of the stalk 
prior to stalk synthesis (Kühn et  al. 2009). Due to their low physiological 
concentrations, it is possible that bactofilins require a nucleation factor to regulate 
their assembly temporally. Curiously, overexpression of either bactofilin causes 
morphological defects with cells becoming increasingly curved over time until they 
eventually lyse (Fig. 4.3H). In these experiments, both BacA and BacB were seen 
to localize to the inner curvature, suggesting a preference for positive curvature for 
bactofilin structures. This localization mechanism for bactofilins is reminiscent of 
the curvature-sensing mechanism of the BAR-domains of eukaryotic proteins (Kühn 
et al. 2009). It is important to note that the high curvature of bactofilin overexpress-
ing cells is independent of the crescentin cytoskeleton that gives wild-type C. cres-
centus its curved morphology (Kühn et al. 2009). Whether the bactofilin structure 
assembles by sensing positively curved surfaces or if it induces positive curvature is 
yet to be determined.

�Assembly Properties of Bactofilins

Bactofilins are spontaneously polymerizing proteins that can form linear polymers, 
bundles, sheets and crystalline arrays in vitro (Fig. 4.5G) (Kühn et al. 2009; Koch 
et al. 2011; Zuckerman et al. 2015). Based on sequence similarities and electron 
microscopy, BacA and BacB appear to behave similarly. BacA is easier to purify 
than BacB and has a lower critical concentration (250 nM), allowing for a more 
thorough characterization of the former. BacA assembles into polymers without a 
requirement for nucleotide and over a large range of pH and salt concentrations 
(Kühn et al. 2009). In this regard, bactofilins are similar to intermediate filaments. 
However, unlike intermediate filaments, bactofilins lack any coiled-coil regions. 
Like all bactofilins, BacA and BacB have a rigid core made of a DUF583 domain 
flanked by N- and C-terminal tails (Kühn et al. 2009; Vasa et al. 2015). Solid-state 
NMR and quantitative electron microscopy data led to a structural model in which 
each monomer of BacA adopts a β-helical structure comprising 6 turns made of 3 
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β-sheets each, thus making a triangular hydrophobic core. Head-to-tail assembly of 
DUF583 domains yields filaments that are 3 nm in diameter, which form loosely 
packed bundles at low salt concentrations. At physiological salt concentrations, 
these filaments assemble as ribbons and/or two-dimensional sheets. The physiologi-
cal relevance of the different assemblies of bactofilins observed in vitro is currently 
unknown. The N- and C-terminal tails of BacA are flexible, and might serve as 
flanks that help position the structure relative to the inner membrane in vivo (Vasa 
et al. 2015). It is not clear whether the tails also function in interactions between 
bactofilins and other proteins such as PbpC.

�C. crescentus Cytoskeletons: Future Perspectives

The past decade has seen the identification and characterization of numerous unique 
cytoskeletal elements in bacteria, and specifically in C. crescentus, owing largely to 
advances in microscopy techniques. However, a major question still remains for 
most of these factors – how do the structures observed in vitro correlate with the 
localization patterns and functions observed in vivo? Barring a few proteins such as 
PopZ and bactofilins, it is not clear if the filamentous structures formed by purified 
proteins in vitro are physiologically relevant for the function of these cytoskeletal 
proteins. In some cases such as ParA and MreB, it has not been definitively demon-
strated that these proteins form filaments at all in vivo (Briegel et al. 2006; Swulius 
et  al. 2011; Lim et  al. 2014). While ECT and super-resolution microscopy have 
helped discern structures that had previously been resolution-limited, these tech-
niques have their own challenges, making it difficult to identify non-canonical 
structures, dynamic assemblies, membrane-associated polymers, and/or 
heteropolymers.

Unlike eukaryotes, a change in cytoskeletal organization alone does not mean a 
change in bacterial cell shape; instead, cytoskeleton-driven cell shape changes 
require coordinated cell wall remodeling (Pichoff and Lutkenhaus 2007). It is not 
obvious how the differential assembly of cytoskeletal proteins affects cell wall 
remodeling enzymes to cause cell shape changes. Are MreB and FtsZ, for example, 
purely scaffolds that regulate assembly of cell wall synthetic complexes or do they 
more actively contribute to shape maintenance through mechanical means, as has 
been proposed for crescentin? A fascinating problem unique to C. crescentus and 
other stalked organisms is the development of a slender protrusion from a cylindri-
cal cell of a much larger diameter (Wagner and Brun 2007). While it is apparent that 
many of the players involved in cell elongation are important for stalk biogenesis, it 
is not clear how these proteins are able to direct formation of a structure of prede-
termined dimensions, whether through as yet unknown forms of regulation of 
known players or via an unknown structural element.

Another question that deserves attention is, how do these cytoskeletal elements 
interact with each other? It is evident from individual characterizations of these 
proteins that there is considerable amount of crosstalk between cytoskeletons, 
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directly and indirectly. For example, MreB interacts with FtsZ, and most probably 
with crescentin and affects PopZ localization as well. Tight spatiotemporal coordi-
nation between cytoskeletal structures is central to cell cycle progression while 
maintaining cell shape. A major goal for the future is to develop a holistic view of 
cytoskeletal regulation in the larger context of the cell cycle and developmental 
program of C. crescentus.
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Chapter 5
FtsZ Constriction Force – Curved 
Protofilaments Bending Membranes

Harold P. Erickson and Masaki Osawa

Abstract  FtsZ assembles in  vitro into protofilaments (pfs) that are one subunit 
thick and ~50 subunits long. In vivo these pfs assemble further into the Z ring, 
which, along with accessory division proteins, constricts to divide the cell. We have 
reconstituted Z rings in liposomes in vitro, using pure FtsZ that was modified with 
a membrane targeting sequence to directly bind the membrane. This FtsZ-mts 
assembled Z rings and constricted the liposomes without any accessory proteins. 
We proposed that the force for constriction was generated by a conformational 
change from straight to curved pfs. Evidence supporting this mechanism came from 
switching the membrane tether to the opposite side of the pf. These switched-tether 
pfs assembled “inside-out” Z rings, and squeezed the liposomes from the outside, as 
expected for the bending model. We propose three steps for the full process of cyto-
kinesis: (a) pf bending generates a constriction force on the inner membrane, but the 
rigid peptidoglycan wall initially prevents any invagination; (b) downstream pro-
teins associate to the Z ring and remodel the peptidoglycan, permitting it to follow 
the constricting FtsZ to a diameter of ~250 nm; the final steps of closure of the 
septum and membrane fusion are achieved by excess membrane synthesis and 
membrane fluctuations.

Keywords  E. coli • Z-ring constriction • FtsZ • Tubulin • Curved protofilaments • 
Intermediate curved pfs • Bacterial cell division • Constriction force • Liposomes • 
FtsZ-MTS • Reconstituted systems • FtsA • Substructure of Z ring • Final step of 
septum closure • Copy number of divisome proteins

�Introduction

In 2010 we published an extensive review of FtsZ, covering in vitro assembly stud-
ies as well as mechanisms in vivo (Erickson et al. 2010). In the present article we 
focus on studies that have provided new insights, along with some repetition of 
issues that are still debated. The major question is, what generates the constriction 
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force for bacterial cytokinesis? We will review the evidence that the force is gener-
ated primarily by FtsZ, specifically by the conformational change of FtsZ protofila-
ments (pfs) from straight to curved, generating a bending force on the membrane.

�Straight pfs and Minirings

When Escherichia coli FtsZ (EcFtsZ) is assembled to steady state with GTP, nega-
tive stain EM shows pfs that are one subunit wide and 100–200 nm (25–50 subunits) 
long (Fig. 5.1a). Erickson et al. (1996) found that when FtsZ was assembled onto 
cationic lipid monolayers, many pfs were straight, and others were highly curved to 
form minirings, with an outside diameter of 24 nm (Fig. 5.1b). In some cases one 
could see an abrupt transition from the straight pf to the highly curved conformation 
(arrow, Fig. 5.1b). Tubulin shows a similar transition from straight pfs in the micro-
tubule wall, to spirals and rings that are released upon disassembly of tubulin-GDP 
(McIntosh et al. 2010).

pf curvature similar to EcFtsZ minirings has been documented in only a few spe-
cies. Caulobacter crescentus FtsZ assembles rings or spirals of 34–43 nm diameter 
in GDP and GTP-Mg, respectively, when stabilized by the accessory protein FzlA 
(Goley et al. 2010). Methanococcus jannaschii FtsZ assembled spiral ribbons about 
30 nm in diameter in ficoll plus GDP (Huecas and Andreu 2004) or in mant-GTP 

Fig. 5.1  Three conformations of FtsZ pfs. (a) pfs assembled in GTP are mostly straight, although 
some have intermediate curvature. (b) pfs assembled in GDP and adsorbed to a cationic lipid 
monolayer show the highly curved miniring conformation, mixed with straight pfs (Reprinted 
from Erickson et al. 1996 with permission of the author). (c) Toroids assembled in 1.6% methyl 
cellulose, where pfs are in the intermediate curved conformation (micrograph provided by Max 
Housman; these are somewhat larger than the 200 nm diameter reported previously (Popp et al. 
2009)). The diameter of an undivided bacterium is indicated on top
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(Huecas et al. 2015). A crystal form of Mycobacterium tuberculosis FtsZ showed 
antiparallel pfs in a tight spiral (Li et al. 2013). However, as discussed below, the 
curvature of these spirals is the opposite to that of EcFtsZ minirings.

�The Intermediate Curved pf Conformation

In addition to the straight and highly curved minirings, there is an “intermediate 
curved conformation,” with a diameter of ~100–300 nm. For EcFtsZ this is often 
seen as pf segments of uniform curvature, mixed with straight pfs (e.g., Fig. 1B, C 
in (Romberg et al. 2001); Fig. 3A, B in (Huecas et al. 2008); Fig. 4A–C in (Dajkovic 
et  al. 2008). Under some conditions the pfs form closed circles, 160–250 nm in 
diameter that have been imaged by negative stain EM (Gonzalez et al. 2005; Chen 
et al. 2005). This curved conformation is highly favored when pfs are adsorbed to 
mica and imaged by AFM (Hamon et al. 2009; Mateos-Gil et al. 2012; Mingorance 
et  al. 2005). The most reproducible production of intermediate curved pfs is 
assembly in polyvinyl alcohol or methyl cellulose, which are crowding reagents 
mimicking in the vivo condition (Popp et  al. 2009). Here FtsZ assembles into a 
variety of toroids and helical pf bundles with diameters varying from 150 to 500 nm, 
depending on solution conditions. These are readily imaged by negative stain EM 
(Fig. 5.1c).

The intermediate curved conformation appears to be much more widespread 
than the miniring, and has been documented for FtsZ pfs from several species. 
Bacillus subtilis FtsZ (BsFtsZ) forms toroids that are 150–300  nm in diameter, 
mixed with straight pfs and bundles (Buske and Levin 2012; Michie et al. 2006). 
The curved pfs and toroids of BsFtsZ and Staphylococcus aureus FtsZ are enhanced 
by the drugs PC190723 and 8j, (Adams et al. 2011; Andreu et al. 2010). M. tuber-
culosis FtsZ assembled 200–250 nm toroids in methyl cellulose (Popp et al. 2010). 
C. crescentus FtsZ (CcFtsZ) assembled circles of ~75 nm diameter when stabilized 
by the protein FzlA in GMPCPP or in GTP plus EDTA (which blocks GTP hydro-
lysis) (Goley et al. 2010). Assembly of CcFtsZ alone in GTP gave uniformly curved 
pfs of this same curvature mixed with straight pfs (Goley et al. 2010; Milam and 
Erickson 2013). These probably correspond to the intermediate curved conforma-
tion. (As mentioned above, CcFtsZ also assembles circles of 34–43 nm diameter, 
which are probably the miniring conformation.) Co-assembly of EcFtsZ and FtsA* 
in vitro produced striking curved polymer bundles, often curling off the ends of 
straight bundles (Beuria et al. 2009). This is reminiscent of the toroids spooling off 
the ends of straight pf bundles in yeast (Srinivasan et al. 2008), mentioned below.

Some studies have imaged toroids by light microscopy. Srinivasan et al. (2008) 
expressed EcFtsZ-GFP in yeast and found a mixture of toroids and straight pf bun-
dles. Many of the toroids were large enough (0.5 μm diameter) to resolve by con-
ventional light microscopy, but there were also many smaller round patches that 
were probably toroids, but too small for light microscopy to resolve the hollow 
center. Similar mixtures of straight pf bundles and toroids were assembled by FtsZ 
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from M. tuberculosis and Xanthomonas, attesting to the generality of the process. In 
one time series a yeast cell was initially filled with straight pf bundles, which later 
transitioned to toroids. Importantly, the toroids were often located on the end of a 
straight pf bundle, suggesting a transition where the straight pf bundle was spooled 
into the toroid (Srinivasan et al. 2008).

Toroids ~200 nm in diameter were imaged by light microscopy in Arabidopsis, 
under conditions where FtsZ2-GFP was overexpressed, or when Z-ring modulating 
factors ARC6 or MinE were deleted (Johnson et al. 2015). These toroids required 
super-resolution light microscopy for optimal resolution. Previous studies of chlo-
roplast FtsZ had imaged small round patches under related conditions (Fujiwara 
et al. 2009; Zhang et al. 2013); these are likely toroids, but the conventional fluores-
cence microscopy used in these studies did not resolve the hollow center. In all of 
these studies the toroids were frequently attached to the end a linear filament, simi-
lar to the spooling of EcFtsZ seen in yeast (Srinivasan et al. 2008).

The preferred curvature of FtsZ was elegantly explored in an in vitro study where 
inside-out Z rings were assembled on lipid-coated capillaries of varying diameter 
(Arumugam et al. 2012). For capillary diameters of 500 nm or above, the Z rings 
were perpendicular to the axis, as expected if their preferred curvature was <500 nm. 
For capillary diameters 100–500 nm the Z rings were tilted. The tilt could be pro-
duced if the diameter of the capillary were smaller than the preferred curvature, or 
if the pfs had a helical pitch. Arumugam et al. obtained a good fit for a model with 
a native helix diameter of 55 nm and a pitch of 150 nm. A comparable fit could prob-
ably be obtained with a native diameter of 200 nm and a smaller pitch. Overall these 
measurements seem consistent with the intermediate curved pf, 100–300  nm in 
diameter, being the preferred conformation in the inside-out Z rings.

�What Induces the Transition from Straight to Curved pfs?

The miniring conformation was discovered first (Erickson et  al. 1996) and has 
received much emphasis. The simplest story of the mechanism was that GTP favored 
the straight conformation and GDP the miniring. This was supported by the obser-
vation of two forms of EcFtsZ polymers stabilized by DEAE dextran. In GMPCPP, 
or in GTP plus EDTA (which permits assembly but blocks GTP hydrolysis), the 
assembly formed sheets of straight pfs, while in GDP it formed helical tubes of the 
same diameter as minirings (Lu et al. 2000). However, this is an oversimplification. 
The mix of minirings and straight pfs shown in Fig. 5.1b was obtained in 
GDP.  Polymers at steady state contain 20–50% GDP (Chen and Erickson 2009; 
Romberg and Mitchison 2004), but negative stain EM shows mostly straight pfs. 
The crystal structure of SaFtsZ shows it assembled into straight pfs, but the bound 
nucleotide is GDP (Matsui et al. 2012).

The intermediate curved conformation is observed more generally across spe-
cies, and we think it is presently the best candidate for constriction-force genera-
tion. The intermediate curvature does not appear to be generated by GTP hydrolysis, 
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since we have observed curved pfs of EcFtsZ in GMPCPP, and in pfs assembled by 
the mutant D212A, which is defective in hydrolysis (unpublished observations). 
The 75 nm circles of CcFtsZ were assembled in GMPCPP or in GTP plus EDTA, 
which blocks hydrolysis (Goley et al. 2011). Most important, Popp et al. (2010) 
reproducibly obtained toroids and spiral pf bundles in non-hydrolyzable GMPPNP 
and in GTP plus EDTA.

One thing that seems to favor the transition from straight to curved is contact 
with a surface. This is suggested by the strong preference for curved pfs when they 
are adsorbed to mica (Hamon et al. 2009; Mingorance et al. 2005). Tethering pfs to 
a phospholipid membrane, or contacts with neighboring filaments in pf bundles may 
similarly induce the transition. In contrast, single circles of intermediate curved pfs 
imaged by negative stain EM were presumably formed in solution by single pfs 
(Adams et al. 2011; Chen et al. 2005; Gonzalez et al. 2005). Overall, there is no 
consistent model explaining the transition from straight to curved pfs. The kinetics 
and thermodynamics of this important mechanism still need to be worked out.

�Curved pfs Can Bend Membranes and Generate 
a Constriction Force

It was suggested in 1997 that FtsZ might generate the constriction force for cytoki-
nesis by itself, without any motor protein, by using the conformational change from 
the straight to curved pf (Erickson 1997) (Fig. 5.2). For the next 10 years there was 
no way to test this hypothesis. In 2008 the reconstitution of Z rings in vitro provided 
the needed breakthrough (Osawa et al. 2008). This reconstitution was achieved by 
fusing an amphipathic helix (membrane targeting sequence, or mts) to the C termi-
nus of FtsZ, so it could tether itself to the membrane. When this FtsZ-mts was 
incorporated inside tubular liposomes, it spontaneously assembled Z rings, and 

Fig. 5.2  Model for constriction force generated by pf curvature bending the membrane. The 
brown arc represents the inner membrane of the undivided E. coli. The brown spheres are FtsA, 
which has an amphipathic helix that inserts into the membrane. The blue and cyan spheres are the 
globular domains of FtsZ. The magenta line is the C terminus of FtsZ, which comprises a flexible 
linker and a short peptide that binds to FtsA. FtsZ is shown here as a pf that is straining to adopt a 
curved conformation. It pulls the membrane inward from its ends, and pushes outward at its mid-
dle, generating a bending force (Reprinted from Erickson et al. 2010 with permission of the author)
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these Z rings constricted the liposome. Both Z-ring assembly and constriction were 
achieved with purified FtsZ-mts; no other protein was required. The constriction 
force generated by FtsZ was strong enough to invaginate multilamellar lipid vesi-
cles that were up to 1 μm thick.

The constriction observed in this reconstituted system was consistent with the 
curvature hypothesis but did not prove it. Evidence in favor of pf curvature as the 
mechanism of constriction force was obtained by applying FtsZ-mts to the outside 
of large, unilamellar liposomes. There it formed patches that bent the membrane 
into concave depressions (Osawa et al. 2009). This direction of the bending was the 
same as inside liposomes, where it binds to the concave inner surface and constricts 
it to be more concave. These concave depressions on the outside of large liposomes 
were also observed by Arumugam et al. (2012).

The most definitive evidence that pf curvature generates the constriction force 
was obtained by switching the membrane tether to the opposite side of the pf. This 
was possible for FtsZ, because the N and C termini are flexible peptides emerging 
from the globular domain about 180° apart. The normal C-terminal attachment in 
FtsZ-mts was predicted to be on the outside of the curved pf. Switching the attach-
ment to the N terminus gave mts-FtsZ, which would place the mts on the inside of 
the curved pf (Fig. 5.3). As predicted by the bending hypothesis, mts-FtsZ assem-
bled Z rings on the outside of tubular liposomes (Osawa and Erickson 2011). 
Remarkably, these “inside-out Z rings” also generated a constriction force, squeez-
ing the liposomes from the outside. These experiments provided strong support for 
the pf curvature hypothesis.

Tubulin pfs also have a curved conformation, which forms a bulge at the end of 
a disassembling MT as the pfs peel away. Curved tubulin pfs have been shown to 
generate force, since the bulge they create can drag an attached chromosome 
(McIntosh et al. 2010). There is, however, an apparent contradiction between the 
curvature of FtsZ and tubulin. It is well established for tubulin rings that the C ter-
minus, corresponding to the outside of a MT, is on the inside of the ring (Moores 
and Milligan 2008; Nawrotek et al. 2011; Tan et al. 2008; Wang and Nogales 2005). 
In contrast, our model places the C terminus of FtsZ on the outside (Fig. 5.2). We 
have recently resolved this apparent contradiction by fusing a protein tag onto the C 
terminus of FtsZ and observing its location on tubes assembled in DEAE dextran 
and GDP. These tubes are analogs of FtsZ minirings (Lu et al. 2000). Thin section 
EM showed that the C-terminal appendage is on the outside of the tubes (Housman 
et al. 2016). Apparently, in the evolution of MTs the tubulin pfs switched to curve 
in the opposite direction to FtsZ.

Modeling studies have predicted that both FtsZ and tubulin pfs can bend in both 
directions (Grafmuller and Voth 2011; Hsin et  al. 2012; Ramirez-Aportela et  al. 
2014; Theisen et al. 2012). A recent crystal structure of MtbFtsZ showed antiparal-
lel pf pairs in a tight spiral, with the C terminus facing inward (Li et al. 2013). This 
curvature is the opposite of the EcFtsZ miniring/tube, and it is not yet clear if it is 
physiologically important. It has also not yet been determined what is the direction 
of the intermediate curved conformation. Since this form is likely the one generating 
the constriction force, we suggest that it has the C terminus on the outside facing the 
membrane, like the miniring.
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�FtsZ pfs Are Mechanically Rigid

If the curved pfs are to generate a meaningful bending force on the membrane, they 
must be mechanically rigid. It is still not universally recognized how rigid the FtsZ 
pfs really are. For example, a recent review commented “recent work has suggested 
that FtsZ filaments may be too flexible to bend membranes…” (Eun et al. 2015). 
Ramirez-Aportela et al. (2014) commented on “…the large disparity in measure-
ments [of persistence length] found in the literature for GTP/GDP filaments of FtsZ 
from other species. For example, in a cryo-electron microscopy study of E. coli FtsZ 
(EcFtsZ), Turner et al. (2012) visualized relatively straight filaments with a persis-
tence length of 1.4  μm. In contrast, we previously estimated protofilament 

Fig. 5.3  (a) The normal tether on the C terminus is on the outside of the curved pf, and attaches 
to the concave membrane on the inside of a liposome or cell. (b) Switching the tether to the N 
terminus places it on the inside of the curved pf, for attachment to the convex surface on the outside 
of a liposome. (c) Z rings inside a tubular liposome reconstituted from FtsZ-mts. (d) Inside-out Z 
rings assembled on the outside of a liposome by mts-FtsZ. In (c) and (d) the upper panel shows 
FtsZ imaged by fluorescence, and the lower panels show the liposome imaged by DIC (Reprinted 
from Osawa et al. 2008; Osawa and Erickson 2011 with permission of the authors)
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persistence length values in the 100 nm range, also using cryo-electron microscopy 
of EcFtsZ but neglecting intrinsic filament curvature (Huecas et al. 2008).” Dajkovic 
et al. (2008) also reported measuring a very low persistence length: Lp ~180 nm.

“…neglecting intrinsic filament curvature” is the key issue here. As we have 
noted previously (Erickson et al. 2010), in the two studies reporting very low persis-
tence length (Dajkovic et al. 2008; Huecas et al. 2008) the authors assumed that the 
relaxed pf was straight, and that any curvature was due to random thermal bending. 
However, one can see in their micrographs (Fig. 3 in (Huecas et al. 2008)) that a 
significant fraction of the pfs have a fairly uniform curvature corresponding to the 
~200 nm diameter intermediate curved conformation. The intermediate curved con-
formation was not well recognized at that time, so it is understandable that these 
curved pfs might have been attributed to thermal bending. In a separate study Hörger 
et al. (2008) used AFM to image pfs adsorbed to mica. These mica-adsorbed pfs 
seem to transition completely to the intermediate curved conformation, and this was 
recognized by the authors as the natural conformation of these pfs. They concluded 
that the pfs had a preferred curvature of 200 nm diameter, and a variation corre-
sponding to a persistence length of ~4 μm. This is somewhat larger than the 1.4 μm 
of Turner et al, possibly because their pfs were adsorbed to mica, leaving them only 
the plane of the mica for thermal fluctuations.

The study by Turner et al. (2012) used cryoEM of samples where the pfs were 
suspended in aqueous medium over holes in the carbon film. The pfs had no contact 
with a carbon film, and they were widely dispersed to avoid any pf-pf contact. Their 
pfs were all straight (it is not clear why none were in the intermediate curved con-
formation). The small curvatures they measured were attributed to thermal bending, 
giving a persistence length of 1.4 μm. This is very close to the 2.9 μm estimated by 
Mickey and Howard (1995) for a single pf extracted from a MT.  This study by 
Turner et al. should now be considered the definitive measurement of the mechani-
cal rigidity of the FtsZ pfs.

This mechanical rigidity is not specific for FtsZ, but is a general property of 
globular proteins and their polymers. Twenty years ago Howard and colleagues 
measured the flexural rigidity of MTs and actin filaments suspended in aqueous 
solution (Gittes et al. 1993). They concluded that “If tubulin were homogeneous and 
isotropic, then the microtubule’s Young’s modulus would be ~1.2 GPa, similar to 
Plexiglas and rigid plastics”. The generalization is that globular proteins and their 
polymers share this rigidity. Plexiglas is very rigid, and so are proteins.

�In Vitro Systems Reconstituted with FtsZ and FtsA

In bacteria, FtsZ is tethered to the membrane by FtsA. FtsA has an amphipathic 
helix that binds the membrane, and FtsZ has a conserved C-terminal peptide that 
binds to the globular domain of FtsA (Pichoff and Lutkenhaus 2005) (Fig. 5.2). 
FtsA is an actin homolog, and it can assemble filaments when bound to a lipid 
bilayer (Szwedziak et  al. 2012). Our original reconstitution in liposomes used 
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FtsZ-mts, where the mts could tether FtsZ directly to the membrane, bypassing 
FtsA. More recently, three studies have achieved reconstitutions using the natural 
two-protein system, FtsZ plus FtsA, where the FtsZ pfs are tethered to the mem-
brane by FtsA. Each study had to solve the problem that EcFtsA has been difficult 
to express and work with in vitro.

Osawa and Erickson (2013) reported a reconstitution using the E. coli mutant 
FtsA*, which is fully functional in vivo and gives much better results in vitro than 
wild type EcFtsA (Beuria et al. 2009; Geissler et al. 2007). When a 1:1 mixture of 
FtsZ-YFP:FtsA was incorporated inside large unilamellar vesicles, a small fraction 
of the liposomes developed fluorescent Z rings that constricted the liposome to the 
point of membrane contact (Fig. 5.4). Then the membranes abruptly formed a flat 
septum, apparently having fused at the point of tightest constriction. FtsA was 
essential to obtain constriction and septation of these large liposomes. Without 
FtsA, FtsZ-mts bound to and bent the membrane to form protrusions, and typically 
assumed the shape of small Z rings ~1 μm in diameter. Rarely a larger Z ring formed, 
but instead of constricting the liposome, the Z ring appeared to slide down the side 
as it constricted. Thus FtsA seems necessary to promote a stable Z ring around the 
center of the vesicle, but the mechanism is not yet known.

Szwedziak et al. (2014) recently presented beautiful cryoEM images of a similar 
reconstituted system of FtsZ plus FtsA inside membrane vesicles. Their proteins 
were from Thermotoga maritima, whose FtsA is well behaved in vitro. FtsZ was 
assembled into long pfs that associated in pairs and triplets (Fig. 5.5b). Favorable 
projections showed a dot between FtsZ and the membrane, which was interpreted as 
an FtsA filament in cross section. The FtsZ filaments formed arcs, with a diameter 
of ~100 nm, at various locations on the membranes. At sites of constriction the FtsZ 
pf pairs and triplets encircled the liposome, with a zone of overlap after completing 
the circuit. The maximum constriction observed was about 90 nm in diameter, con-
sistent with the intermediate curved conformation.

Loose and Mitchison (2014) reconstituted FtsZ plus FtsA, not in liposomes but 
on planar lipid bilayers, using fluorescently tagged proteins that could be observed 
over time. Their proteins were from E. coli, and they obtained stable wild type FtsA 
by a SUMO fusion and expression at 18 °C. A 3:1 mixture of FtsZ:FtsA was placed 
over a planar lipid bilayer on a glass coverslip, and after ~5 min the adsorbed protein 

Fig. 5.4  Z rings reconstituted from EcFtsZ-YFP plus FtsA in a large unilamellar vesicle. Numbers 
on the lower left give time in s. At 66 s the vesicle is largely constricted, by a prominent Z ring seen 
by fluorescence at 96 s. At 603 s the constriction has advanced to where the invaginating mem-
brane shows two dots about 1 μm apart. At 777 s the membranes appear to have fused into a broad, 
flat septum between the two vesicles, and the FtsZ-YFP is a diffuse smear at one end (800  s) 
(Adapted from Osawa and Erickson 2013 with permission of the authors)
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organized into rings, with a diameter of ~1.2 μm. The rings were ~0.5 μm thick, so 
they were clearly bundles or toroids of many pfs. Remarkably, the toroids showed 
rotational movement with a velocity of 110 nm/s = 25 subunits/s. (That is very fast, 
five times faster than the elongation rate of single pfs in solution at a steady state 
subunit concentration of 1 μM (Chen and Erickson 2005).) When single fluorescent 
molecules were sparsely doped they remained stationary for an average 7 s lifetime, 
which suggests that the mechanism driving the motion is subunit exchange, perhaps 
treadmilling, rather than sliding of pfs relative to each other. Because the bundle 
moves in one direction, rather than sliding apart, the pfs in the bundles or toroids 
must be arranged in a parallel fashion, all facing the same direction.

Fig. 5.5  Panel A shows a section through a cryoEM tomogram of Z rings reconstituted from FtsZ 
plus FtsA. The left side of the vesicle shows two Z rings in oblique section. They each comprise 
ribbons of pfs spaced ~7.5 nm apart. Panel B shows a projection of a an entire vesicle, with ribbons 
of 3 and 4 protofilaments forming arcs encircling sites of constriction (Reprinted from Szwedziak 
et al. 2014, with permission of the authors. a was extracted from their video 4, b is their Fig. 5.3c) 
Panels C and D show negative stain images of inside-out Z rings of mts-FtsZ, reconstituted on rigid 
lipid tubules. The dark stained Z rings comprise ribbons of parallel, close-packed pfs. The Fourier 
analysis (inset d) indicates a uniform 5 nm spacing of pfs (Reprinted from Milam et al. 2012 with 
permission of the authors). Scale bars are 100 nm (a, b) 500 nm (c) and 200 nm (d)
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Arumugam et al. (2014) did a similar reconstitution on planar lipid bilayers, but 
they used FtsZ-mts without FtsA. The FtsZ-mts assembled small filament bundles, 
mostly straight, that grew longer and eventually anastomosed into a network. 
Although this network appeared stable, FRAP showed that it was rapidly exchang-
ing subunits with a half time of 10 s, similar to the rate of exchange in the Z ring 
in vivo (Anderson et al. 2004) and single pfs in solution (Chen and Erickson 2005). 
Importantly, the exchange did not result in new pf bundles but took place within the 
existing bundles. This suggests that there are multiple pf ends within the bundles 
where exchange takes place. MinC was shown to disassemble the bundle network, 
apparently by first binding to these ends. The authors then reconstituted the MinCDE 
system and showed that the waves of peak Min resulted in disassembly of FtsZ, 
which reassembled at the Min trough.

The FtsZ polymers assembled on planar lipid bilayers are wider than the 250 nm 
resolution of the light microscope, whether tethered by FtsA or directly by the –mts. 
They have been termed “bundles,” which implies a 3D structure, but they may actu-
ally be ribbons, one subunit thick, in which every pf is tethered to the membrane. It 
should be possible to resolve this question by negative stain or cryoEM. This may 
also address the discrepancy, discussed below, of the 7–9 nm pf spacing seen in 
reconstitution of FtsZ plus FtsA (Szwedziak et al. 2012), vs. the 5 nm spacing in 
ribbons of mts-FtsZ (Milam and Erickson 2013).

�Sliding pfs – Do They Generate Constriction or Just 
Accommodate It?

The sliding-filament model of constriction force (Hörger et  al. 2008; Lan et  al. 
2009) proposed that the Z ring is a long filamentous structure that can span the cir-
cumference of the cell, with the two ends meeting in an overlap zone where they can 
associate laterally. If the filaments could slide to increase the overlap, the increased 
lateral interaction should be thermodynamically favored, and this could generate 
constriction. This seems valid thermodynamically, but, as pointed out previously 
(Erickson 2009), this mechanism seems doomed by a kinetic trap. In order to slide, 
the filaments need first to break all lateral bonds, and as the number of lateral bonds 
increases, the time needed for complete rupture increases exponentially.

Although sliding itself is unlikely to generate a constriction force, sliding is 
probably essential to accommodate continued constriction. If the Z ring were only 
a partial circle, with a gap between the ends, constriction could continue until the 
gap closed. If a long pf pair made a complete circuit and the ends passed each other 
in an overlap zone (Szwedziak et al. 2014), continued constriction would require 
that the overlapping ends could slide. In this case it would be important that the 
overlap not have lateral bonds that would impose a brake on the sliding.

Consider next a model where a Z ring comprised four pfs, each of them making 
a complete circuit and then annealing to form a continuous circle. The complete 
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circle would arrest constriction until a gap was created. We have suggested this 
model previously to explain the observation that Z rings reconstituted in GMPCPP 
generated an initial constriction, but then arrested (Osawa and Erickson 2011). This 
is in contrast to Z rings assembled in GTP, which continued constricting. Importantly, 
Z rings in GTP are constantly exchanging subunits between the Z ring and solution. 
Subunit exchange would necessarily create gaps, which would permit continued 
constriction until the gap is closed. Z rings assembled in GMPCPP do not exchange 
and would not create gaps, so constriction arrests.

�Constriction Force by Partial Z Rings

Although FtsZ assembles complete circular Z rings in cells and in tubular lipo-
somes, there are several examples of constriction force being generated without 
closure of the ring. The concave depressions generated on large liposomes probably 
contain only arcs of pfs, not a complete circle (Arumugam et al. 2012; Osawa et al. 
2009). The E. coli mutant ftsZ26 forms spiral Z rings, and scanning EM showed 
spiral constrictions, demonstrating force generation without closure into a ring 
(Addinall and Lutkenhaus 1996). An impressive example of partial Z rings generat-
ing arcs of constriction has been documented for a plastid (Sato et al. 2009). Force 
generation by these partial Z rings is difficult to explain by active filament sliding.

�The pf Substructure of Z Rings – Ribbons or Scattered?

In E. coli there are ~6700 molecules of FtsZ in the cell (Li et al. 2014)1, and fluores-
cence assays have found that 30–40% of the total FtsZ is in the Z ring (Geissler et al. 
2007; Stricker et al. 2002). The 2000–2700 FtsZ molecules in the Z ring could make 
a pf 8600–11,600 nm long, enough to encircle the 900 nm inside diameter three to 
four times. For shorter and longer cells this could be 2–5 circuits, which we take to 
be the average number of pfs across the width of the Z ring. There are two compet-
ing models for how pfs are arranged in the Z ring. In the ribbon model the 2–5 pfs 
are thought to be parallel and in lateral contact, making a ribbon 10–25 nm wide. In 
the scattered model the pfs more widely spaced and not in contact, creating a band 
~100 nm or more wide. In both models all pfs are tethered to the membrane.

The scattered model was first suggested by a cryoEM study of C. crescentus, 
which showed short pfs scattered around the Z ring and only rarely in contact with 
each other (Li et  al. 2007). Several studies by super-resolution light microscopy 
have indirectly supported this model by reporting widths of the Z ring ~110 nm 

1 This study quantitates the number of molecules of almost all proteins in E. coli MG1655, under 
three growth conditions. Our Table 5.1 collects their data for cell division and cytoskeletal 
proteins.
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Table 5.1  Copy number of cell division and cytoskeleton proteins, determined by Li et al. (2014)

Gene MOPS complete MOPS minimal MOPS complete
Without methionine

ftsA 984 575 1013
ftsB 487 140 173
ftsE 967 320 649
ftsI 349 144 226
ftsK 508 213 376
ftsL 416 201 423
ftsN 871 269 405
ftsP 905 196 410
ftsQ 336 147 172
ftsW 293 117 169
ftsX 838 244 436
ftsZ 6750 3335 5290
zipA 2128 501 874
minC 857 364 575
minD 5358 2444 3324
minE 3597 1970 2680
matP 601 360 347
slmA 2323 568 952
zapA 2275 738 2008
zapB 34,197 7797 18,090
ZapC/YcbW 155 155 155
ZapD/YacF 1983 373 538
ZapE/YhcM 255 214 262
mreB 11,304 2393 5570
mreC 738 176 333
mreD 367 71 148
rodZ 1309 576 669

This study used ribosome profiling to determine the rate of translation of 95% of the proteins in E. 
coli. The rates were converted to number of protein molecules synthesized in one cell cycle. 
Assuming no unusual degradation, the numbers can be taken as the average number of molecules 
per cell. The E. coli strain MG1655 was grown at 37 °C in three different media with different 
doubling times: 21.5 and 56.3 min in MOPS complete and incomplete media, and 26.5 min in 
MOPS complete without methionine. The latter condition required the cell to substantially upregu-
late the met-E enzyme, altering overall metabolism. We have extracted cell division and cytoskel-
eton proteins from their table S1. It seems quite valuable to have these numbers determined for all 
proteins in the identical cell and growth conditions. The 6750 molecules of FtsZ in a cell volume 
of 2 × 10−15 L is 5.6 μM
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(Biteen et al. 2012; Fu et al. 2010; Holden et al. 2014); a ribbon of 2–5 pfs should 
be only 10–25 nm wide. A recent PALM study of the Z ring in Streptococcus pneu-
moniae measured the axial width of the Z ring to be 95 nm early in the cell cycle, 
increasing to 127 nm as the Z ring constricted (Jacq et al. 2015). It should be noted, 
however, that the most recent and comprehensive PALM studies (Coltharp et  al. 
2016; Holden et al. 2014; Jacq et al. 2015) also measured the thickness of the Z ring 
in the radial direction. The radial thickness was very close in magnitude to the axial 
width (71 nm axial width vs. 64 nm radial thickness (Holden et al. 2014); Fig. 7 in 
(Jacq et al. 2015); 99 nm axial vs. 59 nm radial (Coltharp et al. 2016)). This large 
radial width contradicts our expectation that all pfs are tethered to the membrane by 
FtsA and ZipA, necesitating a Z ring that is radially one subunit thick. It is impor-
tant to recall that in E. coli the Z ring averages only 2–5 pfs thick (both axial and 
radial), so there is not enough material to build in the radial direction. This suggests 
that the actual radial thickness should be ~5 nm. The large radial thickness mea-
sured in the PALM images may therefore reflect the achieved resolution (which is 
worse than the resolution predicted theoretically in the studies). Since the measured 
axial width was only 7–40 nm more than the radial, the actual axial width of the Z 
ring might well be as small as 10–25 nm. Overall, the super-resolution light micros-
copy does not provide convincing support for the larger width of the scattered 
model.

A recent cryoEM study by Szwedziak et al. (2014) provides strong support for 
the ribbon model in both C. crescentus and E. coli . Their tomograms showed paral-
lel arrays of pfs encircling the cells at the constriction site; these were clearly rib-
bons, one pf thick radially, and with variable axial widths. Szwedziak et al. (2014) 
also presented clear images of FtsZ rings reconstituted in liposomes with FtsA  
(Fig. 5.5). A typical Z ring comprised a ribbon of 2, 3 or 4 pfs that formed a continu-
ous helical loop around the constriction, with a zone of overlap. In all cases the 
ribbons were one pf thick, with all pfs apparently linked to the membrane by 
FtsA. This supports the more important observation of Z rings in bacteria, which are 
ribbons, one pf thick.

�The Spacing of pfs in the Ribbons

Curiously, in the cryo-EM study of Szwedziak et al. (2014) the pfs were spaced 
about 7–9 nm apart in both the in vitro reconstitution, and in cells of C. crescentus 
and E. coli. The earlier cryoEM study of Li et al. (2007) reported widely scattered 
pfs in wild type C. crescentus, but upon overexpression of FtsZ they also found rib-
bons of parallel pfs. Importantly, the pfs in their reconstructions were spaced 7–9 nm 
apart (7 nm by our measurements from their figures, 9.2 nm reported in their Fourier 
analysis).

In a separate study, Milam et al. (2012) succeeded in imaging reconstituted Z 
rings of mts-FtsZ by negative stain EM. These inside-out Z rings appeared as bands 
of uniform density and width, encircling lipid tubules 300 nm in diameter (Fig. 5.5). 
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The width of a given Z ring varied from ~15 nm to >100 nm, but was constant for a 
given Z ring, consistent with ribbons of three to tens of pfs. Fourier analysis indi-
cated a pf spacing of 5 nm (Fig. 5.5D), similar to 2-D sheets assembled in DEAE 
dextran (Erickson et al. 1996). These images also support the ribbon model.

The cryoEM and the negative stain both support a ribbon model, but they differ 
in the pf spacing. The negative stain showed pfs in lateral contact, with a 5 nm spac-
ing, while the cryoEM showed a spacing of 7–9  nm. The negative stain images 
should not be dismissed as artifactual (Szwedziak et al. 2014). Uranyl acetate is an 
extremely rapid protein fixative (Zhao and Craig 2003), and is generally considered 
as good as cryo for preserving protein structures at a 1–2 nm level (Ohi et al. 2004). 
A problem with the 7–9 nm spacing is that the FtsZ pf is maximally 5 nm wide, so 
the pfs in these cryoEM images are apparently not in contact with each other. No 
mechanism has been suggested for forces that would operate through 2–4 nm of 
solvent to bring the pfs together as parallel tracks, but keep them 2–4 nm apart. 
Nevertheless, the agreement of the two independent studies by cryoEM (Li et al. 
2007; Szwedziak et al. 2014) makes a strong case that the pfs in vivo are indeed held 
at a separation of 7–9 nm. A potentially important clue is that the pfs in the cryoEM 
studies were tethered to the membrane by FtsA, whereas the pfs imaged by negative 
stain were directly attached to the membrane by the amphipathic helix on mts-
FtsZ. This suggests that FtsA may enforce the larger separation of pfs. However, a 
mechanism for FtsA to bridge adjacent pfs is not obvious.

�The pf Substructure of Z Rings – Continuous or Patchy?

A different point of controversy is whether the Z ring has a continuous or patchy 
structure. Both the cryoEM and the negative stain of reconstructed Z rings show 
continuous Z rings of mostly uniform width. CryoEM also showed a uniform width 
of Z rings in bacteria (Szwedziak et al. 2014). In contrast, most super-resolution 
light microscope studies have shown a patchy structure, where bright patches of 
FtsZ are separated by dim or dark zones apparently depleted of FtsZ. This was first 
reported for images obtained by structured illumination microscopy (SIM) (Strauss 
et al. 2012) and was confirmed in a more recent SIM study (Rowlett and Margolin 
2014). A similar patchy structure was reported in two super-resolution studies using 
PALM, which is a completely different super-resolution technique (Holden et al. 
2014; Jacq et al. 2015). It is not yet clear how to resolve the contradictory structures 
seen by EM and light microscopy.

�Z-Ring Assembly and Initial Constriction

New Z-rings assemble in daughter cells as the mother cell is finishing septation. A 
recent PALM study followed the intensity of the Z ring through the cell cycle 
(Coltharp et  al. 2016). With slow growth in M9 minimal medium, the Z-ring 
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initially contained about 25% of the cell’s total FtsZ, and this increased to 30% by 
90 min. There was no obvious remodeling, but an earlier FRAP analysis showed 
that the Z ring is rapidly exchanging subunits with the cytoplasmic pool, with a half 
time of 12 s (Buss et al. 2015), very similar to the 8 s exchange observed under 
faster cell growth (Anderson et al. 2004). The Z ring then persisted without obvious 
change until ~145 min, when constriction began. The constriction comprised two 
phases: in the first 35 min, FtsZ remained present at a constant intensity (~35% of 
the total) as the Z ring constricted from 1000 nm to 250 nm; during the next 11 min 
FtsZ disassembled as the septum progressed to closure.

We suggest that FtsZ is generating a constriction force on the inner membrane as 
soon as the Z ring is assembled and throughout the first 145 min, but that attachment 
of the membrane to the rigid peptidoglycan wall prevents any actual constriction. 
During this time the Z ring serves as a scaffold for assembly of downstream division 
proteins, which will remodel the peptidoglycan wall. Constriction finally begins 
when this remodeling permits the peptidoglycan to follow the force that the FtsZ is 
exerting on the membrane. Invagination continues until the FtsZ reaches the 250 nm 
diameter of the intermediate curved conformation, which is probably the limit of pf 
bending. We suggest FtsZ as the driving force for constriction, primarily because it 
has been demonstrated to generate constriction in liposomes, with sufficient force to 
invaginate thick-walled, multilamellar liposomes.

This scenario, and the primacy of FtsZ in generating the constriction force, has 
been questioned by Coltharp et al. (2016). They examined how mutations in either 
FtsZ or peptidoglycan synthesis affected the timing of constriction onset and the 
rate of septum closure. They found that both constriction onset and rate of septum 
invagination were not affected by the FtsZ84 mutant, which has reduced GTPase 
and exchange dynamics. In contrast, alterations in peptidoglycan synthesis affected 
both constriction onset and the rate of closure. They concluded that “septum closure 
is likely driven by septum synthesis rather than Z-ring contraction.”

The idea that peptidoglycan remodeling might provide the primary driving force 
for septation has a long history. In the extreme scenario, the ring of FtsZ is proposed 
to serve primarily as a docking site for the remodeling enzymes, and the constriction 
force is generated entirely by the inward remodeling of the peptidoglycan. This was 
largely discounted when FtsZ was discovered in mycoplasma and archaea, which 
have no peptidoglycan cell wall (Margolin et al. 1996; Wang and Lutkenhaus 1996a, 
b). Since FtsZ, but none of the other Fts proteins, are found in archaea, FtsZ was 
boosted as the prime candidate for generating the constriction. In bacteria with a 
peptidoglycan wall, peptidoglycan remodeling is still a candidate for contributing to 
the constriction force (Coltharp et al. 2016; Meier and Goley 2014), perhaps espe-
cially in the later stage. This remains an intriguing speculation; however, compel-
ling evidence is lacking that peptidoglycan remodeling contributes to the constriction 
force.

The observations of Coltharp et al. (2016) are actually consistent with our model, 
where FtsZ is the primary source of constriction force. We suggest specifically that 
FtsZ84, although having reduced GTPase and dynamics, can still generate a con-
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striction force that is more than sufficient to drive septum invagination. The onset of 
constriction is triggered by the onset of peptidoglycan remodeling, which is a chem-
ical process that is probably independent of the force on the membrane. Likewise, 
the rate of septum invagination is probably limited, not by the force generated by 
FtsZ, but by the rate at which remodeling permits the peptidoglycan wall to follow 
the inner membrane. In the scenario we propose, septum invagination is driven by 
the constriction force of FtsZ, but its rate is limited by the peptidoglycan remodel-
ing, which allows the wall to follow passively.

�The Final Step of Septum Closure

The final step of septation must involve the advancing furrow constricting to the 
point where the curved membranes contact and fuse into separate membranes of the 
daughter cells. FtsZ apparently does not participate in this final step. The intermedi-
ate curved pfs could constrict the furrow to a diameter of ~250 nm, but something 
else is needed to finish septation. In a recent study Söderstrom et al. (2014) used a 
clever FRAP assay to distinguish daughter cells still connected by a narrow gap, 
versus cells separated by the completed septum. They found that FtsZ disappeared 
from the Z ring before the septum was closed. In contrast, FtsA and downstream 
proteins that remodel the peptidoglycan remained longer, and were typically still 
present when the septum was closed. This was confirmed in the recent PALM study 
of Coltrap et al. (2016), which found that the FtsZ intensity in the Z ring remained 
constant as it constricted to ~250 nm diameter, and then the FtsZ disassembled.

An attractive general mechanism for the final stage of septum closure is excess 
membrane synthesis. As a septum ingresses, new membrane is needed to provide 
the increased surface area. If the cell synthesizes membrane in excess of the mini-
mum, the excess will be accommodated most easily at the highly curved invaginat-
ing septum. Thus, if the FtsZ ring generated constriction to a diameter of ~250 nm, 
and the remodeled peptidoglycan maintained this constriction after the FtsZ dissoci-
ated, a small excess of membrane synthesis could drive the constriction to septum 
closure and force membrane fusion. An important consideration is that the mem-
brane at the septum has two points of high curvature: where the septum meets the 
cell membrane, and at the tip of the constriction. These points of curvature are more 
favorable for membrane expansion than starting a new bud. Membrane expansion 
would be essential to accommodate the invaginating septum, but once the curvature 
is established it should also be sufficient to drive the membranes together for the 
final closure and fusion.

The potential for excess membrane synthesis to drive cell division was demon-
strated in a recent study of Mercier et  al. (2013). In a previous study from the 
Errington lab, Leaver et al. (2009) had created B. subtilis L forms, which had no 
peptidoglycan wall. These cells propagated, but surprisingly they did not even need 
FtsZ.  They divided by extruding pseudopods, which spontaneously resolved by 
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breaking up into small spherical cells. The following study by Mercier et al. (2013) 
showed that for the L forms to propagate, it was essential to provide a mutation or 
manipulation that generated excess membrane synthesis. The authors concluded 
that the original life form may have relied on this simple mechanism for cell divi-
sion – excess membrane synthesis and membrane fluctuations leading to vesicles 
pinching off. We suggest that this may still be the mechanism for the final step of 
septation in modern bacteria.

In summary, we suggest that FtsZ provides the primary constriction force for 
cytokinesis by exerting a bending force on the inner membrane. Actual constriction 
only begins when peptidoglycan remodeling permits the cell wall to follow the 
membrane. Bending pfs then constrict the inner membrane to the ~250 nm diameter 
of the intermediate curved pfs. The peptidoglycan wall follows by remodeling, and 
this remodeling limits the speed of septum invagination. The final steps of mem-
brane closure extension and fusion of the two peptidoglycan cell walls completes 
the septation are driven by excess membrane synthesis, fluctuations and fusion.
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Chapter 6
Intermediate Filaments Supporting Cell Shape 
and Growth in Bacteria

Gabriella H. Kelemen

Abstract  For years intermediate filaments (IF), belonging to the third class of fila-
mentous cytoskeletal proteins alongside microtubules and actin filaments, were 
thought to be exclusive to metazoan cells. Structurally these eukaryote IFs are very 
well defined, consisting of globular head and tail domains, which flank the central 
rod-domain. This central domain is dominated by an α-helical secondary structure 
predisposed to form the characteristic coiled-coil, parallel homo-dimer. These ele-
mentary dimers can further associate, both laterally and longitudinally, generating a 
variety of filament-networks built from filaments in the range of 10 nm in diameter. 
The general role of these filaments with their characteristic mechano-elastic proper-
ties both in the cytoplasm and in the nucleus of eukaryote cells is to provide mechan-
ical strength and a scaffold supporting diverse shapes and cellular functions.

Since 2003, after the first bacterial IF-like protein, crescentin was identified, it 
has been evident that bacteria also employ filamentous networks, other than those 
built from bacterial tubulin or actin homologues, in order to support their cell shape, 
growth and, in some cases, division. Intriguingly, compared to their eukaryote coun-
terparts, the group of bacterial IF-like proteins shows much wider structural diver-
sity. The sizes of both the head and tail domains are markedly reduced and there is 
great variation in the length of the central rod-domain. Furthermore, bacterial rod-
domains often lack the sub-domain organisation of eukaryote IFs that is the defining 
feature of the IF-family. However, the fascinating display of filamentous assem-
blies, including rope, striated cables and hexagonal laces together with the condi-
tions required for their formation both in vitro and in vivo strongly resemble that of 
eukaryote IFs suggesting that these bacterial proteins are deservedly classified as 
part of the IF-family and that the current definition should be relaxed slightly to 
allow their inclusion. The lack of extensive head and tail domains may well make 
the bacterial proteins more amenable for structural characterisation, which will be 
essential for establishing the mechanism for their association into filaments. What 
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is more, the well-developed tools for bacterial manipulations provide an excellent 
opportunity of studying the bacterial systems with the prospect of making signifi-
cant progress in our understanding of the general underlying principles of interme-
diate filament assemblies.

Keywords  Bacterial IF-like proteins • Caulobacter • Cell curvature • Crescentin • 
CreS filaments • Coiled-coil proteins • Unit length filaments • Streptomyces  
coelicolor • FilP • Scy

�Introduction

�What Are Eukaryote Intermediate Filaments?

In eukaryote cells there are three filament forming cytoskeletal assemblies: the 
microtubules are the largest, forming tubular filaments with ~25 nm diameter; actin 
filaments are the smallest, with diameters of ~6 nm and finally, as their name sug-
gests, intermediate filaments are sized in between, with diameters around 10 nm. 
Both microtubules and actin filaments are built from a single, globular protein, tubu-
lin and actin, respectively, whereas intermediate filaments can assemble from a vari-
ety of proteins with a common, tripartite molecular architecture, which includes a 
characteristic α-helical centre domain flanked by variable head and tail domains 
(Chernyatina et al. 2015; Herrmann and Aebi 2004; Parry and Steinert 1999).

Two defining biochemical characteristics of IF proteins are their notorious insol-
ubility and the fact that, after denaturation in the presence of urea, IF proteins are 
capable of re-folding in physiological buffers in the absence of any co-factors. 
Therefore, unlike tubulin or actin that require GTP or ATP for their polymerisation, 
the higher-order assemblies of IF proteins do not require any charged nucleotides.

Eukaryote IF proteins are widespread in all metazoan cells and can be classified 
into five main families. Four families are found in the cytoplasm, including acidic 
and basic keratins (Types I and II) in epithelial cells such as in the skin or kidneys, 
vimentin (Type III) in mesenchymal cells and neurofilament (Type IV) in neurons. 
The fifth IF family (Type V) is represented by the lamins that are located in the 
nucleus in all nucleated cells. There are known to be ~70 different IF proteins in 
human and other mammalian genomes (Hesse et al. 2001).

IF proteins are structural components of the cells and generate diverse networks 
of filaments both in the cytoplasm and in the nucleus supporting the mechanical 
integrity of cells.
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�Intermediate Filament Proteins Are Coiled-Coil Proteins

What are the defining characteristics of an intermediate filament protein? 
Intermediate filaments were first identified amongst metazoan species and were 
characterised in detail well before the first bacterial IF was identified. For a long 
time IFs were thought to be exclusive to metazoan species and the recent discover-
ies of IFs in insects and in bacteria extends the confines of the IFs although there is 
the apparent lack of IFs amongst plant and fungi. The eukaryote IF consists of vari-
able, non α-helical, head and tail domains that flank the central α-helical rod domain 
(Fig. 6.1a). Heterogeneity of head and tail domains results in marked differences in 

Fig. 6.1  Eukaryote intermediate filament proteins are dominated by α-helices forming coiled-coil 
assemblies. (a) The tripartite domain organisation of metazoan IFs. (b) The helical wheel represen-
tation of the classical arrangement of heptad repeats. The seven different amino acid positions of 
two helical turns are projected to a plane perpendicular to the axes of the α-helix. When the pri-
mary protein sequence displays a repeated occurrence of hydrophobic residues (blue) at positions 
(a) and (d) and polar residues (red) in all other positions, a hydrophobic streak is generated on one 
side of the α-helix. This streak promotes the assembly of two or more such α-helices. (c) Helical 
net diagram of the heptad (7-mer), hendecad (11-mer) and penindaenad (51-mer) repeat. Circles or 
squares represent Cα positions of each amino acids projected onto the α-helical cylinder that is 
“flattened” for representing the individual amino acid positions from the N-terminus (N) to the 
C-terminus (C) in 2D. The positions of hydrophobic amino acids in each repeats are marked blue. 
Squares and circles mark amino acid residues that are part of the heptad periodicity and hendecad 
periodicity, respectively. The blue dashed lines represent the hydrophobic streaks that create the 
interface between two α-helices producing left handed (7-mer) or right-handed (11-mer and 
51-mer) coiled coils
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the sizes of IF proteins, which range between 40 and 240 kDa, whereas the length 
of the rod domain is well conserved. This α-helical domain has a distinctive charac-
teristic that enables the formation of a coiled-coil dimer, called the elementary 
dimer, where two IF strands associate in a parallel and in-register fashion. Apart 
from the keratins that form obligate hetero-dimers, for most intermediate filaments 
the elementary dimer is a homo-dimer. Further interactions between the elementary 
dimers generate complex higher order assemblies producing the 10  nm IF 
filaments.

Coiled-coil association is not exclusive to IF proteins and is found in a wide 
range of proteins including transcription factors, adhesins, molecular motors, recep-
tors and signalling molecules, just to name a few (Parry et al. 2008). In general, 
coiled-coil assembly is promoted when the primary sequence of an α-helical protein 
exhibits a distinct pattern of regularly occurring hydrophobic- and charged amino 
acid residues (Fig. 6.1b). The repeated positioning of the hydrophobic residues gen-
erates a hydrophobic streak on one side of the α-helix, promoting the interaction 
between two, or sometimes three or more, such α-helical domains.

�Both Heptad and Hendecad Repeats Are Found in Eukaryote IF 
Proteins

The most characterised α-helical sequence that promotes coiled-coil formation con-
sists of the so-called canonical heptad repeat. However, the term “heptad repeat” 
does not refer to any specific seven amino acid long sequence that is repeated, 
instead, it refers to the repeated occurrence of hydrophobic amino acids. These resi-
dues such as Ala, Ile, Met, Leu or Val occupy the first (a) and fourth (d) positions 
within the consecutive seven amino acid sequences that are designated by the letters 
(a) to (g). When a sequence with such a heptad repeat forms an α-helix with the 
established 3.6 amino acid residues in every turn, every seven amino acids will cor-
respond to approximately two turns on the helix with positions (a) and (d) found on 
the same side of the helix (Fig. 6.1b). Consecutive (a) and (d) positions of succes-
sive heptad sequences will produce a left handed hydrophobic streak on the α-helix 
that, in turn, will promote the association of two or more such α-helices coiled 
around each other in such a way that the hydrophobic streak is buried at the inter-
face between the α-helices (Fig. 6.1c).

In addition to the classical heptad repeat, coiled-coil proteins with the less com-
mon 11-mer repeats (hendecad) are also found (Gruber and Lupas 2003; Kuhnel 
et al. 2004). In the hendecad repeat, 11 amino acids span 3 helical turns and their 
positions are marked by the letters (a) to (k). Hydrophobic amino acids are typically 
found at positions (a), (d) and (h) and generate a slightly right-handed hydrophobic 
streak (Fig. 6.1c). The shallow hydrophobic streak of the hendecad periodicity pat-
tern results in an interface almost parallel to the axis of the α-helices (Nicolet et al. 
2010; Nishimura et al. 2012; Stewart et al. 2012).
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The rod domain of eukaryote IF proteins was predicted to consist of four sub-
domains, Coil 1A, Coil 1B, Coil 2A and Coil 2B, linked by short, non α-helical 
linker sequences (Herrmann and Aebi 2004; Parry and Steinert 1999). However, this 
structural model was based on sequence analysis, with the assumption that the 
coiled-coil subdomains consist solely of heptad repeat patterns, which turns out not 
to be the case. Solving the crystal structure of overlapping fragments of Coil 2A and 
Coil 2B of human vimentin suggested a continuous, single Coil 2 subdomain 
(Nicolet et al. 2010; Strelkov et al. 2002). This in fact corroborates the very first 
sequence analysis of eukaryote IF proteins that identified three continuous α-helical 
segments of hamster vimentin (Quax-Jeuken et al. 1983). Therefore, the currently-
recognised three sub-domains of the eukaryote IF rod domain are Coil 1A, Coil 1B 
and Coil 2 (Fig. 6.2). The amino acid sequence conservation amongst the rod 
domains of eukaryote IF proteins is very low, even though the length of the rod and 
the individual sub-domains are well conserved: 310 amino acid residues for the rod 
domain of the cytoplasmic IF proteins and 350 amino acid residues for the nuclear 
IFs (Chernyatina et al. 2015; Herrmann and Aebi 2004). The rod domain and its 
sub-domains are dominated by heptad periodicity: 6 heptads within the sub-domain 
Coil 1A and 13 heptads in both Coil 1B and Coil 2. In addition to the heptad repeats, 
at several distinct places of the rod domain a different periodicity, an 11-mer, hen-
decad pattern is observed. For example, a single hendecad is present towards the C 
terminal end of Coil 1B and four hendecads within Coil 2. Three of the latter 
11-mers are at the beginning of the Coil 2 sub-domain while the fourth, single 
11-mer register in the middle of Coil 2 is a highly conserved characteristic of the IF 
rod domain. This single discontinuity can be considered as a four-residue insert 
within the heptad periodicity pattern and is often described as a “stutter”. Amongst 
eukaryote IF proteins, the first level of association of single IF protein strands gen-
erates a parallel, in-register, homo-dimer with an axial symmetry, but with a clear 
polarity (Fig. 6.2).

�Structure of Eukaryote IF Proteins

The very first structural analysis of proteins using X-ray crystallography established 
a highly ordered organisation in an IF protein, keratin, by William Astbury in the 
1930s (Astbury and Woods 1930; Astbury and Woods 1933). This was followed by 
Linus Pauling’s discovery of the α-helical fold as a fundamental principle of protein 
secondary structure (Pauling et  al. 1951) and the proposed interpretation of the 
coiled coil by Francis Crick (Crick 1953). However after this initial breakthrough, 
the structural characterisation of IF proteins proved to be very challenging because 
the “free” IF elementary dimer only exists under highly denaturing conditions 
(Herrmann et al. 1996) and the various higher order assemblies eluded any success-
ful crystallisation attempts. To date, we still lack any X-ray crystallography data for 
a full length IF elementary dimer. Instead, the approach of building the full structure 
from successful crystallisation of overlapping short fragments, the so-termed 
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“divide and conquer” approach, has generated a wealth of structural data (Aziz et al. 
2012; Chernyatina et al. 2012; Chernyatina and Strelkov 2012; Meier et al. 2009; 
Nicolet et al. 2010; Strelkov et al. 2001, 2002). From these fragments a model of the 
full vimentin elementary dimer: a parallel, in-register homodimer, was proposed 
(Chernyatina et al. 2015), where each α-helical Coil 1A, 1B and Coil 2 sub-domain 
of one IF protein interacts with the same sub-domain of the partner protein. 
Structural data of peptide fragments confirmed that Coil 1B and Coil 2 form parallel 

Fig. 6.2  Eukaryote IF assembly pathways. All metazoan IF proteins have the characteristic  
tripartite structure (TOP) with the head and tail domains flanking the α-helical rod domain. The 
sub-domain organisation of the rod domain includes Coil 1A, Coil 1B and Coil 2 connected via 
linker sequences. The Coil sub-domains are dominated by heptad periodicity and the scattered 
hendecad patterns are marked by vertical arrows. The elementary dimer is assembled by parallel, 
in-register homo-dimer formation. In the vimentin assembly pathway, two elementary dimers form 
an anti-parallel tetramer that lacks polarity. The lateral association of eight tetramers (16 elemen-
tary dimers) generates unit length filaments (ULFs, not shown), which further assemble both later-
ally and longitudinally to generate the fully assembled IF filaments. In the lamin assembly pathway 
elementary dimers associate longitudinally via head to tail associations. Two of these dimer strands 
form anti-parallel, tetramer strands called protofilaments that lack polarity. The lateral association 
of these protofilaments generates the final lamin IF network
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homo-dimers, however, there are alternative interpretations about Coil 1A. Besides 
the “closed” coiled-coil configuration of Coil 1A dimers, which is the interpretation 
that is largely accepted and reviewed, an alternative model was also proposed. X-ray 
crystallography data of a fragment consisting of Coil 1A, linker L1 and part of Coil 
1B suggests that the α-helices of Coil 1A are spread apart and this arrangement 
might be important for the further, longitudinal assembly of the elementary dimers, 
where the N-terminus of Coil 1A of an elementary dimer was shown to interact with 
the C-terminus of Coil 2 of an adjacent, second elementary dimer (Chernyatina 
et al. 2012). Moreover, both configurations, the “closed” coiled-coil and the “open” 
α-helices might exist at different stages of the dynamic IF assembly (Meier et al. 
2009; Smith et al. 2002).

Interestingly, the IF rod domain is dominated by heptad periodicity patterns with 
the occasional hendecad pattern promoting coiled-coil dimerisation. As discussed 
above, α-helices made either of exclusively heptad or of hendecad periodicity pat-
terns generate distinct hydrophobic streaks that are either left-handed or slightly 
right-handed, respectively (Fig. 6.1c). This, in turn, promotes the formation of 
coiled-coil dimers where the coil itself is left handed for heptads or slightly right 
handed for hendecads. In Coil 2, where hendecad and heptad periodicities are inter-
spersed (Fig. 6.2), the characteristic left handed coil of the heptad pattern will 
locally unwind at the positions of the hendecads, so that the two α-helices become 
very nearly parallel, generating a so-called parallel bundle rather than a coil, per se 
(Chernyatina et  al. 2015). The role of the local unwinding at the position of the 
hallmark stutter of Coil 2 was investigated by introducing a stutterless vimentin 
mutation, which did affect the higher order assembly pathway for filament forma-
tion (see below) but not the elementary dimer formation (Herrmann et al. 1999).

Very little is known about the structures of the head and tail domains that appear 
to be intrinsically disordered, however, they have important roles in the assembly of 
the elementary dimers into IF filaments. Interestingly, chemical crosslinking and 
site-directed spin labelling (SDSL) electron paramagnetic resonance (EPR) spec-
troscopy suggested that the head domain of vimentin folds back onto Coil 1A and 
comes in close proximity of Coil 1B (Aziz et al. 2009; Aziz et al. 2010; Herrmann 
and Aebi 2004).

�Higher Order Assemblies of Eukaryote IF Proteins

If our understanding of a full-length elementary dimer is incomplete, the higher 
order assemblies built from these homo-dimers are even further away from any 
high-resolution structural analysis. Transmission electron-microscopy of negatively 
stained protein samples, atomic force microscopy and more recently, small-angle 
X-ray scattering (SAXS) has been used to establish further stages of IF assemblies, 
even though the assembly pathway of the different IF groups might vary and the 
precise arrangement of the elementary dimers within the filamentous IF assembly is 
not fully understood (Herrmann and Aebi 2004; Block et al. 2015). The assembly 
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pathway for filament formation of all IFs is hierarchical and it involves both lateral 
and longitudinal associations of the rod-like and polar elementary dimers (Fig. 6.2).

Perhaps the most understood assembly pathway concerns the Type III IF protein, 
vimentin. Initially, two elementary dimers of vimentin form an anti-parallel, slightly 
staggered tetramer (Fig. 6.2) in buffers with low ionic strengths in vitro and these 
tetramers can also be observed in vivo (Herrmann et al. 1996; Soellner et al. 1985). 
Based on the structure of the elementary dimer, the model of the vimentin tetramer 
was proposed where the Coil 1B sub-domains of two elementary dimers are aligned 
in an anti-parallel fashion (Figs. 6.2 and 6.3) and polar or charged residues on the 
outer surface of either coiled coils make contact to produce the lateral association of 
two elementary dimers (Chernyatina et al. 2012). Further lateral association of the 
vimentin tetramers can be induced by increasing the ionic strength of the sample 
buffer in vitro (Herrmann et  al. 1999). Typically, the lateral association of eight 
tetramers (16 elementary dimers) generates rod-like structures that are termed unit-
length filaments (ULFs) with an average length of ~60–65  nm and diameter of 
~16 nm (Herrmann et  al. 1999; Strelkov et  al. 2003). These ULFs subsequently 
associate longitudinally, in a head-to-tail fashion producing the characteristic IF 

Fig. 6.3  Initial associations of the elementary dimers. The majority of “dimers of dimers” detected 
during the assembly of vimentin consists of A11 tetramers, where the Coil 1B sub-domains of each 
dimers are aligned in an anti-parallel fashion. Alternative lateral associations also exist, including 
the A12 tetramers, where two elementary dimers are aligned end-to-end, in an anti-parallel 
arrangement or the A22 tetramers, where the Coil 2 subdomains of each elementary dimers are 
aligned in an anti-parallel fashion. Finally head-to-tail associations of two elementary dimers gen-
erate the ACN arrangement
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filaments (Figs. 6.2 and 6.4). During the extension of the ULFs the filament diam-
eter decreases to ~11 nm, suggesting some internal rearrangement of the subunit-
association (Strelkov et al. 2003).

While the soluble vimentin tetramers correspond to the so-called A11, anti-
parallel arrangement of the elementary dimers, where Coil 1B sub-domains are 
aligned (Fig. 6.3), chemical crosslinking and electron paramagnetic resonance spec-
troscopy with site-directed spin labelling have suggested several possible alterna-
tive lateral alignments within fully-formed IF filaments. All of the proposed lateral 
alignments are anti-parallel but they differ in the individual sub-domains involved 
in the intermolecular, dimer-dimer interactions. Besides the non-staggered lateral 
contact between two elementary dimers (A12 association), the A22 association may 
also be generated when Coil 2 sub-domains are aligned, creating a more elongated, 
staggered tetramer unit (Fig. 6.3).

Fig. 6.4  Intermediate Filament formation in vitro. (a) Filament assembly of recombinant human 
vimentin was monitored 10 sec (left), 1 min (middle) and 1h (right) after the addition of filament 
buffer to fully denatured vimentin. Scale bar represents 100 nm (Images were taken from Herrmann 
and Aebi 2004). (b) Lamin filament formation in vitro. Chicken lamin B2 was expressed in E. coli 
and the purified protein was dialysed against 25 mM MES, 150 mM NaCl, 1 mM EGTA pH = 6.5 
(left), the same buffer in the presence of 25 mM CaCl2 (middle) and finally 25 mM Tris, 25 mM 
CaCl2, pH = 8.5 (right). Protein assemblies were monitored using transmission electron micros-
copy with rotary shadowing (left) or with negative staining (middle and right). Scale bars represent 
100 nm (Images were taken from ©1991 Heitlinger et al. Journal of Cell Biology. 113:485–495.  
DOI: 10.1083/jcb.113.3.485)
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The assembly pathway of the Type V IF family of nuclear lamins is less under-
stood. Although the filaments of nuclear lamins, just as those of vimentin, are built 
by the lateral and longitudinal associations of the elementary dimers, the proposed 
key steps of the association of these dimers differ from those found during vimentin 
assembly. In vimentin the lateral interactions between elementary dimers and the 
production of ULFs precede the longitudinal associations and filament extension. 
Nuclear lamins have not been shown to produce ULFs and unlike the cytoplasmic 
IFs, lamins produce complex filamentous networks in vivo rather than the typical IF 
filaments with 10 nm diameter (Aebi et al. 1986). The nuclear lamina is a meshwork 
of intermediate-type filaments (Aebi et al. 1986; Gerace and Huber 2012; Goldberg 
et al. 2008). The first stage of association in nuclear lamins involves the longitudi-
nal, head-to-tail assembly of the lamin elementary dimers into dimer strands of 
variable length (Fig. 6.2). This is followed by the lateral association of two of these 
dimer strands in an anti-parallel and staggered fashion, producing lamin protofila-
ments of tetramer strands (Ben-Harush et  al. 2009; Dittmer and Misteli 2011; 
Stuurman et al. 1998). These protofilaments (Figs. 6.2 and 6.4) can further associate 
via lateral interactions to produce fibers with varying width and a characteristic stri-
ated pattern when viewed using transmission electron-microscopy of negatively 
stained samples (Aebi et  al. 1986; Heitlinger et  al. 1991, 1992). These highly 
ordered assemblies, termed paracrystalline fibers, were originally considered as in 
vitro artefacts. However, they are the dominant structures formed in physiological 
buffers (Zwerger et al. 2013) and paracrystalline arrays were also detected in cells 
expressing lamins, albeit at a higher-than-usual cellular level, confirming that this 
assembly can exist in vivo as well (Klapper et al. 1997).

The head-to-tail contact between elementary dimers relies on the head and tail 
domains and, importantly, the extremities of the coiled-coil rod domain. Remarkably, 
in spite of the very low amino acid sequence conservation amongst IF proteins in 
general, there is a highly conserved box of 26 and 32 amino acids at the N-terminus 
of Coil 1A and the C-terminus of Coil 2, respectively. Structural studies of “minil-
amins” carrying the N-terminal or C-terminal fragments of lamin with a truncated 
rod domain demonstrated hetero-coil formation between the ends of Coil 1A and 
Coil 2, suggesting that these conserved stretches might play an important role in the 
head-to tail contacts between elementary dimers and consequently, the longitudinal 
extension during filament formation of all IFs (Kapinos et al. 2010; Koster et al. 
2015).

For the lateral interaction of elementary dimers and the head-to-tail dimer 
strands, polar and charged amino acid residues located on the outer surface of the 
coiled-coil rod domain are important. Therefore, these lateral interactions are sensi-
tive to conditions that affect the surface charge of an elementary dimer or dimer 
strand. Depending on the surface charge distribution, individual elementary dimers 
have distinct electrostatic properties. Overall, the surface of elementary dimers is 
negatively charged and therefore their further association is highly dependent on the 
absence or presence of cations and the pH of the environment. Accordingly, the 
presence of cations, such as Mg2+, Ca2+ can readily mediate lateral interactions 
between IF filaments promoting the paracrystalline assemblies of nuclear lamins or 
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cytoplasmic IF bundle formation (Block et al. 2015). In addition, whilst low pH 
promotes the lateral assembly of elementary dimers or dimer strands in vitro, at high 
pH, in the absence of metal cations, IF assembly is prevented, keeping the elemen-
tary dimers or dimer strands, with their negative surface charge, apart.

Whether the assembly of a eukaryote IF follows the vimentin pathway, the lamin 
pathway (Fig. 6.2), or some other pathway not yet established, it is a fundamental 
characteristic of the native IF filaments that they are non-polar (Fig. 6.2). While the 
elementary dimer and the dimer strands of lamins have polarity with distinct N and 
C terminal ends, the assembled tetramers or the tetramer protofilaments are non-
polar because they form in an anti-parallel arrangement. The lack of polarity of the 
IF filaments and the fact that the assembly pathway does not rely on any co-factors 
constitute the characteristic distinction between intermediate filaments and microtu-
bules or actin filaments, which in turn are polar, with plus (+) and minus (−) ends 
and require nucleotide co-factors for their assembly. Unlike microtubules and actin 
filaments which often extend at one end and disassemble at the other, IFs usually 
extend at both ends during assembly; they do not spontaneously disassemble from 
either end. Moreover, subunit exchange can take place throughout IF filaments and 
not only at ends. Newly synthesised vimentin is incorporated in a random fashion 
alongside existing filaments and subunit exchange occurs evenly along the filaments 
in vivo; this was shown using fluorescence recovery after photo bleaching (FRAP) 
and photoactivation (Colakoglu and Brown 2009; Vikstrom et al. 1992).

�Eukaryote IF Filaments in the Cellular Environment

The basic building blocks, the elementary dimers and their lateral and longitudinal 
higher order assemblies, are organised by the same fundamental principles. 
However, the eukaryote IF filaments of the various classes (Type I-V) form very 
diverse cellular fibers within the different cells they preside. This is not surprising, 
as both the head-to-tail and, more importantly, the lateral associations of the elemen-
tary dimers of the diverse IF family of proteins depend upon the individual amino 
acid sequences that control the outer surface charges both along the length and at the 
ends of the elementary dimers, and the primary amino acid sequences of IFs are not 
conserved. This explains the striking differences in the assembly pathway and the 
final cellular structures of different IF filaments together with their mechanical 
characteristics and individual biological function. The cytoplasmic IFs form fila-
mentous networks between the plasma membrane and the outer nuclear membrane, 
generating a cytoplasmic network that stabilises the intracellular space and its con-
tents, such as the nucleus or organelles. Keratins consists of bundles and fibers that 
stabilise the cell shape and mechanical stiffness of keratinocytes as cells that lack 
keratin can be deformed more easily than wild-type cells (Ramms et  al. 2013; 
Seltmann et al. 2013). On the other hand, vimentin and desmin forms highly con-
nected finer filament-networks with a smaller mesh size organising internal mechan-
ics of the cells (Guo et al. 2013). Nuclear lamins form filaments under the nuclear 
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membrane and inside the nucleus, organising the chromatin and affecting nuclear 
shape and even gene expression.

It is important to emphasise that IFs are part of the cytoskeletal cellular network 
that also includes microtubules, microfilaments and proteins that interconnect these 
three filament networks. Therefore, in order to understand the cellular function of 
IFs one must also consider the interaction between IFs and other cellular proteins 
controlling cell division, growth and cellular integrity (Chang and Goldman 2004).

Single point mutations within genes encoding specific IFs are the causes for a 
wide range of human diseases. Keratin mutations are implicated in a number of 
keratinopathies causing skin or liver disorders, cataract development is associated 
with mutations in vimentin or neurological diseases caused by mutations in neuro-
filaments (Toivola et al. 2015; Lowery et al. 2015).

�Mechanical Characteristics of IF Filaments

IFs form more flexible biopolymers than those of microtubules or actin microfila-
ments. Generally, the flexibility of a filament is characterised by the so-called per-
sistence length that is defined by the length along which the filament is straight and 
does not change its direction. The persistence lengths of IFs are a magnitude shorter 
than that of microfilaments, and are in the range between hundreds of nm and a few 
μm, depending on the Type of IFs (see review Block et al. 2015).

IFs are also stretchable and can be elongated. Quite remarkably, desmin was 
stretched to 3.6 times its original length (Kreplak et al. 2005). There are several 
proposed structural changes of the filament-assembly during stretching. One of 
these is the axial sliding of either the tetramers or tetramer protofilaments, or the 
elementary dimers within the tetramers or tetramer protofilament (Figs. 6.2 and 
6.3). The mechanical force is proposed to disrupt the existing lateral interactions 
between elementary dimers, tetramers or protofilaments and promote sliding of 
these units in the longitudinal direction. Detachment is followed by a different “lock 
in”, establishing a new alignment of the elementary dimers, tetramers or dimer 
strands and tetramer filaments. In addition to axial sliding, individual elementary 
dimers can also be stretched to double their length, during which there is a transition 
of the α-helices of the rod-domain to β-sheet conformation (Kreplak et al. 2005).

�Dynamics of Eukaryote IFs Is Controlled by Post-translational 
Modifications

Microtubules or microfilaments rely on a pool of soluble intracellular subunits and 
nucleoside triphosphate co-factors to incorporate new subunits at their (+) ends and 
conversely, depolymerisation at the (−) ends of the filaments will release soluble 
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subunits into the cytoplasm. Assembly of IFs does not require co-factors, and over-
all there is a very low intracellular pool of IF elementary dimers, if any, in the cyto-
plasm because of the strong tendency of association of these elementary dimers into 
fibers of different kinds via the different assembly pathways we discussed above. 
Newly synthesised IF proteins are immediately incorporated into the existing IF 
network (Coleman and Lazarides 1992; Ngai et al. 1990). However, soluble tetra-
meric vimentin has been observed in vivo (Soellner et al. 1985) suggesting that IFs 
assemble and disassemble in a dynamic fashion inside cells. Newly synthesised IF 
proteins were shown to incorporate in random fashion along the existing IF fila-
ments and FRAP experiments confirmed that subunits of existing filaments can 
rearrange (Goldman et al. 2012; Vikstrom et al. 1992).

The dynamics of IFs are regulated by their synthesis, degradation and post-
translational modification. The most widespread post-translational modification is 
phosphorylation, but sumoylation, lysine acetylation and farnesylation of IFs are all 
well documented (Snider and Omary 2014). Phosphorylation plays a key role in the 
disassembly of IFs. For example, phosphorylation of vimentin induces the disas-
sembly of vimentin IFs at the leading edge lamellopodia during the cell motility of 
fibroblasts. Whereas local disassembly of vimentin is required for cell polarisation 
and lamellopodia formation during fibroblast motility, complete lack of vimentin by 
gene silencing causes lack of cell polarity and indiscriminate lamellopodia forma-
tion around the cell, affecting cell migration (Helfand et al. 2011). In turn, specific 
kinases and phosphatases, that are themselves highly regulated in response to 
mechanical stresses, control the assembly dynamics of vimentin (Chou et al. 1990; 
Eriksson et al. 1992a, b, 2004). Changes in the phosphorylation pattern of IFs have 
been also indicated in certain human diseases, including Alzheimer disease, myopa-
thies and liver diseases (Snider and Omary 2014).

�Bacterial Intermediate Filament-Like Proteins

�Crescentin, the First Identified Bacterial IF-Like Protein

The first attempts to characterise the structure of eukaryote IFs such as keratin, took 
place over 90 years ago. Since then, especially in the last 30 years, a plethora of 
research has focussed on deciphering the structure, assembly and cellular function 
of eukaryote IFs. By comparison, the first bacterial protein with possible intermedi-
ate filament function was only identified relatively recently in the crescent-shaped 
bacterium, Caulobacter crescentus (Ausmees et  al. 2003). This bacterium has a 
curved shape that is maintained throughout its complex life-cycle. In stationary 
phase cells, where the level of the cell division protein, FtsZ, is lower, C. crescentus 
forms elongated, helical cells. Cell curvature both in actively growing and station-
ary phase cells depends on the presence of the protein called crescentin, encoded by 
the gene creS (Ausmees et al. 2003).
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Both immunolocalisation and CreS-GFP fusion demonstrated that CreS forms a 
continuous, pole to pole filament at the inner curvature of the crescent shaped C. 
crescentus cells (Fig. 6.5a, Ausmees et al. 2003). For visualisation of CreS using 
fluorescent protein fusion it was necessary to generate a merodiploid strain carrying 
both creS and creS-gfp because CreS-GFP is not functional and cells carrying an 
only copy of creS-gfp lose their crescent shape and are straight. Interestingly, 
although CreS-GFP is not functional, it can still form filaments inside these straight 
cells. In older cultures, where long, straight cells are produced, CreS-GFP generates 
curved helical filaments that are very similar to the helical CreS filaments in old 

Fig. 6.5  Crescentin, the first bacterial IF-like protein. The domain organisation of crescentin 
resembles that of eukaryote IF proteins (TOP). Vertical arrow marks the position of the stutter in 
the last Coil sub-domain. (a) Immuno-localisation of FLAG-tagged crescentin (left) and monitor-
ing GFP-tagged crescentin in the presence of the native crescentin (right). Scale bar represents 
2 μm (Taken from Ausmees et al. 2003). (b) The in vitro polymerisation of crescentin was moni-
tored using negatively stained protein samples by transmission electron-microscopy (Taken from 
Cabeen et al. 2011). (c) The life cycle of C. crescentus includes the transformation of swarmer 
cells to stalked cells that can initiate DNA replication and cell division. The pre-divisional cells 
develop flagella at the pole opposite to the stalked pole. Completion of the asymmetric cell division 
generates the smaller, motile swarmer cells and the larger, immobile stalked cells. (d) The curved, 
crescent shape of C. crescentus promotes the attachment of its Type IV pili, located at the flagel-
lated poles of the pre-divisional cells, to solid surfaces during fluid flow (horizontal arrow) in its 
natural environment of freshwater lakes. The swarmer cells, that otherwise would swim away after 
completion of division, will be immobilised to the solid surface, promoting biofilm formation 
(Persat et al. 2014)
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wild-type cells. This could suggest that it is not filament formation per se that is 
affected in cells carrying CreS-GFP. Instead, some special feature of the produced 
filaments is affected and/or the CreS-GFP filaments have lost their ability to interact 
with the cell membrane, cell wall or some hirtherto uncharacterised partner that 
links crescentin filaments and cell shape. Indeed, mecillinam, an inhibitor of cell 
wall cross-linking, or phosphomycin, which inhibits an early step of cell wall syn-
thesis, both induce the detachment of crescentin from its static position from the 
inner curvature of the cell membrane and, instead, allow the now freely floating 
crescentin filaments to collapse into helical shapes, which are particularly discern-
ible in elongated cells (Cabeen et al. 2009). The free-floating crescentin cables are 
helical but extended when attached, directly or indirectly, to the cell wall in wild-
type cells. This suggests that attachment of the helical crescentin cables to the cell 
wall generates a mechanical tension. This mechanical force is proposed to affect the 
rate of peptidoglycan synthesis rather than the structure or crosslinking of peptido-
glycan at the site of crescentin localisation (Cabeen et al. 2009). Accordingly, the rate 
of cell wall synthesis was shown to be lower at the inner curvature next to the cres-
centin cables and higher at opposite sites in wild-type C. crescentus cells.

�The Domain Organisation of Crescentin and Eukaryote IFs Are Very 
Similar

Crescentin shows the domain organisation characteristic of eukaryote IF proteins 
with their tripartite structure, including the α-helical rod domain flanked by head 
and tail domains, although sequence identity between crescentin and eukaryote IFs 
is very low (25% identity; Ausmees et al. 2003). This is not unexpected, as even 
amongst eukaryote IF proteins sequence conservation is very low. Crescentin con-
sists of 430 amino acids, where the α-helical rod extends between positions 80 and 
444, leaving the first 80 and the last 13 amino acids as head and tail domains (Fig. 
6.5). The length of the rod domain (365 amino acid) is comparable, if somewhat 
longer, than that of the conserved length of cytoplasmic (310 amino acid) or nuclear 
(350 amino acids) eukaryote IFs. The four sub-domains (1A, 1B, 2A and 2B) of the 
crescentin rod domain (Fig. 6.5) were originally identified in comparison with the 
eukaryote sub-domain organisation proposed at that time, however, as we discussed 
above, instead of four, three distinct sub-domains, Coil 1A, 1B and 2 represent the 
structure of vimentin, and eukaryote IFs in general, more accurately. In the absence 
of any data about the structure of crescentin, nevertheless taken into consideration 
the very similar biochemical and biophysical characteristics of crescentin and 
eukaryote IFs, we can only speculate that the crescentin rod domain might also be 
built from 3 sub-domains, where 2A and 2B might be part of a single sub-domain, 
Coil 2. Within the last coil sub-domain of crescentin, a stutter, that is a four residue 
insertion creating an 11 residue discontinuity amongst the heptad repeat periodic-
ity, has been proposed at a similar position to that in eukaryote IFs (Figs. 6.2 and 
6.5). However, high resolution structural analysis of crescentin will be required not 
only for establishing the sub-domain organisation of the crescentin rod domain but 
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also for addressing questions whether, similarly to eukaryote IFs, the crescentin’s 
heptad-based coiled coil is interrupted by 11-mer periodicity not only at the posi-
tion of the stutter, but also at other positions such as the end of Coil 1B and the 
beginning of Coil 2 and, most importantly, to confirm the assumption that the first 
association of the crescentin protein is indeed a parallel, in-register elementary 
homo-dimer.

�Filament Formation of Crescentin in vitro and in vivo

CreS assembles in vitro into long filaments with ~10–20 nm diameter in dilute buf-
fers (5–50 mM Tris, HEPES or PIPES) with pH ≤ 7.0 in the absence of any co-
factors (Fig. 6.5b) but fails to form filaments in buffers with pH ≥ 8.4 (Ausmees 
et al. 2003; Cabeen et al. 2011). This is consistent with the characteristic electrolyte 
properties of IFs and the overall negative surface charge of the elementary dimer, 
which, similarly to eukaryote IFs, is assumed to be the building block of the CreS 
filaments. Although conditions were tested for in vitro and in vivo filament forma-
tion of CreS (Ausmees et al. 2003; Cabeen et al. 2011) and the formed filaments 
were characterised using transmission electron-microscopy, there is no structural 
information about the soluble CreS elementary dimer and nothing is known about 
the assembly pathway for CreS filament formation in vitro. Although the mechani-
cal properties and filamentation of CreS is compared to the eukaryote cytoplasmic 
IF, vimentin, for which the assembly pathway includes the anti-parallel tetramerisa-
tion of the elementary dimers followed by their lateral assembly into ULFs 
(Herrmann et al. 1999, Strelkov et al. 2003, see above) and their further longitudinal 
assembly into the final, 10–11 nm widths filaments, no soluble oligomers of CreS or 
ULFs have been visualised after negative staining using TEM, as yet. Alternatively, 
the assembly pathway for the filamentation of crescentin could follow that of nuclear 
lamins, where first the head-to-tail association of the elementary dimers produces a 
dimer strand, followed by the anti-parallel, lateral association of two dimer strands 
creating tetramer protofilaments and the further lateral association of these proto-
filaments generates the final lamin filaments (Fig. 6.2).

The role of the domain organisation of crescentin in its in vitro assembly was 
tested by generating crescentin fragments lacking distinct domains, such as the 
head, tail and rod-domain, or the linker sequences between Coil 1A and 1B (Linker 
1) and the stutter within the Coil 2 sub-domain and monitoring filament formation 
by pelleting assays and transmission electron-microscopy of negatively stained 
samples (Cabeen et al. 2011). Interestingly, apart from the mutant lacking the entire 
rod domain, all mutants were able to produce filaments in vitro albeit with marked 
features affected by different buffer conditions. Mutants lacking either the first 27 
amino acids of the head or the entire tail domains behaved very similarly to wild-
type crescentin in vitro. In contrast, the absence of Linker 1 increased lateral asso-
ciations generating thicker filaments with 20–30 nm diameter even under conditions 
where crescentin would not readily filament. However, in the presence of 200 mM 
KCl, a buffer condition that is perhaps the closest to physiological conditions, a 
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linker-less crescentin formed aggregates rather than filaments. This suggests that 
Linker 1 is important for the correct lateral assembly, perhaps for the correct align-
ment of the Coil sub-domains, during filament formation. Finally, crescentin that 
lacked its stutter sequence failed to filament in the physiological buffer containing 
200 mM KCl, although readily formed wide bundles at low pH and in the presence 
of Mg2+, producing filaments with striated patterns when viewed with transmission 
electron microscopy (Cabeen et al. 2011). These striated patterns resemble the para-
crystalline association observed in nuclear lamins, and might represent a unique 
lateral assembly. Just as in the case of eukaryote IFs, lowering the pH of the buffers 
and the presence of divalent cations, such as Mg2+, strongly affect filament forma-
tion of crescentin. Both conditions promote lateral bundling presumably by generat-
ing a bridge between the negatively charged outer surfaces of the crescentin 
elementary dimers as it is proposed for eukaryote IFs (see above).

The same mutants were also tested for their biological function and filament 
formation in vivo. Remarkably, whilst most mutants, apart from the rod-less one, 
were able to form filaments of some sort in vitro, correct filament formation and 
localisation in vivo was dependent on all domains tested. As these crescentin mutants 
were introduced into the straight-shaped creS null mutant, in addition to filament 
formation, their ability to complement the knockout mutation and to promote cell 
curvature could also be monitored. The mildest defect was observed with the tail-
less mutant, which partially complemented the creS mutation, generating some, 
25%, curved cells. Whereas no filament formation, only diffuse localisation was 
observed for the mutants that lacked the entire head and rod domains, consequently, 
producing straight cells (Cabeen et al. 2011). Crescentin with a deletion of only the 
first 27 amino acids of its head domain, still failed to complement the creS mutant, 
but produced helical filaments that were detached from the cell envelope. This sug-
gests that the positively charged first 27 amino acids are important for attachment of 
crescentin to the cell membrane (Cabeen et al. 2009). Interestingly, lack of Linker 1 
produced polar aggregates and straight cells (Cabeen et al. 2009, 2011), which is 
consistent with the in vitro behaviour of this mutant forming aggregates rather than 
filaments in buffers resembling physiological conditions. Finally, stutterless cres-
centin produced straight cells with either short filaments or diffused localisation in 
approximately equal proportion. The effect of the stutter, which represents an 
11-mer periodicity instead of the heptad periodicity, on the coiled coil assembly of 
the elementary dimer was discussed above. Similarly to the crescentin mutation, a 
stutterless vimentin mutation affected the higher order assembly pathway for fila-
ment formation although not the elementary dimer formation (Herrmann et  al. 
1999).

Interestingly, most of these crescentin mutants, except the tail-less mutant, had a 
negative dominant effect when they were introduced into wild-type cells, producing 
non-curved cells even in the presence of wild-type crescentin. This suggests that 
these crescentin mutants do not only alter their own assembly but they also obstruct 
the assembly pathway of the wild-type crescentin (Cabeen et al. 2011). This is not 
entirely surprising and has been also demonstrated for several eukaryote IFs includ-
ing nuclear lamins or the cytoplasmic vimentin, where introduction of a 
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dominant-negative mutant into the cells disrupted the in vivo organization of the 
native filaments (Helfand et al. 2011; Schirmer et al. 2001).

�Dynamics of Crescentin in Its Cellular Environment

Transcription of creS might be regulated throughout the cell cycle of C. crescentus 
with the highest level expression in the reproductive stalked cells, which can initiate 
cell division (Laub et al. 2002; Mcgrath et al. 2007). However, the protein levels of 
crescentin do not change significantly (Charbon et  al. 2009). Although, overall, 
eukaryote IF filaments are more stable than filaments formed from actin or tubulin, 
they are dynamic structures with reasonable turnover (Vikstrom et al. 1992; Yoon 
et al. 2001). The rate of this turnover varies between IFs, for example, the turnover 
of vimentin is almost 10 times faster than that of keratin when tested using FRAP 
(Yoon et al. 1998, 2001). Crescentin is fairly stable with very little sign of a soluble 
crescentin pool that, when produced, is immediately incorporated at random places 
alongside the existing crescentin filaments (Charbon et  al. 2009). There is very 
slow, if any, subunit exchange within an existing filament as was assessed using 
FRAP or FLIM either in the presence or absence of protein synthesis (Charbon et al. 
2009; Esue et al. 2010). De novo crescentin assembly was shown to be biphasic, 
where first a thin filament extending the entire length of the cell is formed, followed 
by the lateral insertion of more crescentin to produce an increase in the diameter of 
the filament (Charbon et al. 2009). As mentioned above, we do not have any struc-
tural information on the assembly pathway of crescentin, which would be required 
to fully interpret the biphasic de novo crescentin assembly observed in C. crescen-
tus. However, it is attractive to speculate that, perhaps, crescentin assembly resem-
bles more the lamin assembly pathway where the elementary dimers first associate 
longitudinally into protofilaments and this longitudinal association precedes the 
further lateral association of these protofilaments into the final IFs.

Even though there is increasing structural information about some of the assem-
bly pathways for eukaryote IFs, there is a lack of understanding of how IFs are 
nucleated in vivo in their cellular environment. One possible clue for IF nucleation 
could be provided by their potential interactions with the other two main filamen-
tous cytoskeletons, the microtubules and actin microfilaments, sometimes via other 
proteins called, cytolinkers (Chang and Goldman 2004). Interestingly, a functional 
crescentin-FLAG fusion pulled down MreB, the bacterial actin homologue, from 
cell extracts of C. crescentus or even from that of E. coli. Further supporting evi-
dence for a link between MreB and crescentin came from finding that the introduc-
tion of crescentin into E. coli cells made them curved, whereas introduction of 
crescentin into Agrobacterium tumefaciens, a bacterium that lacks MreB, did not 
cause any change of cell curvature even though A. tumefaciens is more closely 
related to C. crescentus, belonging to the same class of alpha-proteobacteria 
(Charbon et al. 2009). Further dissection of the link between crescentin and MreB 
will establish whether this interaction is direct or indirect, and whether MreB acts 
as a nucleator for crescentin.
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Crescentin turnover has not been studied in detail. One of the intriguing ques-
tions to address is the fate of the static crescentin filament during cell division, when 
there must be a localised disassembly of crescentin at the division site (Fig. 6.5c). 
During cell migration of fibroblasts, there is a dynamic disassembly of vimentin 
filaments into smaller assemblies at the front of the migrating cells, where lamelli-
podia are formed, whereas the fully assembled vimentin filament network extends 
at the rear of the cell (Helfand et al. 2011). The mechanism for the disassembly of 
vimentin includes the post-translational modification, phosphorylation. During 
mitosis and cytokinesis of fibroblasts the filamentous network of vimentin under-
goes depolymerisation in order to distribute soluble vimentin into the daughter 
cells. This depolymerisation is achieved by transient phosphorylation that promotes 
the dramatic re-organisation of the vimentin filaments into soluble particles, which, 
after their distribution into the daughter cells, are de-phosphorylated to promote re-
assembly of vimentin filaments (Chou et al. 1990; Yamaguchi et al. 2005). As yet, 
there is no information on covalent modification of crescentin. However, it is 
intriguing to consider that localised phosphorylation or other post-translational 
modification might play a role in its localised disassembly at the division sites dur-
ing cell division. Interestingly overproduction of an essential tyrosine phosphatase, 
CtpA caused straightening of C. crescentus cells, although the effect of CtpA on cell 
shape was proposed to involve the cell wall synthetic enzymes rather than crescen-
tin itself (Shapland et al. 2011).

A new technology, cryo electron-tomography opened up exciting possibilities of 
visualising cellular filaments at high resolution (Swulius et  al. 2011; Szwedziak 
et  al. 2012); however, filaments detected at the inner curvature of C. crescentus 
using this technique were shown to be not crescentin but CtpS, a metabolic enzyme 
of CTP synthase, as they persisted in the creS null mutant (Ingerson-Mahar et al. 
2010).

�Mechanical Properties of Crescentin

In the bacterial cells, crescentin cables are attached to the cell envelope and only 
show a slight curvature. However, when attachment is affected either by inhibitors 
of peptidoglycan synthesis (Cabeen et al. 2009) or by removing the first 27 amino 
acids of the head-domain that is important for attachment to the cell envelope, the 
crescentin cables collapse into helical filaments (Cabeen et al. 2009). This supports 
the notion that crescentin structures are flexible, stretchable and elastic, mimicking 
the intrinsic properties of eukaryote IF filaments. Indeed, quantitative rheology 
studies in vitro confirmed that crescentin behaves as a visco-elastic solid that can 
recover a considerable fraction of its elasticity after shearing (Esue et  al. 2010). 
Stretching of eukaryote IFs can involve gliding of the dimer strands along their long 
axis, which in turn depends on the lateral interactions determined by the surface 
charge of these dimer strands. Crescentin showed increased stiffness in the presence 
of divalent cations such as Mg2+ or Ca2+, which was also shown to promote filament 
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bundling, confirming that these cations affect the lateral interactions between IF 
strands and filaments (Esue et al. 2010).

�What Is the Biological Function of Crescentin Dependent Cell Curvature?

Lack of crescentin only affected the ability of C. crescentus cells to produce their 
characteristic crescent cell shape, but no other detectable defects have been found. 
Growth, cell division and chromosome segregation were all unaffected in the creS 
mutant under laboratory conditions. Originally, it was proposed that the crescent 
shape promotes mobility in the aquatic environment, where this bacterium naturally 
resides. Indeed, corkscrew shape of Helicobacter is advantageous for swimming as 
it promotes faster speed in viscous medium such as the gastric fluid (Martinez et al. 
2016).

Recent studies propose a remarkable link between the crescent shape of 
Caulobacter and its fitness to colonise in its native environment (Persat et al. 2014). 
The natural environment for Caulobacter species is in freshwater lakes where natu-
ral fitness is influenced by the bacterium’s ability to attach to solid surfaces to form 
micro-colonies leading to biofilm formation even in the presence of a naturally fluc-
tuating fluid (O’Toole et al. 2000). For adhesion to solid surfaces Caulobacter pre-
dominantly uses its stalk, which is a compartmentalised cytoplasmic extension with 
a strong adhesive tip exclusive to the stalked cells (Schlimpert et al. 2012; Tsang 
et al. 2006). Beside its stalk, Caulobacter swarmer cells have Type IV pili which 
have also been shown to attach swarmer cells to solid surfaces. The stalk and pili 
reside in different cell types, the stalked cells and the swarmer cells, respectively. 
These cells are the products of an asymmetric cell division initiated exclusively in 
the stalked cells and are kept together at the predivisional stage (Fig. 6.5c). Recent 
studies suggested that for effective colonisation of solid surfaces in the presence of 
fluid flow, the crescent shape of the wild-type predivisional cell is advantageous, 
because only this crescent shape allows the attachment of the pili in the swarmer 
part of the predivisional cell at the same time when the stalk forms strong attach-
ment in the stalked part of the predivisional cell (Fig. 6.5d, Persat et al. 2014). The 
surface attachment of the swarmer cell compartment in the predivisional cell is 
important for biofilm formation in the wild-type strain, because this maintains the 
association of the swarmer cells to the solid surface even after division is completed. 
In contrast, the straight geometry of the predivisional cells of the creS mutant does 
not allow the attachment of the pili of the swarmer cell compartment in the predivi-
sional cell to the solid surface, consequently these swarmer cells will be dispersed 
in the fluid flow when division is completed.
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�An Extended IF Family

The discovery of the first example of a bacterial intermediate filament-like protein, 
crescentin, was soon followed by the characterisation of further bacterial proteins 
that form filamentous structures both in vitro and in vivo. These are also built from 
coiled-coil proteins and originate from diverse organisms, such as Streptomyces 
coelicolor or Helicobacter pylori (Bagchi et al. 2008; Fuchino et al. 2013; Holmes 
et al. 2013; Walshaw et al. 2010; Specht et al. 2011; Waidner et al. 2009). Strikingly, 
these bacterial proteins show more structural diversity than their eukaryote counter-
parts. All share the tripartite architecture including short head and tail domains 
flanking a central rod domain. However, there are marked differences in the length 
of the rod domains, which often lack the characteristic three sub-domain organisa-
tion raising the question whether these proteins are bona fide intermediate filaments. 
The current view on the structural features that define the IF family was based 
exclusively on members of the eukaryote IF family where there is a remarkable 
conservation of the rod domain (see above). Accordingly, all members of the IF 
family must have a rod domain of 310 or 340 amino acids, for cytoplasmic or 
nuclear IFs, respectively, and the three sub-domains, Coil 1A, Coil 1B and Coil 2. 
On the other hand, bacterial IF-like proteins share similar biochemical and bio-
physical properties and cellular localisation pattern with those of eukaryote IFs. 
This suggests they are part of the wider IF-family, a group which, in the light of its 
extended members, might be calling for a new definition. In addition to the bacterial 
proteins, there are eukaryote proteins of non-metazoan origins that do not fully 
comply with the strict IF definition and so far have been excluded from the IF family 
due to different length and sub-domain organisation of their rod domains. These 
include the lamin-like nuclear proteins from the simple protozoan Dyctiostelium 
discoideum and Trypanosome brucei (Batsios et  al. 2012; Dubois et  al. 2012; 
Kruger et al. 2012) or the plant nuclear matrix constituent proteins, NMCPs (Ciska 
and Moreno Diaz de la Espina 2014).

�Novel Structural Characteristics of IF-Like Proteins: FilP and Scy 
from Streptomyces

The two IF-like proteins, FilP and Scy of the filamentous bacterium, Streptomyces 
coelicolor, are markedly different in size, 310 amino acids and 1326 amino acids, 
respectively. Despite of this, analysis of their sequence suggests that they are strik-
ingly similar (Walshaw et al. 2010). Both proteins have tripartite domain organisa-
tion, consisting of very short head and tail domains that extend 17 and 27 amino 
acids for Scy and 16 and 18 amino acids for FilP (Fig. 6.6a). Unlike the eukaryote 
IF proteins, the α-helical rod domains of Scy and FilP lack the three subdomain-
organisation, instead, they have two sub-domains, CC7 and CC51 connected by a 
short, 7–9 amino acids linker (Walshaw et al. 2010). The CC7 subdomain is domi-
nated by a canonical heptad periodicity, hence the name (coiled coil 7) and extends 
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46 and 48 amino acids for Scy and FilP, respectively. This corresponds to 6 full 
heptads, which is very similar to the organisation of 6 heptads in Coil 1A of eukary-
ote IFs (Chernyatina et al. 2015; Walshaw et al. 2010). Remarkably, bioinformatic 
analysis of the CC51 sub-domains of Scy and FilP sequences using Fourier transfor-
mation to search for the periodicity-pattern of the positions of hydrophobic amino 
acids within the α-helical rod domain revealed a novel, highly regular 51 amino 
acids (penindaenad) repeat periodicity (Holmes et al. 2013; Walshaw et al. 2010). 
One likely interpretation of the 51-residue repeat is a periodically modified hen-
decad repeat that is one heptad for every four hendecads: 7,11,11,11,11. The occur-
rence of hendecads within Coil 1A and Coil 2 of vimentin and eukaryote IFs is well 
documented (Chernyatina et al. 2015) and we have discussed above how deletion of 
the hendecad in Coil 2, also known as a stutter, affected higher order assembly of 

Fig. 6.6  Two IF-like proteins, FilP and Scy, from S. coelicolor. (a) The rod-domains of FilP and 
Scy each consist of two sub-domains, CC7 and CC51. The CC7 sub-domain is organised very 
similarly to the Coil 1A sub-domain of eukaryote IFs and is characterised by heptad periodicity. 
The CC51 domain is built from periodically modified hendecad repeats, that is, one heptad for 
every four hendecads: 7,11,11,11,11 (Walshaw et al. 2010). (b) Both Scy and FilP are part of the 
TIPOC. Scy and the polarity determinant DivIVA form a polar scaffold at the hyphal tips whereas 
FilP forms a filamentous network at sub-apical positions. It is conceivable that, similarly to that in 
Mycobacterium, polar growth in Streptomyces is restricted to the zone between the tip-dome and 
the sub-apical FilP network (Meniche et al. 2014). (c) Transmission electron microscopy of nega-
tively stained Scy protein samples in Tris pH = 8.0. Scale bar represents 100 nm. (d) Scanning 
electron microscopy of FilP in 50 mM Tris, pH = 7.0, taken from (Bagchi et al. 2008). Scale bar 
represents 200 nm. (e) Transmission electron microscopy of the negatively stained lace-like net-
works of FilP in 50 mM Tris, pH = 7.0, taken from (Fuchino et al. 2013). Scale bar represents 
200  nm. (f) DivIVA-EGFP (green) localises to hyphal tips. Immuno-localisation of FilP (red) 
indicates a filamentous network at sub-apical locations (Taken from Fuchino et al. 2013)
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both the eukaryote vimentin and the bacterial IF-like crescentin (Herrmann et al. 
1999; Cabeen et al. 2011). However, unlike eukaryote IFs and crescentin, the CC51 
sub-domain of Scy and FilP is dominated by hendecad repeats. Comparisons of the 
hydrophobic streak of the heptad, hendecad and penindaenad repeats can be dis-
played using helical net diagrams (Fig. 6.1c). Unlike the left-handed streak of the 
heptad repeat, the 51-residue motif produces a right-handed hydrophobic streak on 
the surface of the α-helix, a streak that is more similar to that of the uninterrupted 
hendecad (Fig. 6.1c). The hydrophobic streak of the 51-repeat is so shallow, with a 
very long pitch, that burying these streaks at the interface between two such 
α-helices will generate an almost parallel bundle of the two strands rather than a 
coiled-coil per se. Interestingly, recent structural studies of hendecad coiled-coils 
demonstrated either shallow right-handed coiled coils (Lee et  al. 2010) or even 
“straight” hydrophobic streaks between the two interacting strands forming a nearly 
parallel bundle (Nicolet et al. 2010; Nishimura et al. 2012; Stewart et al. 2012).

High resolution structural information is much needed to characterise the novel, 
51-mer repeat of Scy and FilP and the effect of this periodically interrupted hen-
decad repeat on the interface of their protein assemblies. The predicted elementary 
unit for Scy and FilP is a parallel, in-register homo-dimer, based on the packing 
considerations of the residues at the interface positions of (a) and (h) of the 
hendecad-motifs. In the stalk of the bacterial F0F1 ATP synthase that forms homo-
dimers, the most common amino acid at positions (a) and (h) is alanine (78% and 
42% respectively; Del Rizzo et al. 2002; Walshaw et al. 2010). Whereas, tetrabra-
chion, another filament-forming protein from the archaea Staphylothermus mari-
nus, is also dominated by hendecad-repeats but assembles into parallel tetramers. In 
the structural organisation of tetrabrachion, larger amino acids, isoleucine (58%) 
and leucine (48%), can be afforded at positions (a) and (h) (Peters et  al. 1996; 
Stetefeld et al. 2000). In the CC51 sub-domain of Scy the most common amino acid 
at positions (a) and (h) is alanine (63% and 64%, respectively), which favours the 
hypothesis that the minimal assembly unit of Scy, and also FilP, is a dimer. Although 
the oligomerisation states of Scy and FilP have not been established experimentally, 
biochemical characterisation of AbpS, a FilP orthologue with 93% sequence iden-
tity originating from another Streptomyces species, Streptomyces reticuli, have 
demonstrated the presence of dimers in all overproduced and purified AbpS sam-
ples, regardless whether the full length or truncated AbpS were tested (Walter et al. 
1998, 1999; Walter and Schrempf 2003). The in vitro chemical cross-linking experi-
ments also detected AbpS tetramers that were dependent on the presence of the 
N-terminal region, suggesting that the AbpS elementary dimers can further assem-
ble into dimer of dimers. In the absence of further experimental data we can only 
speculate whether dimerisation of the AbpS dimers is the result of a lateral or a 
longitudinal interaction between two elementary dimers. The elementary dimers of 
eukaryote vimentin form an anti-parallel, slightly staggered tetramer via lateral 
interaction between two dimers (Fig. 6.2), which could be one possible arrangement 
for the AbpS dimers and, conceivably, FilP or Scy dimers. Alternatively, longitudi-
nal assembly of the two dimers, where interaction is established between the 
N-terminal region of one of the dimers and either the N- or C-terminal regions of the 
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second dimer, is also plausible and consistent with the finding that tetramerisation 
of AbpS is dependent on its N-terminal region (Walter and Schrempf 2003).

�Assemblies of FilP and Scy in vitro

The likely parallel, in-register FilP and Scy homo-dimers further assemble into fila-
mentous structures in vitro that can be visualised by negative staining using trans-
mission electron microscopy (Bagchi et al. 2008; Fuchino et al. 2013; Holmes et al. 
2013). Assuming that both the CC7 and CC51 domains are fully extended, the 
coiled-coil dimers of FilP and Scy are expected to have an elongated rod shape with 
a predicted length of ~48 nm and ~198 nm, respectively. Purified Scy forms a net-
work of rope-like filaments where long (>100 nm) filaments can be readily detected 
(Fig. 6.6c; Holmes et al. 2013). However, it is likely that the Scy homo-dimers are 
further assembled in these samples as the width of the Scy filaments is larger than 
2 nm, which is the width of a coiled-coil homo-dimer. Moreover, no single Scy fila-
ments of ~190 nm have so far been detected. Remarkably, FilP, is able to form a 
fascinating array of assemblies (Fig. 6.6d, e) including an interconnected lace-like 
network (Fuchino et al. 2013) or a compact, striated filament (Bagchi et al. 2008) 
that is reminiscent of the paracrystalline arrays observed in preparations of nuclear 
lamins (Heitlinger et  al. 1992). In the lace-like assembly filaments are intercon-
nected via “nodes” where the average distance between the “nodes” was around 
~60 nm (Fuchino et al. 2013) , which is slightly longer than the predicted length of 
a single FilP dimer of ~48 nm. Interestingly, the nodes were often positioned in a 
hexagonal arrangement, built from tessellation of equilateral triangle patterns with 
“nodes” at the vertices linked by filaments at the sides. It has also been shown that 
the lace-like assembly can merge into the striated pattern (Fuchino et  al. 2013), 
which suggests that both of these structures are organised by common principles, 
though what these principles are is not known at present. Organisation of eukaryote 
IF filaments in vitro depends markedly on the buffer conditions, including the pH 
and the presence or absence of cations, which can affect the lateral and longitudinal 
associations of the elementary dimers. The buffer conditions are also critical for the 
filamentous structures that are formed in vitro in protein preparations of FilP and 
Scy. Similarly to the investigations carried out for crescentin (Cabeen et al. 2011), 
it is paramount that the in vitro filament formation of both FilP and Scy is further 
investigated using systematic analysis of the effect of buffer conditions on the higher 
order assembly not only of the full length FilP and Scy, but also of truncated deriva-
tives that lack the N-terminal CC7 or part of the C-terminal CC51 domains. This 
latter will address the question of which part of FilP, the N- or C-terminus, is essen-
tial for the formation of the nodes observed in the lace-like or striated FilP net-
works. In spite of the striking difference in size (Scy is four times longer), the 
coiled-coil domain organisation of Scy and FilP is remarkably similar (Walshaw 
et al. 2010). Therefore, it is highly likely that each of these proteins will affect fila-
ment formation of the other, either by acting as a mimetic inhibitor and preventing 
higher order associations of the other or by promoting co-polymer formation.
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�Both Scy and FilP Support Filamentous Growth in Streptomyces

The genes encoding Scy and FilP are adjacent in the Streptomyces chromosome, 
which makes it likely that they share a common ancestor and were generated by 
gene duplication during evolution. The phenotypes of the knockout mutants of filP 
and scy are distinct, suggesting that FilP and Scy are paralogues with separate bio-
logical functions that emerged after gene duplication. Although simple BLAST 
searches are not reliable for finding true homologues of coiled-coil proteins, both 
FilP and Scy have firm homologues amongst actinobacteria. FilP is more widely 
spread even amongst the morphologically simple, rod-shaped organisms, although 
it is absent from Corynebacterium, while Scy is found almost exclusively amongst 
the filamentous actinobacteria (Bagchi et  al. 2008; Chandra and Chater 2014; 
Holmes et al. 2013). Lack of Scy and FilP have a profound, albeit very different, 
effect on filamentous growth, while Scy also has a long range effect on cell division. 
In order to discuss the role of these bacterial IF-like proteins, first the morphological 
complexity of Streptomyces will be introduced.

�Streptomyces – Polar Growth with Suspended Cell Division

The life-cycle of Streptomyces (Fig. 6.7) has two striking features that distinguish 
these bacteria from the most studied, model bacteria, such as E. coli, B. subtilis or  
C. crescentus. First, polar growth is employed for extending the hyphal filaments at 
their tip ends, as opposed to lateral cell wall extension, a mechanism wide-spread in 
most rod-shaped bacteria. The second remarkable feature of Streptomyces bacteria 
concerns the link between two fundamental processes: growth and division. Unlike 
in uni-genomic bacteria, where growth and division are essentially interlinked, in 
Streptomyces growth can take place in the absence cell division and the two phases, 
cellular growth and fully completed cell division are separated both in time and 
space.

Cellular growth (Fig. 6.7) is initiated when a single ovoid spore carrying a single 
chromosome produces one or two germ tubes (Flardh and Buttner 2009; Jyothikumar 
et al. 2008; McCormick and Flardh 2012). These hyphal filaments extend exclu-
sively at their apical tips and as a result of chromosome replication and segregation 
they carry increasing numbers of chromosomes. At several, irregularly spaced posi-
tions, hyphal septa are formed generating multi-genomic cellular compartments. 
However, this infrequent septum formation is not followed by cell-cell separation, 
hence cell division is “suspended” during this stage of filamentous growth. In uni-
genomic bacteria with polar growth, such as the actinomycete Mycobacterium or 
Corynebacterium, cell division generates new poles for growth as the divisional 
septum sites become the new poles of the daughter cells. In Streptomyces one of the 
implications of the suspended cell division is that new poles are not generated at the 
hyphal septa. Instead, new poles, called tips, are generated at lateral hyphal loca-
tions, usually far behind an existing growing tip, which in turn extend as branches 
of the original filament (Fig. 6.7a). During the first stage of rapid growth of S. 
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coelicolor, a dense network of branching filaments, the vegetative mycelium, is pro-
duced capitalising on the nutrient resources provided by the medium. This is fol-
lowed by a second stage of growth on semisolid medium, where branches emerge 
into the air producing the aerial mycelium (Fig. 6.7b). Perhaps because less nutri-
ents are available, there is much less hyphal branching of the aerial filaments and the 
extension of their tips finally comes to a halt. Importantly, the cessation of polar 
growth coincides with the switch to a now fully completed cell division, where 
50–100 unigenomic pre-spore compartments are generated by a synchronous septa-
tion event in the tip-proximal, unbranched aerial compartments (Fig. 6.7c).

Fig. 6.7  The life cycle of Streptomyces coelicolor. (Middle) Spore germination produces two 
germ tubes that extend by polar growth orchestrated by the TIPOC (dark blue). During filamentous 
growth, cell division is “suspended” and this generates a network of branching, multi-genomic fila-
ments, producing first the vegetative mycelium with occasional septum formation but no cell divi-
sion (a) then the aerial mycelium with less frequent branching (b). The switch to sporulation 
begins with the cessation of polar growth. This is followed by chromosome segregation and the 
polymerisation of the key cell division protein, FtsZ into regularly spaced rings (green). The FtsZ-
mediated synchronous septation (c) generates the cylindrical prespore-compartments, each carry-
ing a single chromosome. The spores, after maturation, will disperse and, under favourable 
conditions, can initiate growth again. Confocal microscopy was used to monitor selected stages of 
the life cycle. Fluorescent wheat germ agglutinin (WGA, green, a, left panels in b and c) marks the 
cell wall and propidium iodide (red, middle panels in b and c) stains the nucleoid. Overlayered 
images (right panels in b and c) are also shown
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�Growth at One Pole Is Prevalent in the Orders Actinomycetales 
and Rhizobiales

Polar growth, where growth takes place at a “single”, polar location, provides an 
alternative mechanism to lateral growth for building rod-shaped or filamentous bac-
teria. Lateral cell wall extension is mediated by the bacterial actin-homologues, the 
MreB-family of cytoskeletal proteins (Chapter 8; Cabeen and Jacobs-Wagner 2010; 
Dominguez-Escobar et  al. 2011; Garner et  al. 2011; van Teeffelen et  al. 2011). 
However, polar growth provides an alternative, MreB-independent, mechanism in 
the Gram-positive order Actinomycetales, for generating either rod-shaped cells of 
the pathogenic bacteria, Mycobacterium and Corynebacterium (Thanky et al. 2007; 
Letek et al. 2008a, b) or long, branching filaments amongst Streptomyces species 
(Brana et  al. 1982; Miguelez et  al. 1992; Flardh and Buttner 2009, 2012). 
Remarkably, unidirectional polar growth, at the sites generated during cell division, 
was also demonstrated for an entirely different group of bacteria, the alpha-
proteobacteria, including Agrobacterium tumefaciens and other rod-shaped mem-
bers of the order Rhizobiales (Brown et  al. 2012). In these latter bacteria, the 
cytoskeletal cell division protein, FtsZ localises to the actively growing pole for a 
large part of the cell cycle, and then re-locates to the middle of the cells at the time 
of division (Zupan et al. 2013; Cameron et al. 2015). In addition, the pole-organizing 
protein PopZ and polar organelle development protein PodJ are important for 
growth at the new pole and the transformation of new poles to old poles (Cameron 
et al. 2014, 2015; Grangeon et al. 2015).

�The Essential Polarity Determinant, DivIVA

Amongst the Actinomycetales the coiled-coil protein DivIVA functions as an essen-
tial polarity determinant for localised cell wall synthesis at the poles for the uni-
genomic Mycobacterium and Corynebacterium (Nguyen et  al. 2007; Kang et  al. 
2008; Letek et al. 2008b) or at the growing tips and at the sites of new tip formation, 
hence branching, in S. coelicolor (Flardh 2003; Hempel et  al. 2008). DivIVA is 
essential in all these three genera and changes in the cellular DivIVA levels have 
profound effects on cell shape. Lowering the level of DivIVA in Mycobacterium and 
Corynebacterium leads to coccoidal cells, where cell wall synthesis becomes exclu-
sive to the division septum. On the other hand, elevated DivIVA levels generate 
club-shaped Mycobacterium or Corynebacterium cells (Kang et  al. 2008; Letek 
et al. 2008b) that are reminiscent of the “tennis-racket” tips of S. coelicolor observed 
following DivIVA overproduction (Flardh 2003). Excess DivIVA not only accumu-
lates at existing poles triggering their expansion, but it also assembles at ectopic 
locations, where new polarity centres are established, producing branching both in 
Streptomyces and Mycobacterium (Flardh 2003; Kang et al. 2008).

Interestingly, DivIVA is not restricted to bacteria that exhibit polar growth and is 
widespread in Gram-positive bacteria with rod or spherical shape, albeit implicated 
in cell division rather than growth. DivIVA was first identified and characterised in 
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B. subtilis where it assembles at the divisional septum and the poles (Edwards and 
Errington 1997) and recruits the FtsZ-antagonist MinCD complex via MinJ 
(Bramkamp et al. 2008; Patrick and Kearns 2008). Originally it was proposed that 
DivIVA tethered the MinCD complex at the poles, allowing FtsZ ring formation at 
midcell position, a mechanism resembling that found in E. coli, where there is no 
DivIVA, MinCD oscillates between the two poles (Lutkenhaus 2012). However, 
subsequently DivIVA has been shown to assemble primarily into rings at each side 
of the developing septal membrane, a post-FtsZ event, where its role is to prevent 
the formation of further septation (Eswaramoorthy et  al. 2011). As the septum 
becomes a future pole, the septal DivIVA rings change into polar DivIVA patches 
(Eswaramoorthy et  al. 2011). DivIVA has several partners beside MinJ, icluding 
RacA that binds to the chromosomes tethering them to the poles during Bacillus 
sporulation (Ben-Yehuda et al. 2003; Wu and Errington 2003) or the competence 
proteins, Maf and ComN (Briley et al. 2011; dos Santos et al. 2012).

It is intriguing how DivIVA seems to possess diverse cellular function in differ-
ent bacteria, guiding cell division in B. subtilis and organising polar growth in the 
Actinomycetales. These functional differences are unlikely to be the result of major 
structural differences amongst the DivIVA proteins, all of which have an N- and 
C-terminal coiled-coil domain joined by a linker of varied length, although, DivIVA 
of S. coelicolor has an unusually long (132 aa) linker and an extra 86 aa at the 
C-terminus that might affect partner-binding. Perhaps the common “core” DivIVA 
function is to generate a molecular scaffold that assembles on negatively curved 
membranes (see below) such as the developing septal membrane or the poles, where 
it recruits its partners. Hence, it might, in fact, be the partner proteins that determine 
the cellular process that DivIVA controls. Interestingly, homologues of the B. subti-
lis DivIVA partners RacA, MinJ, ComN and Maf are all absent from the 
Actinomycetales. Similarly, DivIVA in S. coelicolor interacts with the IF-like cyto-
skeletal proteins FilP and Scy together with the cellulose synthase, CslA (Holmes 
et al. 2013; Xu et al. 2008), proteins with no homologues in B. subtilis. Alternatively, 
the role of DivIVA in the Actinomycetales might not as yet have been fully explored. 
In addition to polar locations, DivIVA also assembles at the divisional septum in 
Mycobacterium and Corynebacterium and at occasional vegetative septa in 
Streptomyces.

The localisation of B. subtilis DivIVA to the septum and the poles even when 
expressed in heterologous hosts like E. coli or Schizosaccharomyces pombe 
(Edwards et al. 2000) suggests that DivIVA does not require any additional proteins 
for its localisation. Instead, negative membrane curvature, a geometrical cue, alone 
is sufficient for DivIVA recruitment (Lenarcic et al. 2009; Ramamurthi and Losick 
2009; Strahl and Hamoen 2012) suggesting that cellular architecture controls 
DivIVA localisation and function. Mathematical modelling of the DivIVA-
membrane interaction led to the so-called “molecular bridging” model (Lenarcic 
et al. 2009; Strahl and Hamoen 2012). This model is built on two assumptions: the 
association of the DivIVA tetramers into higher order assemblies and the affinity of 
DivIVA for the cell membrane via the hydrophobic Phe residue (F17) at its 
N-terminus (Oliva et al. 2010). According to this model, DivIVA assemblies bind to 
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negatively curved membranes as this geometry maximises both the DivIVA-DivIVA 
and the DivIVA-membrane interfaces (Lenarcic et  al. 2009; Strahl and Hamoen 
2012). Bacillus, Mycobacterium or Corynebacterium, all share similar cellular 
geometry with negatively curved membranes at their poles and at the divisional 
septum. In contrast, meandering hyphal filaments of S. coelicolor generate nega-
tively curved, concave membrane surfaces in abundance (Fig. 6.7a). Whereas new 
branches tend to form at concave hyphal curvatures (Hempel et al. 2008), not all 
concave curvatures give rise to new branches. Furthermore, DivIVA can only be 
detected at a few, selected sites, in spite of the fact that the geometry of the meander-
ing hyphae presents ample negatively curved membrane surfaces for DivIVA 
recruitment.

�Sustained Polar Growth in the Filamentous Streptomyces Is Orchestrated 
by a Multi-protein Assembly, the Tip Organising Centre (TIPOC), 
Including the IF-Like Proteins Scy and FilP

Why does DivIVA only localise to selected sites at the lateral wall of the Streptomyces 
hyphae? Unlike that of B. subtilis DivIVA (Oliva et al. 2010), no solved structure is 
available for S. coelicolor DivIVA. The phenylalanine residue, F17, implicated in 
membrane association in B. subtilis (Oliva et al. 2010) is replaced by a leucine resi-
due, L18, in S. coelicolor DivIVA, which was shown to purify predominantly in the 
cytoplasmic fraction of cell extracts with very little of it detected in the membrane 
fraction (Wang et al. 2009), suggesting that the affinity of DivIVA to the membrane 
is weak. Compositional cues in the membrane itself might affect DivIVA recruit-
ment in Streptomyces. Certain membrane components, such as cardiolipins, were 
shown to localize at hyphal tips and at branch points in S. coelicolor and changes in 
the expression of the essential cardiolipin synthase gene (clsA) produced hyphal 
filaments with altered branching patterns (Jyothikumar et al. 2012). In contrast, lack 
of cardiolipin or phosphatidyl-ethanolamine in the cell membrane of B. subtilis 
does not affect DivIVA localisation (Nishibori et al. 2005; Lenarcic et al. 2009) even 
though these membrane components are enriched at the poles and at the division 
site in Bacillus (Kawai et  al. 2004). Finally, and perhaps most importantly, in 
Streptomyces polar growth does not rely on a single polarity determinant alone. 
Instead, DivIVA, together with the IF-like proteins, Scy and FilP, form a polar, 
multi-protein assembly, the Tip Organising Centre (TIPOC) at the growing hyphal 
tips and at emerging branching sites (Fuchino et  al. 2013; Holmes et  al. 2013). 
Direct, pair-wise interactions amongst DivIVA, FilP and Scy were demonstrated 
both in vitro and in vivo in the heterologous host E. coli using bacterial two hybrid 
assays (Fuchino et al. 2013; Holmes et al. 2013). At present we do not have any 
molecular details of the complex assembly of these three proteins, however, the 
affinity of DivIVA alone to negatively curved membranes will undoubtedly be 
altered by its association with further TIPOC components, Scy and FilP. Furthermore, 
when new branches emerge in the lateral wall of the Streptomyces hyphae some 
bending of the cell membrane might be required. DivIVA was proposed to have 
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similarities to eukaryotic BAR-domain proteins that are known not only to assemble 
at curved membranes but also to deform membranes for organelle biogenesis (Oliva 
et al.; Frost et al. 2009). However, in vitro experiments failed to demonstrate mem-
brane bending properties for DivIVA of B. subtilis (Lenarcic et al. 2009). Future 
work is required to establish whether and/or how Scy or some other, as yet unknown, 
TIPOC components might induce membrane deformation at the sites of tip-
emergence in Streptomyces.

Cellular localisation of the TIPOC components in vivo suggests a complex and 
dynamic interaction between these three proteins. DivIVA and Scy co-localise both 
at fully developed hyphal tips and also at lateral hyphal locations leading to branch-
ing (Holmes et al. 2013). DivIVA-EGFP and mCherry-Scy foci start with overlap-
ping, single point-like foci at the sites of the emergence of new branches. This is 
followed by an extended, dome-shaped DivIVA-EGFP and an mCherry-Scy patch 
spreading at the fully developed hyphal tips (Flardh 2003; Hempel et  al. 2008; 
Holmes et  al. 2013). Localisation of DivIVA-EGFP and mCherry-Scy coincides 
with the sites marked by a fluorescent conjugate of the antibiotic vancomycin, 
Van-Fl, which binds to the yet unincorporated or incorporated but not crosslinked 
peptidoglycan precursors, presumably marking the sites of new cell wall synthesis 
(Daniel and Errington 2003; Flardh 2003; Hempel et al. 2008; Holmes et al. 2013). 
This suggested that both DivIVA and Scy mark the sites of new peptidoglycan syn-
thesis. Intriguingly, the immuno-localisation of FilP showed no clear overlap with 
DivIVA localisation in vivo, instead, FilP formed extended sub-apical gradients 
adjacent to the DivIVA domes at hyphal tips of S. coelicolor (Fig. 6.6b, f; Fuchino 
et  al. 2013). In addition to the sub-apical FilP gradients, FilP cables were also 
observed adjacent to branch-formation during induced expression of DivIVA, rais-
ing the possibility, that the different FilP assemblies, the cables and the lace-like 
networks that were observed in vitro, might in fact reflect distinct FilP assemblies  
in vivo, albeit the FilP cables were observed when DivIVA was induced artificially 
(Fuchino et al. 2013). Interestingly, DivIVA-EGFP and FilP did not co-localise at all 
in the heterologous host E. coli, suggesting that despite the fact that FilP and DivIVA 
proteins are able interact in vitro, they might require an additional protein for their 
adjacent localisation at the hyphal tips in Streptomyces. Some of the localisation 
studies used fluorescent protein fusions (Bagchi et al. 2008; Hempel et al. 2008; 
Holmes et  al. 2013), others immune-localisation (Fuchino et  al. 2013) and both 
methods have some shortcomings. Fluorescent protein fusions are seldom fully 
functional and immune-localisation require fixed samples, where fixing itself can 
abolish fine structures that exists in vivo. Therefore, further experimental data are 
needed to clarify the dynamic localisation of the three TIPOC components not only 
at the hyphal tips but also at other hyphal sites, where fluorescent signals were 
detected for all three proteins, but these signals have not yet been fully interpreted. 
Furthermore, localisation studies testing the in vivo interaction between FilP and 
Scy, the two IF-like proteins with highly similar structural composition but with 
markedly different sizes, will establish whether these paralogous proteins evolved 
independent functions or more likely, whether their functions are linked.
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When the concept of polar growth was introduced above, a “single” polar site 
was proposed as the site where cell wall extension takes place. However, there is no 
experimental evidence that this is indeed the case. The polar cap at the hyphal tip of 
Streptomyces that is marked by the fluorescent conjugate, Van-Fl, might label the 
sites where the yet unincorporated peptidoglycan precursors accumulate rather than 
those of already incorporated but not crosslinked sites, where nascent cell wall syn-
thesis takes place. Fascinatingly, new cell wall synthesis in Mycobacterium was 
recently shown to be confined to a sub-polar zone suggesting that the polar caps are 
in fact inert (Meniche et al. 2014). If this was the case for cellular growth of the 
Streptomyces hyphae, the growth zone might be located at the interface between the 
sub-apical FilP filaments and the apical tip-cap where DivIVA and Scy are located 
(Fig. 6.6b).

�FilP Supports Hyphal Mechanics During Growth

The absence of FilP in a knockout mutant of S. coelicolor rendered the hyphal fila-
ments more flexible and meandering with much reduced rigidity as was measured 
using atomic force microscopy (Bagchi et al. 2008). However, the filP mutants did 
not have thinner cell walls and did not show any branching defects or sensitivity to 
cell wall damaging agents, such as lysozyme or vancomycin (Fuchino et al. 2013), 
suggesting that cell wall itself is not affected in the filP knockout mutant. The 
intriguing lace-like filament formation of FilP in vitro together with the in vivo 
localisation of FilP to a sub-apical filamentous network are consistent with a 
mechanical role for FilP in strengthening the hyphal wall next to the active growth 
zone. This role is in fact is very similar to the role of eukaryote IFs supporting cel-
lular shape or in the case of lamins, supporting the shape of the nucleus.

Interestingly, filP expression is controlled during the cell cycle of Streptomyces 
by two transcription factors, WhiA and WhiB, which have a common regulon in 
Streptomyces (Bush et al. 2013, 2015, 2016). The activities of both WhiA and WhiB 
positively regulate the expression of ftsZ and repress transcription of filP after 
hyphal growth comes to a halt and a synchronous cell division is initiated leading to 
spore formation (Fig. 6.8e). Hence, WhiA and WhiB restrict filP expression to the 
stages of active polar growth and switch off de novo FilP production at the time of 
sporulation. In addition to regulation at the level of transcription, FilP filamentation 
might also be controlled dynamically by post-translational modifications. This is 
similar to eukaryote IFs that often undergo post translational modification including 
phosphorylation, acetylation and other covalent modifications (Snider and Omary 
2014). FilP phosphorylation was documented at the late stages of Streptomyces 
development, coinciding with aerial development and sporulation (Manteca et al. 
2011). This suggests that at the time of cessation of hyphal growth, in addition to no 
further transcription of filP mediated via repression by WhiA and WhiB, the exist-
ing FilP filaments might also disassemble in response to phosphorylation, similarly 
to vimentin disassembly during cellular movement at the leading edge of fibroblasts 
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Fig. 6.8  Scy, the molecular scaffold component of the Tip Organising Centre (TIPOC), has a 
long-range effect on cell division during the transition from aerial growth to sporulation. (a) Lack 
of Scy affects polar growth and branching by the dispersal of DivIVA, producing uneven hyphal 
diameter and ectopic branches. (b) In the scy null mutant chromosome segregation and cell divi-
sion are affected, producing spores with irregular DNA content and septation. (a and b) Fluorescent 
wheat germ agglutinin (WGA, green, left) marks the cell wall and propidium iodide (red, middle) 
stains the nucleoid. Overlayed images are also shown (right). For comparison, see wild-type devel-
opment in Fig. 6.7. (c) FtsZ-EGFP rings forming a ladder in the aerial hyphae of wild-type 
Streptomyces (left) and a prominent FtsZ-EGFP cable runs alongside the lateral hyphal wall in the 
scy mutant (right). (d) The molecular switch from growth to division relies on the interaction 
between Scy and ParA.  During filamentous growth, Scy (blue) orchestrates polar growth and 
recruits ParA (red) to the hyphal tips. Increasing ParA levels in the aerial hyphae offset the switch 
and promotes disassembly of Scy, hence polar growth will come to a halt. In the absence of Scy, 
ParA filamentation is initiated, which, in turn, organises the ori bound ParB (brown) and the align-
ment of chromosomes along the hyphae. (e) Regulatory network controlling both FilP and Scy. 
Transcription of filP is switched off by the transcriptional regulators, WhiA and WhiB when 
hyphal growth stops (Bush et al. 2013, 2016). At the same time, both ftsZ and parA transcriptions 
are upregulated in readiness for chromosome segregation and division. The elevated ParA levels 
de-stabilise the Scy assemblies, which lead to cessation of growth. Direct interactions (solid lines) 
and indirect effects (dashed lines) are shown
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(Helfand et al. 2011). FilP was also shown to be N-acetylated, although nothing is 
known about the role of this modification in FilP dynamics (Hesketh et al. 2002).

�Scy Is a Molecular Organiser at the Hyphal Tip

Although Scy is not essential for growth, lack of Scy severely affects polar growth 
and branching in Streptomyces. Scy and DivIVA interact directly, building a multi-
protein scaffold, the TIPOC, for controlling tip extension in Streptomyces (Holmes 
et al. 2013). As both Scy and DivIVA are key components of this polar scaffold, 
changing their cellular levels dramatically affects the establishment of new polarity 
centres. Both lack of Scy and depletion of DivIVA lead to the increase in new cell 
wall synthesis occurring at ectopic lateral sites promoting aberrant branching, sug-
gesting that both Scy and DivIVA are important for the integrity of the polar assem-
bly. When any of its structural components is removed, the complex “disperses”, 
producing ectopic new polarity centres. Intriguingly, dispersal of the tip-complex in 
wild-type S. coelicolor was proposed to provide a mechanism for new tip emer-
gence during branching (Richards et al. 2012). Live monitoring of actively growing 
hyphal tips showed that from the large DivIVA-EGFP patches at the hyphal tip 
small DivIVA-EGFP spots were “left behind” at the hyphal wall, which later on 
initiated branching at the sites marked by the spots. This is an attractive proposition 
for the mechanism of new branch formation, but it does not exclude the possibility 
of an additional, alternative mechanism for de novo assembly of new polarity cen-
tres. Interestingly, DivIVA phosphorylation by the kinase AfsK was proposed to 
contribute to the disassembly and re-cycling of DivIVA in Streptomyces (Hempel 
et  al. 2012; Saalbach et  al. 2013). Lack of AfsK reduces new branch formation 
while its overexpression induces DivIVA disassembly from existing tips and the re-
location of DivIVA, promoting new, multiple DivIVA assemblies at lateral hyphal 
sites (Hempel et al. 2012).

Two growth phases precede sporulation, the first generates the vegetative myce-
lium and is followed by a second growth phase when aerial hyphae emerge into the 
air (Fig. 6.7). Polar growth governs both phases, however aerial hyphae tend to 
branch much less than vegetative hyphae, and the tip-proximal part of the aerial fila-
ment that undergoes sporulation septation is always un-branched in wild-type  
S. coelicolor. Although nothing is known about the TIPOC components, DivIVA or 
Scy, during aerial growth, the fact that branching patterns of the vegetative filaments 
are so sensitive to changes of both DivIVA and Scy levels suggest that the reduced 
branching of the aerial hyphae could reflect changes in the levels of DivIVA and 
Scy, or indeed changes in not yet identified TIPOC or associated protein 
components.

Predictably, increasing the levels of DivIVA or Scy promotes new branch forma-
tion, presumably by the assembly of new polarity centres where the respective part-
ner is also recruited (Flardh 2003; Holmes et  al. 2013). Interestingly, while Scy 
deletion or DivIVA depletion have very similar effects on growth, there are differ-
ences when these two TIPOC components are overproduced. Elevated DivIVA lev-
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els first lead to the “tennis-racket-like” expansion of existing tips followed by 
ectopic tip emergence (Flardh 2003; Hempel et al. 2008), whereas Scy overproduc-
tion initially generates multiple, new, lateral tips followed by a “hook on hook” 
growth pattern (Holmes et al. 2013). In both cases, although multiple new tips are 
generated, most of them are not capable of prolonged growth due to the limiting 
availability of components of cell wall synthetic machinery and, possibly, the 
TIPOC partner. One possible explanation for the two phenotypes involves differ-
ences in the way in which DivIVA and Scy forms supramolecular self-assemblies, 
based on their different shape, size and physico-chemical characteristics. Excess 
DivIVA might be primarily attracted to existing assemblies leading to the tennis-
racket tips. In contrast, an upsurge in the production of the long, rope-like Scy in the 
cytoplasm of the hyphal filament might instead nucleate multiple assemblies close 
to the sites of Scy production, rather than travelling to existing tips. In addition, 
DivIVA-mediated tennis-racket tips might indicate that it is DivIVA, not Scy, that 
directly interacts with cell wall synthetic or lytic enzymes and their recruitment in 
abundance to the tips leads to isotropic tip expansion (Hempel et al. 2008).

�Is Synchronous Cell Division Orchestrated from the TIPOC?

Intriguingly, Scy, the molecular scaffold located at hyphal tips seems to have a long 
range effect along the aerial filament, which is committed to fully completed cell 
division during sporulation. Fewer aerial hyphae transform into spore chains in the 
scy knockout mutant and those that do, undergo irregular septation producing spore 
compartments with uneven DNA contents (Fig. 6.8a and b; Holmes et al. 2013). 
This suggests, that lack of the TIPOC component, Scy, affects, directly or indirectly, 
chromosome organisation and division. In the following, we will discuss the pro-
posed mechanism for the long range influence of the TIPOC on the synchronous 
division event along the hyphal filaments. Accordingly, on the one hand the integrity 
of TIPOC during the growth phase is not only important for polar growth but also 
for the recruitment of cellular components that later control the synchronous divi-
sion. On the other hand, the disassembly of TIPOC during the switch from polar 
growth to division is a molecular cue for initiating changes in chromosome organ-
isation, and in turn, prompts the correct positioning of synchronous division.

Transition of the multi-genomic hyphae into uni-genomic pre-spore compart-
ments is a highly-orchestrated but poorly-understood process that begins with the 
cessation of growth (Flardh and Buttner 2009; Jakimowicz and van Wezel 2012; 
McCormick and Flardh 2012). This is followed by the re-organisation of the chro-
mosomes and the appearance of regularly-positioned FtsZ rings (Fig. 6.7), generat-
ing the so-called FtsZ “ladder” that marks the positions of the division machinery, 
the divisome, where cross-walls are built. Once septation is completed, each pre-
spore compartment carries a single chromosome. During filamentous growth cell 
division is suspended, therefore, it is not surprising that components of the divi-
some, including the key division protein, FtsZ, are not essential for growth in 
Streptomyces. Knockout mutants of divisome components affect sporulation-
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septation but not hyphal growth (McCormick et al. 1994; Schwedock et al. 1997; 
Jakimowicz and van Wezel 2012; McCormick and Flardh 2012). This is in stark 
contrast to uni-genomic bacteria, where deletion of components of the divisome is 
lethal. Composition of the divisome itself is also different in Streptomyces (Fig. 
6.9), lacking either FtsA or ZipA that are important for the membrane association of 
the FtsZ ring in E. coli or B. subtilis (Hale and de Boer 1997; Raychaudhuri 1999; 
Donachie et al. 1979; Pichoff and Lutkenhaus 2002; Szwedziak et al. 2012; van den 
Ent and Löwe 2000).

The key question in bacterial cell division is how the GTP-induced polymerisa-
tion of the bacterial tubulin-like protein, FtsZ is orchestrated in the three dimen-
sional space of a bacterial cell. As summarised in Fig. 6.9a, in rod-shaped E. coli or 
B. subtilis, the formation of a ring of FtsZ polymers at mid-cell relies on two mecha-
nisms, each involving negative regulation of FtsZ assembly: (1) nucleoid occlusion, 
where proteins associated with the chromosomes block FtsZ assembly at sites that 

Fig. 6.9  Controlling FtsZ-ring formation. (a) Polymers of FtsZ at mid-cell of the rod-shaped  
E. coli or B. subtilis rely on both nucleoid occlusion where proteins that are associated with the 
chromosomes (red) block FtsZ (green) assembly at sites that are occupied by DNA and the nega-
tive regulation of FtsZ assembly by MinD (red), which interacts with the division inhibitor MinC 
and sequesters it to the cell poles, allowing FtsZ polymerisation at the mid-cell position (Wu and 
Errington 2003; Lutkenhaus 2012). (b) In the multi-genomic filaments of Streptomyces, the co-
ordinated polymerisation of FtsZ at regular intervals during sporulation requires a complex organ-
isation that is not yet fully understood. S. coelicolor has no obvious MinC homologue nor a 
nucleoid occlusion mechanism, in the strictest sense. Instead, FtsZ positioning is proposed to be 
under positive control by an FtsZ partner protein SsgB (Willemse et al. 2011). Comparison of the 
divisome compositions demonstrates that Streptomyces lacks some of the key proteins known for 
FtsZ stabilisation on the membrane (Jakimowicz and van Wezel 2012; McCormick and Flardh 
2012)

6  Intermediate Filaments Supporting Cell Shape and Growth in Bacteria



196

are occupied by DNA (see Chap. 9), or (2) the negative regulation of FtsZ assembly 
by the ParA-like ATPase, MinD, in complex with the inhibitor protein MinC; these 
proteins, when sequestered to the cell poles, allow FtsZ polymerisation only at the 
mid-cell position (Chaps. 7 and 9; Wu and Errington 2003; Lutkenhaus 2012).

In the multi-genomic filaments of Streptomyces, the co-ordinated polymerisation 
of FtsZ at regular intervals during sporulation (Fig. 6.9b) must require a complex 
organisation that is not yet fully understood. Importantly, a significant increase in 
cellular FtsZ levels is required for the synchronous septation of aerial hyphae, which 
is achieved via the activation of one of the ftsZ promoters by the transcription fac-
tors, WhiA and WhiB (Bush et al. 2013, 2015, 2016). S. coelicolor has no obvious 
MinC homologues although there are several ParA/MinD like proteins that are not 
yet characterised. In addition, sporulation septa formation precedes full chromo-
some segregation (Flardh and Buttner 2009), so a nucleoid occlusion mechanism, in 
the strictest sense, is unlikely. On the other hand, FtsZ positioning in S. coelicolor 
is proposed to be under positive control by an FtsZ partner protein SsgB (Fig. 6.9b), 
which in turn depends on SsgA (Willemse et al. 2011). SsgA and SsgB are small, 
130–145 amino acid long, proteins that are exclusive to the morphologically more 
complex Actinomycetales (Noens et al. 2005; Traag and van Wezel 2008), however, 
it is not understood what controls the cellular localisation of SsgA and SsgB. Another 
actinomycete specific protein, CrgA, also affects FtsZ assembly but its link to cell 
division is not yet fully addressed (Del Sol et al. 2006; Plocinski et al. 2011).

The lack of explicit nucleoid occlusion does not exclude the possibility that 
nucleoid organisation could provide positional cues for the FtsZ-ladders in 
Streptomyces. Indeed, mutations that affect chromosome organisation and place-
ment in hyphal filaments also affect septum positioning during sporulation 
(Jakimowicz and van Wezel 2012). For example, knockout mutations of parA not 
only affect chromosome segregation but also septum positioning. ParA belongs to 
the MinD/ParA family of ATPases and its ATP-dependent polymerisation into fila-
ments is essential for the correct positioning of its partner protein ParB, which, in 
turn, associates with the ori proximal parS sites on the chromosome to organise 
chromosome segregation during sporulation (Jakimowicz et al. 2002, 2007).

Remarkably, the chromosome partitioning protein, ParA interacts with the 
IF-like TIPOC component, Scy and the dynamic nature of this interaction was pro-
posed to contribute to the switch from polar growth to the completion of cell divi-
sion in the aerial hyphae of S. coelicolor (Fig. 6.8d; Ditkowski et al. 2013). Both 
Scy and ParA form assemblies for their respective roles, Scy assembles at the hyphal 
tips and organises the TIPOC for polar growth (Holmes et al. 2013), whereas ParA 
forms filamentous structures nucleated at the hyphal tips prior to sporulation 
(Jakimowicz et al. 2002, 2007). Interestingly, the Scy-ParA interaction destabilises 
the assemblies of both Scy and ParA (Fig. 6.8d), and this mutually negative regula-
tion of their respective assemblies generates a possible molecular switch from 
growth to cell division. Such a molecular switch that relies on two components, 
each negatively regulating the other, is widely established in nature with some of the 
best examples being the switch from the lytic to lysogenic cycle after lambda phage 
infection (Ptashne 2011) and the synthetic toggle switch (Gardner et  al. 2000). 
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Here, instead of a transcriptional switch, Scy and ParA negatively regulate each 
other’s assembly, hence, the activity of their partner protein.

Depending on the protein levels of Scy and ParA, either polar growth or the ini-
tiation of chromosome organisation followed by sporulation ensues. During 
filamentous growth, Scy is actively produced and becomes part of TIPOC, while 
ParA levels are very low due to transcription of parA from a weak promoter. At this 
stage, ParA is recruited to the tips by Scy, however, the low levels of ParA are not 
sufficient to affect the integrity of TIPOC and polar growth continues. In addition, 
high Scy levels in TIPOC block ParA polymerisation into filaments, thereby block-
ing concerted chromosome segregation during the growth phase. In contrast, in the 
aerial hyphae ParA expression is markedly upregulated due to elevated transcription 
from a second promoter, parABp(2) (Jakimowicz et  al. 2006) which offsets the 
switch. Increasing ParA levels will promote disassembly of Scy and the destabilisa-
tion of TIPOC, hence polar growth will come to a halt. Concomitantly, disintegra-
tion of the TIPOC will also abolish the negative effect of Scy on ParA polymerisation. 
Hence, nucleated from the hyphal tip, ParA filamentation is initiated, which, in turn, 
organises the ori bound ParB and the alignment of chromosomes along the hyphae 
(Fig. 6.8d).

Interestingly, two non-sporulating developmental mutants of S. coelicolor, whiA 
and whiB, generate unusually long aerial hyphae, suggesting that the TIPOC de-
stabilising morphogen is dependent on whiA and whiB. Indeed, the parABp(2) pro-
moter is dependent, albeit indirectly, on both whiA and whiB genes (Jakimowicz 
et  al. 2006; Bush et  al. 2013, 2015, 2016). Intriguingly filP transcription is de-
repressed in the whiA and whiB mutants (Bush et al. 2013, 2015, 2016) suggesting 
that the transcription factors WhiA and WhiB affect polar growth and the switch 
from growth to division by affecting two components of the TIPOC, Scy and FilP 
(Fig. 6.8e). Accordingly, WhiA and WhiB indirectly activate parA transcription in 
the aerial hyphae, which in turn, leads to the ParA-mediated destabilisation of Scy 
and the TIPOC, leading to the cessation of polar growth. Simultaneously, filP 
expression is directly repressed by WhiA and WhiB in the aerial hyphae, as presum-
ably, no further mechanical support is required in the absence of cell wall 
extension.

Recently ParA has been shown to interact with DivIVA in Mycobacterium (Ginda 
et al. 2013) and actinomycete DivIVA-ParB complexes were demonstrated when 
expressed in the heterologous host, E. coli (Donovan et al. 2012). In addition, the 
dynamic interaction between the polar coiled-coil protein TipN and ParA in C. cres-
centus (Huitema et al. 2006; Lam et al. 2006; Ptacin et al. 2010), an example outside 
of the Actinomycetales, suggests that chromosome organisation by polar scaffolds 
is widespread amongst bacteria.

ParA filamentation in the aerial hyphae of S. coelicolor is followed by FtsZ ring 
formation at regular intervals leading to evenly spaced pre-spore compartments 
with a single chromosome. In addition to the connection between polar scaffolds 
and chromosome organisation via the dynamic ParA and Scy interaction, further 
components of the division machinery might also be organised from the tips in 
Streptomyces. This is likely because the irregular septation and DNA segregation 
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defects in the pre-spores of the scy null mutant are more severe than those in the 
parA mutant (Jakimowicz et al. 2007; Holmes et al. 2013). Moreover, many of the 
aerial hyphae of the scy mutant failed to transform into spore chains and in these 
hyphae, instead of the regular FtsZ rings, FtsZ cables, often parallel to the lateral 
wall of the aerial hyphae, were observed (Fig. 6.8c; Holmes et  al. 2013). This 
strongly suggests that further components of both chromosome organisation and 
FtsZ assembly are dependent, directly or indirectly, on the integrity of the TIPOC.

�Is There a Case for an Extended IF-Like Family?

The previous examples of bacterial coiled-coil proteins, such as crescentin, FilP and 
Scy, provided us with sufficient experimental evidence for their in vitro and in vivo 
assemblies into filaments and scaffolds. Their functions to support bacterial cell 
shape and the mechanical properties of bacterial cells together with integrating the 
cytoskeleton for growth and division are all functions associated with intermediate 
filaments. Although further investigation into the structure and pathway of their 
assembly is paramount, based on their biochemical and biophysical characteristics 
and their cellular role, the term, bacterial IF-like proteins, is appropriate.

However, it is important to emphasize that all coiled-coil proteins are likely to 
have an innate propensity to form ordered assemblies, so this feature, on its own, 
does not identify a filament forming coiled-coil protein as being IF-like. Indeed, the 
81-amino acid long, bacterial coiled-coil protein ZapB forms filaments both in vivo 
and in vitro and, remarkably, the in vitro assembly of ZapB resembles the paracrys-
talline assemblies of lamin and the striated filaments of FilP (Ebersbach et al., 
2008). Nevertheless, ZapB is not an IF-like protein. Furthermore, synthetic, self-
assembling fibers (SAFs) can be generated from short, 24–28 amino acid long, oli-
gopeptides (Woolfson 2005) producing filaments of ~40 μm in length and ~80 nm 
in diameter (Sharp et al. 2012). Precisely because not all coiled-coil proteins are 
IFs, the strict definition of the sub-domain organisation of the IF rod domains has 
been established (Herrmann et al. 2007; Parry et al. 2007). In this review, it is argued 
that the discovery of IF-like proteins in bacteria makes a case for a revision of this 
definition. This concept is also supported by the IF-like proteins identified in the 
simple protozoan Dyctiostelium discoideum and Trypanosome brucei (Batsios et al. 
2012; Dubois et al. 2012; Kruger et al. 2012) and even in plants (Ciska and Moreno 
Diaz de la Espina 2014). However, the proposed changes for the extended IF-like 
family including the relaxation of the length and subdomain organisation of the rod-
domain comes with a major challenge that is how to classify proteins of the IF-like 
family in the absence of the straightforward sub-domain based classification. The 
definition of the IF-like family will have to be based on both structural and func-
tional characteristics that allow the inclusion of proteins with bona fide IF functions 
and, the same time, places a constraint on the large number of proteins with the 
propensity for coiled-coil assemblies.
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�Bacterial Coiled-Coil Rich Proteins

In the last section of this chapter, bacterial examples, which currently lack sufficient 
experimental evidence to fully support their classification into the IF-like family, are 
described. Some of these are unlikely to be IF-like proteins and others might be 
classified as such at a later stage, when further experimental evidence will be 
available.

The helical shape of Helicobacter species, residents of the human gut flora, 
depends on numerous filament-forming, Coiled-coil rich proteins that prompted the 
designation of CCRP for the group of these molecular organisers (Waidner et al. 
2009; Specht et al. 2011). The CCRP proteins are highly variable amongst the dif-
ferent Helicobacter species. Deletion of any of the four CCRPs (Ccrp58, Ccrp59, 
Ccrp1042 and Ccrp1043) of Helicobacter pylori resulted in cells that lost their heli-
cal shape to a varying degree, but this phenotype was highly dependent on the par-
ticular genetic background of the strains used. All four proteins were shown to form 
filaments in vitro although their in vivo localisation has yet to be fully explored. 
Regular, patchy Ccrp59 foci were observed along the helical cells prompting the 
assumption that Ccrp59 forms helical filaments in vivo (Waidner et  al. 2009). 
Similarly to crescentin in C. crescentus, the helical Ccrp59 filaments are proposed 
to locally affect the rate of cell wall synthesis. Although all four proteins contain 
extended α-helical sub-domains likely to form coiled-coil oligomers, the number 
and length of these sub-domains vary and show no resemblance to any of the previ-
ously discussed bacterial IF-like proteins. The helical shape of Helicobacter is 
important for its colonisation of the gastric mucosa (Sycuro et al. 2010) and the 
Ccrp proteins were indicated in the virulence of this human pathogenic bacterium 
(Schatzle et al. 2015).

Just as Scy is specific to Streptomyces, the essential coiled-coil protein RsmP 
(Rod-shape morphology protein) is specific to Corynebacterium (Fiuza et al. 2010). 
RsmP is 291 amino acids long but its rod-domain (116 amino acids) is very short 
and consists of two sub-domains of 41 and 52 amino acids. Corynebacterium, a uni-
genomic member of the Actinomycetales, exhibits polar growth that is governed by 
the polarity determinant, DivIVA (Letek et al. 2008a, b). RsmP was originally iden-
tified as a highly expressed protein during DivIVA depletion. Reduced RsmP levels 
lead to changes in cell shape from club-shape to spherical cells, whilst overproduc-
tion generates extenuated club-shaped cells. When expressed from a strong, but not 
its native, promoter, RsmP-GFP was shown to form curved filamentous structures in 
vivo along the long axis of Corynebacterum cells (Fiuza et al. 2010). Interestingly, 
RsmP activity is regulated by phosphorylation, a posttranslational modification 
often employed by controlling the dynamics of eukaryote IFs. RsmP is phosphory-
lated by PknA and PknL and this phosphorylation affects its localisation. A GFP 
fusion to an RsmP mutant that mimics the non-phosphorylated form localizes as 
long filaments, similar to the wild-type RsmP-GFP, whereas, the phosphomimetic 
RsmP-GFP is restricted to the poles, where DivIVA is located (Fiuza et al. 2010). 
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This suggest that RsmP and DivIVA might form a dynamic polar complex in 
Corynebacterium, similarly to the TIPOC in Streptomyces.

As the curved crescent shape of C. crescentus is supported by the IF-like protein 
crescentin, the spiral shaped spirochetes contain remarkable ribbon-like internal 
filaments that can be visualised using cryo-electron-tomography (Izard et al. 2004) 
or transmission electron microscopy (You et al. 1996). However, neither CfpA of 
Treponema nor Scc of Leptospira are likely to belong to the IF-like proteins and 
they are both implicated in nucleoid organisation as they interact with DNA (Izard 
2006; Mazouni et al. 2006).

Finally, both AglZ and FrzS are key proteins for gliding motility of Myxococcus 
xanthus. Both proteins contain extensive α-helical sub-domains and, presumably 
via coiled-coil association, generate striated assemblies when overproduced in the 
heterologous host E. coli (Mauriello et al. 2009; Mignot et al. 2007; Ward et al. 
2000; Yang et al. 2004). AglZ has been shown to interact with the MreB filaments 
and form a motility complex that stays fixed compared to the external surface pro-
pelling the cells forward in a corkscrew-like movement (Mignot et  al. 2007). 
However, neither AglZ nor FrzS have been documented to have IF characteristics, 
apart from the striated assemblies, that are reminiscent of those exhibited by IF 
lamins. However, as discussed above, striated assemblies can be the result of a wide 
variety of coiled-coil associations, and therefore not specific to IFs.

�Conclusions

The identification of the first bacterial IF-like protein in 2003 represented a major 
breakthrough, completing the list of bacterial orthologues of all three main cyto-
plasmic components, microtubules, actin filaments and intermediate filaments, of 
the eukaryote filamentous cytoskeleton. IF-like proteins are widespread in bacteria, 
but only extensively studied in a handful of organisms, including the crescent-
shaped, aquatic bacterium C. crescentus, the filamentous soil-dwelling Streptomyces 
(best known for its propensity to produce a wide range of secondary metabolites 
with anti-bacterial, anti-cancer or anti-fungal properties), the club-shaped 
Corynebacterium and the helical, often pathogenic, Helicobacter, which can colo-
nise the human gut flora.

There are several advantages of studying bacterial IF-like proteins over their 
eukaryote counterparts. Overall, bacteria are more tractable and there are excellent 
genetic tools for their manipulation. Moreover, high resolution microscopy tech-
nologies, such as 3D-SIM, PALM, STORM together with cryo-electron tomogra-
phy, have been developed and are available for the characterisation of mutant 
phenotypes and assessing the cellular localisation of these filamentous proteins. 
Comparing IF-like proteins and their cellular function in model systems of bacteria 
and eukaryotes will enable us to identify the core characteristics of their structure, 
assemblies, dynamics and cellular function.
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The following questions must be addressed through future research:

	1.	 What is the role of the sub-domain organisation within IF rod domains? Evidently, 
some of the bacterial proteins, FilP and Scy of Streptomyces, RsmP of 
Corynebacterium and the Ccrp proteins of Helicobacter do not comply with the 
strict sub-domain organisation defined for metazoan IFs, which includes Coil 1A,  
Coil 1B and Coil 2 separated by linkers. Deletion of some of these Coil IF sub-
domains or linkers did not affect elementary dimer formation but abolished their 
ability to form higher order assemblies. This confirms that the sub-domain 
organisation is essential for the further assemblies of elementary dimers. 
However, the bacterial protein, FilP can readily assemble into filaments that are 
very similar to those of eukaryote IFs in spite of the fact that it has markedly dif-
ferent sub-domain organisation. In order to assess the effect of the sub-domain 
organisation on the overall protein structure, it is paramount that in the near 
future we acquire high resolution structural information of the various bacterial 
elementary dimers and their assembly pathway. It is conceivable, that the role of 
the sub-domain organisation amongst eukaryote IFs is to act as “cogwheels” for 
securing a “lock-in” mechanism for the correct lateral alignment between ele-
mentary dimers. For this lock-in mechanism, the principle of cogwheels are 
important but not the actual location or the number of cogwheels. Therefore, it is 
plausible that whilst the bacterial IF-like proteins use different sub-domain 
organisations, they employ the same lock-in mechanism for their assembly.

	2.	 Further supporting evidence is needed to confirm the nature of the in vivo assem-
blies in their cellular environment in bacteria and to corroborate congruence 
between the different assemblies, such as filaments or lace-like networks found 
in vitro and the cables or the extended filamentous network detected in vivo.

	3.	 Beside structural information, further investigations are needed into the cellular 
dynamics of bacterial IF-like proteins, addressing questions such as what is 
responsible for the nucleation of the emerging assemblies and conversely, what 
controls the disassembly of the filamentous networks. Does this latter involve 
post-translational modifications, specifically protein phosphorylation?

	4.	 The evolutionary link between bacterial and eukaryote IF-like proteins is cur-
rently not understood. Bacterial and eukaryote IFs could originate from a com-
mon coiled-coil rich ancestor protein via convergent evolution. Alternatively 
eukaryote IFs may have evolved from their bacterial counterparts. In addition, it 
is also conceivable that the bacterial IF-like proteins arose by horizontal gene 
transfer from metazoan IFs. Helicobacter species colonise the gastrointestinal 
tracts of animals and decomposing animals could allow the transfer of genetic 
material to the soil dwelling Streptomyces or aquatic Caulobacter species. There 
is evidence for ongoing evolution in bacteria. Both in Streptomyces and 
Helicobacter two adjacent genes encode IF-like proteins, which are likely to 
have arisen via gene-duplication. In Streptomyces, the two paralogous proteins, 
FilP and Scy, have distinct cellular functions suggesting that they derived via 
convergent evolution.

	5.	 How can we refine the definition of the IF-like protein family? The discovery of 
bacterial IF-like proteins is a compelling reason to consider extending the meta-
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zoan IF family into a wider, IF-like protein family. This extended family is 
proposed to be defined by a set of shared biochemical, biophysical and mechani-
cal properties with similar in vitro and in vivo higher order assemblies. These 
assemblies are built from a basic, parallel, coiled-coil elementary dimer and rely 
on the same principles for their further lateral and longitudinal associations. 
Beyond bacterial and metazoan members, the newly defined IF-like family 
should also encompass proteins that share the above defining characteristics 
from unicellular eukaryotes, such as the protozoa Dictyostelium and 
Trypanosoma, the insect lamins and the lamin-like, plant nuclear matrix con-
stituent proteins.
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Chapter 7
FtsZ-ring Architecture and Its Control 
by MinCD

Piotr Szwedziak and Debnath Ghosal

Abstract  In bacteria and archaea, the most widespread cell division system is 
based on the tubulin homologue FtsZ protein, whose filaments form the cytokinetic 
Z-ring. FtsZ filaments are tethered to the membrane by anchors such as FtsA and 
SepF and are regulated by accessory proteins. One such set of proteins is responsi-
ble for Z-ring’s spatiotemporal regulation, essential for the production of two equal-
sized daughter cells. Here, we describe how our still partial understanding of the 
FtsZ-based cell division process has been progressed by visualising near-atomic 
structures of Z-rings and complexes that control Z-ring positioning in cells, most 
notably the MinCDE and Noc systems that act by negatively regulating FtsZ  
filaments. We summarise available data and how they inform mechanistic models 
for the cell division process.

Keywords  FtsZ • FtsA • Bacterial cell division • Z-ring structure • MinCD copoly-
mers • Cytomotive filaments • Cell constriction • Liposome constriction • Sliding 
filaments • CryoET • Tomography • Collaborative filaments
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�Introduction

�The Divisome

In most bacteria and archaea, cell division is facilitated by a putative multiprotein 
complex called the divisome (Adams and Errington 2009). Its assembly starts with 
the polymerisation of FtsZ into the Z-ring, which subsequently recruits other pro-
tein components to the division site. In Escherichia coli, this takes place in a highly 
linear process that can be subdivided into two stages. First, early (inner) divisome 
proteins (in E. coli most prominently FtsA) tether FtsZ filaments to the membrane 
and coordinate ring assembly. Then late (outer) divisome proteins, largely respon-
sible for cell wall remodelling and synthesis are recruited. Currently, the divisome 
is thought to consist of more than 20 protein components and, as mentioned, can be 
divided into the inner and outer divisome (Vicente and Rico 2006). This distinction 
reflects the fact the divisome needs to remodel not only the inner membrane (Z-ring 
and associated proteins) but also the stress-bearing cell wall (PBPs and associated 
proteins) and outer membrane (Tol-Pal and associated proteins).

�Fts Proteins

In E. coli, the vast majority of proteins participating in bacterial cell division were 
first identified through a screen to detect thermosensitive defects that cause cells to 
filament, thus their genes were termed fts (Hirota et al. 1968). One of these proteins, 
FtsZ, is the endogenous homolog of eukaryotic tubulin (Löwe and Amos 1998). 
Biochemical assays and electron microscopy of purified FtsZ unveiled its polymeri-
sation (Bramhill and Thompson 1994; Erickson et  al. 1996; Mukherjee and 
Lutkenhaus 1994). FtsZ’s GTP binding and hydrolysis, as well as filament forma-
tion, are relatively well-understood and it is known how nucleotide is hydrolysed 
efficiently only upon polymerisation through a mechanism that is conserved 
between tubulin and FtsZ (Oliva et al. 2004). Because of its ubiquity in bacteria and 
the fact that cell division in some archaea and all eukaryotes involves ESCRT-III 
(Guizetti et al. 2011; Katzmann et al. 2001; Lindas et al. 2008; Samson et al. 2008), 
it seems likely that FtsZ and FtsZ-based cell division are ancient (Davis et al. 2002; 
Faguy and Doolittle 1998). It seems reasonable to assume that a mechanism for 
cytokinesis would be required at a fairly early stage of evolution of cellular life, 
although it is known that L-forms, bacteria without cell wall, produce progeny with-
out ordered cell division through the production of large amounts of membrane and 
spontaneous blebbing and abscission (Mercier et al. 2013). FtsZ protein consists of 
a globular core domain, which is responsible for GTP-binding and polymerisation 
and an extended C-terminal tail, of which the last 15–20 residues are a particularly 
busy region, since it is known to bind many proteins including FtsA, SepF, ZipA 
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and MinC. In between the tail and globular body, a flexible, unstructured linker con-
nects the two parts (Erickson et al. 2010).

�FtsA Protein

FtsA is a prominent FtsZ binding partner and is an essential membrane anchor of 
the Z-ring in E. coli (Pichoff and Lutkenhaus 2005). In many other organisms, FtsA 
and its membrane anchoring function seems to have been replaced by the unrelated 
protein SepF (Duman et al. 2013). FtsA was first predicted to be an actin-like pro-
tein from structure-based sequence alignments involving the then newly solved 
actin crystal structure (Bork et al. 1992). The crystal structure of FtsA with an ATP 
molecule bound in the active site later revealed that the protein is indeed a member 
of the actin/HSP70 family, although its fold was shown to considerably deviate 
from the canonical actin fold (van den Ent and Löwe 2000). Three out of the four 
subdomains characteristic of the actin fold (1A, 2A, 2B) are conserved in FtsA but 
the fourth (1C) is located on the opposite side of subdomain 1A, compared with 
actin’s 1B subdomain.

�FtsZ Protein

The first hint that FtsZ might be central to cell constriction came in the 1980s, when 
it was reported that an increase in the level of FtsZ induces minicell formation in E. 
coli (Ward and Lutkenhaus 1985). Subsequently, after a report (Dai and Lutkenhaus 
1992) that a proper ratio of FtsZ to FtsA is critical for cell division, it was shown 
that a simultaneous increase in both FtsZ and FtsA concentration in cells increases 
the frequency of central divisions (Begg et al. 1998). But the discovery that FtsZ 
arranges into a ring whose assembly coincides with division in bacteria (Bi and 
Lutkenhaus 1991) was the most important landmark discovery, focussing the efforts 
to understand cell division and also starting a series of discoveries that led to the 
understanding that bacteria have intracellular organisation, harbour filamentous 
proteins and a cytoskeleton. Defects in FtsZ-ring assembly and in controlling its 
position lead to opposite effects. Whereas the former blocks septation and yields 
long, filamentous cells (Hirota et al. 1968), the latter results in near-polar divisions, 
producing anucleate minicells (Adler et al. 1967). Since precise spatial positioning 
of the Z-ring decides the fate of the daughter cells, bacteria use several regulatory 
mechanisms to guide the Z-ring to midcell. Two very widely used negative regula-
tory mechanisms are the Min and nucleoid occlusion (NO) systems. An increasing 
number of studies have suggested other negative regulators as well as positive sig-
nals, and cell cycle-chromosome coordination also plays critical roles in spatiotem-
poral regulation of the Z-ring (see Chap. 9).
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�Z-ring Structure and Constriction Mechanism

Although progress in understanding FtsZ ring structure, its mechanics and spatial 
positioning have steadily advanced over the past 25 years, many fundamental ques-
tions remain. Here, we discuss structural and biochemical studies of Z-ring archi-
tecture and its regulatory proteins and how these inform models of the constriction 
process that FtsZ facilitates during cell division. Possible sources of energy in the 
system are: binding energies of proteins between each other, nucleotide hydrolysis 
by FtsA (ATP) and FtsZ (GTP) (both inner divisome), as well as cell wall synthesis 
from precursors in the periplasm (PBPs, outer divisome).

Since understanding Z-ring architecture and function is required to unravel the 
mechanism of cell division, the cytokinetic ring in bacteria has been the subject of 
extensive investigations. Various methods have been employed, ranging from fluo-
rescence light microscopy (FLM), more recently including super-resolution tech-
niques, to electron microscopy (EM), including negative-stain EM, electron 
cryomicroscopy (cryoEM) and cryotomography (cryoET); experiments ranging 
from in vivo investigations of fixed or live cells to in vitro studies of purified com-
ponents under well-defined conditions (Fig. 7.1a) are discussed in more detail later.

Based on these studies, three major models for generating constriction force by 
the divisome have been proposed:

	(a)	 The scaffold model, where FtsZ’s role is purely structural and the ring is 
required to correctly position the constriction machinery, including the 
peptidoglycan-synthetic machinery. Then, peptidoglycan (PG) synthesis would 
exert force by inserting new PG strands and remodelling cell wall displacing the 
(inner) cell membrane inwards to produce constriction.

	(b)	 The iterative pinching model based on in vitro observations that FtsZ filaments 
seem to adopt two main conformations – straight or bent – dependent on the 
nucleotide state (Erickson et  al. 1996; Lu et  al. 2000). Repeated hydrolysis-
induced bending of FtsZ filaments in a very loosely assembled ring could pro-
duce an inward force on the membrane (Fig. 7.1b, bottom).

	(c)	 The sliding-filament model (Lan et  al. 2009; Szwedziak et  al. 2014), where 
FtsZ filaments in a continuous and dense ring would slide past each other, 
driven by the increase in lateral filament overlap (Fig. 7.1b, top).

�Spatiotemporal Regulation of Z-ring Assembly

Positioning of the Z-ring at the right time and in the right place is critical to ensure 
the integrity of genetic information transmitted to the daughter cells. E. coli and B. 
subtilis use the combined effect of two negative mechanisms to inhibit Z-ring 
assembly everywhere except at midcell. These negative regulators are nucleoid 
occlusion (NO) system (Bernhardt and de Boer 2005; Woldringh et al. 1991; Wu 
et al. 2009) and the Min system (Adler et al. 1967).

P. Szwedziak and D. Ghosal



1991
FtsZ immuno-gold labeling 
in E. coli  (Bi and Lutkenhaus, 
1991)

1996
I m mu n o f l u o e s c e n c e 
microscopy of FtsZ in 
fixed B. subtilis (Levin and 
Losick, 1996)
FtsZ-GFP fusion in living E. 
coli cells (Ma et al., 1996)

1998
FtsZ is a structural homologue of tubulin 
(Löwe and Amos, 1998)

2000
The bending model 
proposed (Lu et al., 
2000)

2007
First pictures of the 
Z-ring in C. crescentus
by ECT (Li et al., 2007)

2005
FtsA is an FtsZ membrane 
anchor (Pichoff and Lutken-
haus, 2005)

2010
PALM reveals the Z-ring structure in E. 
coli (Fu et al., 2010)

2008
Early attempts to reconsti-
tute the contractile ring in 
vitro (Osawa et al., 2008)

2014
Arrangement of single 
FtsZ filaments within the 
Z-ring discerned by ECT 
of constricting liposomes 
(Szwedziak et al., 2014)

2009
Mathematical model 
for FtsZ filaments 
sliding and condensa-
tion proposed (Lan 
et al., 2009)
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IM
FtsA
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Fig. 7.1  Two models for constriction force generation and a time lapse of key discoveries in the 
field. (a) An overview of crucial discoveries in the field of bacterial cell biology related to the Z-ring 
architecture represented as a time arrow. This exemplifies the plethora of techniques and approaches 
that have been employed over the past 25 years to dissect the structure and mechanics of the Z-ring. 
(b) Two prevailing models for constriction force generation. Upper panel depicts the sliding model. 
At early stages FtsZ filaments overlap only partially and are attached to the inner membrane (IM) by 
sparsely positioned FtsA as there is not enough protein to make a continuous A-ring. As the FtsZ fila-
ments slide past each other the overlap increases and more and more binding energy is produced. 
This is accompanied by increased membrane curvature, which enables the addition of more FtsA 
according to the repeat length mismatch between the two proteins. FtsZ filament shortening via GTP 
hydrolysis ensures that the filaments are not stalled by avidity. Lower panel depicts the bending 
model. Here, membrane-associated FtsZ filaments undergo a conformational change upon GTP 
hydrolysis. This straight to bent rearrangement between every monomer, given the number of sub-
units encircling the cell, could provide sufficient energy to perform constriction
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Fig. 7.2  Spatiotemporal regulation of Z-ring positioning by positive and negative regulators. (a, 
b) Composite model of copolymeric filaments of MinD and C-terminal domain of MinC (MinCC), 
built by combining A. aeolicus MinCCD cocrystal structure and E. coli MinD dimer crystal struc-
ture (Modified from Ghosal et al. 2014). MinD binding sites on a dimer of the MinCC domain 
(wheat and orange) are exactly on the opposite sides (indicated by white arrows). Similarly, MinCC 
binding site on a MinD dimer (slate and light blue) are also at the opposite sides (shown by red 
arrow-heads). This means, MinC and MinD will always form an open MinC2-MinD2 complex with 
available binding sites at both side of the complex. Thus, it could translationally extend on the 
membrane (e.g. –MinC2-MinD2-MinC2-MinD2–) and form an extended alternating copolymeric 
filament. (c) Electron cryo-tomography of MinCD cofilament decorated liposome. Shown is sur-
face view of a tomographic reconstruction (Modified from Ghosal et al. 2014). Inset showing low-
pass filtered view. Scale bar 100 nm. (d) Schematic representation of the Min protein localisation 
in E. coli and in B. subtilis. In E. coli, (left) the Min system continuously oscillates between the 
two cell poles. In B. subtilis (right), however, the Min system remains static, anchored at the cell 
poles in a newborn cell. Later, when replication of DNA is completed and cell division is continuing, 
the Min system is recruited at the division site. This ensures the Min system is present at both cell 
poles of newborn daughter cells. (e) Plausible mechanism of FtsZ inhibition by the Min system. 
Complete MinCD copolymers are tethered to the membrane through MinD’s membrane  
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�Nucleoid Occlusion – Protecting from Incision

Nucleoid occlusion inhibits Z-ring assembly in the vicinity of the nucleoid and 
prevents lethal bisection of nucleoids (Fig. 7.2g). The DNA binding proteins Noc in 
B. subtilis and SlmA in E. coli have been identified as the factors mediating nucle-
oid occlusion (Bernhardt and de Boer 2005; Wu et al. 2009). A null mutation of the 
nucleoid occlusion factors Noc or SlmA leads to the formation of the Z-ring over 
the unsegregated nucleoids and results in bisection of the chromosome, whereas 
overproduction of these proteins generates longer cells (Bernhardt and de Boer 
2005; Wu et al. 2009). (see Chap. 9 for more details on NO)

�Min Systems in Gram Negative and Gram Positive Bacteria

Later in this Chapter, we will focus on the second negative regulatory mechanism, 
the Min system. In the Gram positive bacterium B. subtilis, the system is statically 
targeted to membrane around the cell poles by the polar membrane-anchor DivIVA 
(Marston et al. 1998) (Fig. 7.2d, right). In contrast, in the Gram negative bacterium 
E. coli the Min system continuously oscillates between the two poles (Raskin and 
de Boer 1999) (Fig. 7.2d, f). In either case, the (time-averaged) concentration of 
Min proteins is sufficiently high at both cell poles for the inhibition of cell division. 
Taken together, a combination of the nucleoid occlusion and the Min systems posi-
tions the Z-ring correctly in time and space, thereby synchronising cell growth, 
DNA duplication and septation.

Fig. 7.2  (continued) targeting sequence (MTS), and interact with the FtsZ filaments through 
N-terminal domains of MinC (MinCN). The MinCD copolymers cooperatively bind to FtsZ fila-
ments and could inhibit Z-ring formation by disrupting lateral interaction between FtsZ filaments 
or by antagonising their scaffolding function (Modified from Ghosal et al. 2014). (f) Left: GFP-
MinC oscillation in E. coli, frames are separated by 20  s (Ghosal et  al., Encyclopedia of Cell 
Biology). Right: in vitro reconstitution of the Min waves (Image modified from Loose et al. 2008). 
(g) Left: Schematic of Nucleoid occlusion (NO). NO proteins (SlmA in E coli, Noc in B subtilis: 
coloured in salmon) coat the nucleoid and protect it from bisectioning. Right: Localisation of Noc-
YFP in Bacillus subtilis. Noc is shown in green, replication terminus region (Ter) is shown in red 
(Wu and Errington 2012). (h) Schematic of MipZ gradient formation in C. crescentus (top). 
Subcellular localisation of MipZ-YFP (below) (Kiekebusch et al. 2012). (i) Schematic of PomZ 
localisation in Myxococcus xanthus. PomZ localises at the midcell before FtsZ and acts as a posi-
tive signal (top), this is then followed by other divisome assembly. (j) Left: schematic of MapZ 
localisation during different stages of S. pneumoniae cell cycle. In a newborn cell, MapZ (green) 
and FtsZ (red) colocalise at the midcell. As the cell grows, MapZ ring splits into two rings that 
move in opposite directions. Subsequently, a third MapZ ring appears at the midcell and during this 
time, FtsZ ring splits into two rings that colocalise with the other MapZ rings to define future divi-
sion sites. Right: GFP-MapZ and FtsZ-RFP localisation in S. pneumoniae during different stages 
of cell cycle (Modified from Fleurie et al. 2014). Scale bar 1 μm. (k) Localisation of SsgB-eGFP 
and FtsZ-mCherry in S. coelicolor cells during sporulation-specific cell division. SsgB localises 
into foci much before FtsZ’s arrival. Later stages, they colocalise. Top panel: early aerial hyphae 
stage (stage IIA), middle panel: predivision localisation in aerial hyphae (stage IIC), bottom panel: 
Z-rings (stage III) (Modified from Willemse et al. 2011). Scale bar 1 μm
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�Regulation of Z-ring Position in Spherical Bacteria

Compared to the rod-shaped model organisms, much less is known about the mech-
anisms of Z-ring positioning in spherical bacteria. A significant difference to rod-
shaped bacteria is that cocci have an infinite number of possible division planes yet 
many of them (such as the Gram negative Neisseria gonorrhoeae and the Gram 
positive Staphylococcus aureus) divide in alternating perpendicular planes 
(Ramirez-Arcos et al. 2001). In the Gram negative cocci, the Min system has been 
shown to play an important role in Z-ring positioning, whereas the Gram positive 
cocci altogether lack this system (Ramirez-Arcos et al. 2001) and rely more on the 
nucleoid occlusion mechanism for correct positioning of the divisome complex 
(Veiga et al. 2011). Recent studies revealed that the deletion of the nucleoid occlu-
sion factor Noc in Staphylococcus aureus results in the formation of the divisome 
complex near the nucleoid, causing DNA breaks. This suggests that in the Gram 
positive cocci a nucleoid occlusion factor is essential in defining the Z-ring posi-
tioning (Veiga et al. 2011). It has been reported that spherical mutants of E. coli 
behave like cocci and also divide in alternating perpendicular planes (Begg and 
Donachie 1998). Investigation of the mechanism of division site selection in these 
spherical E. coli mutants may provide hints about the underlying regulatory mecha-
nism of divisome assembly in cocci.

�Alternative Regulators of Z-ring Position

Although numerous bacteria solve the problem of Z-ring positioning by using one 
of the above or by combining effects of both the negative regulatory mechanisms, 
increasing evidence suggests these are not universal or even sufficient solutions. 
Several bacteria use other mechanisms to guide the Z-ring to midcell, and in these 
bacteria the Min system and/or NO system are either absent or redundant (Harry 
et al. 2006; Margolin 2005). These alternative regulators can be both negative and 
positive.

�MipZ

One such example is the Gram negative bacterium Caulobacter crescentus. 
Caulobacter uses a protein called MipZ (Fig. 7.2h), which is conserved across all 
α-proteobacteria that lack the Min system (Kiekebusch et al. 2012; Thanbichler and 
Shapiro 2006). MipZ is a weak FtsZ polymerisation inhibitor that interacts with the 
nucleoid in a ParB-dependent manner and generates a bipolar gradient from the cell 
poles towards the midcell. This gradient of MipZ inhibits Z-ring assembly near the 
cell poles and on the nucleoid, thereby localising the Z-ring at midcell (Kiekebusch 
et al. 2012). Interestingly, MipZ is also a deviant WACA ATPase, like MinD, that 
acts as a negative regulator of the Z-ring assembly but by a different gradient-
generating mechanism.
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�PomZ

In parallel to the negative regulators already mentioned, evidence suggests that sev-
eral bacteria use different positive regulatory mechanisms to regulate Z-ring posi-
tioning. For example, the δ-proteobacterium Myxococcus xanthus lacks any of the 
negative regulators discussed so far  – instead a protein called PomZ is involved 
(Treuner-Lange et al. 2013). PomZ independently localises at the division site prior 
to arrival of FtsZ and acts as a positive signal for proper Z-ring positioning (Fig. 
7.2i). Division site localisation of PomZ has been shown to correlate with cell-
length and cell cycle progression and it has been suggested that PomZ recruits and 
stabilises the Z-ring at the division site. Intriguingly, PomZ is also a WACA family 
protein, like MinD (Treuner-Lange et al. 2013), suggesting WACA family members 
harbour functionalities that are well suited to the task of intracellular site selection 
and positioning of molecules.

�MapZ

Another example of a positive regulator, recently reported in Streptococcaceae and 
most other Lactobacillalesis, is MapZ (midcell-anchored protein Z) (Fleurie et al. 
2014; Holečková et al. 2015) (Fig. 7.2j). The extracellular domain of MapZ inter-
acts with the newly-synthesised peptidoglycan at midcell and remains permanently 
associated at the equator of the cell, whereas the intracellular domain physically 
anchors the Z-ring through direct protein-protein interaction, thereby positioning 
the Z-ring at the division plane (Fleurie et al. 2014). Thus, MapZ also plays a dual 
role, reminiscent of PomZ.  Additionally, MapZ also undergoes phosphorylation 
through the endogenous Ser/Thr kinase StkP and plays an essential role in Z-ring 
constriction.

�SsgAB

One more example of positive regulation of the Z-ring localisation is that played by 
the SsgAB system of Streptomyces coelicolor (Monahan and Harry 2013; Willemse 
et al. 2011) (Fig. 7.2k). In the absence of canonical negative regulators, sporulating 
cells of Streptomyces coelicolor use a two-protein system SsgA/SsgB to spatially 
regulate Z-ring positioning. In Streptomyces, FtsZ is only required for sporulation 
as vegetative growth is through branching hyphae. SsgA promotes the localisation 
of SsgB at midcell, whereas SsgB stimulates Z-ring assembly by facilitating FtsZ 
polymerisation (Willemse et  al. 2011). The SsgAB system was the first positive 
guiding signal for the Z-ring to be discovered, but it seems to be present only in 
Actinomycetes.

7  FtsZ-ring Architecture and Its Control by MinCD
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�The Min System in Rod-Shaped Bacteria

The term Min is derived from the fact that modifications of this system either results 
in the formation of anucleate minicells or multinucleate filaments (Adler et al. 1967; 
Reeve et al. 1973). Recent studies have established that, in addition to its presence 
in bacteria and archaea, the Min system is widely conserved in eukaryotic plastids 
and mitochondria, in line with their bacterial ancestry (Leger et al. 2015). In E. coli, 
the Min system is encoded by three genes minC, minD and minE, all of which are 
products of the minB operon (de Boer et  al. 1988, 1989; ). minC and minD are 
widely conserved amongst bacteria, whereas minE and DivIVA are found among the 
Gram negative and the Gram positive bacteria, respectively (Harry et  al. 2006; 
Lutkenhaus 2007; Rothfield et al. 2005).

�MinC Dimers

MinC is a dimeric protein with two distinct functional domains connected by a  
flexible linker (Cordell et al. 2001; Hu and Lutkenhaus 2000). MinC’s N-terminal 
domain (MinCN) interacts with FtsZ directly and interferes with its ability to form 
the Z-ring, thus inhibiting division (Dajkovic et al. 2008; Hu and Lutkenhaus 2000). 
The C-terminal domain (MinCC), a small beta-helix fold, forms a constitutive 
homodimer and interacts with MinD (Hu and Lutkenhaus 2000). Recent studies 
have revealed that MinCC competes with FtsA and ZipA for the conserved C-terminal 
tail-domain of FtsZ and alters lateral association of FtsZ filaments (Dajkovic et al. 
2008; Shen and Lutkenhaus 2009).

�MinD Dimers

MinD is a deviant Walker A type ATPase and belongs to the broad superfamily of 
P-loop GTPases (de Boer et al. 1991; Lutkenhaus 2012). Members of the deviant 
Walker A type ATPases are characterised by three distinct motifs critical for nucleo-
tide catalysis: switch I, switch II, and a deviant Walker A motif (XKGGXXK[T/S]), 
as compared to the classic P-loop signature (GXXGXGK[T/S]) (Koonin 1993). 
Some of the closely related members of the deviant Walker A type ATPases that are 
involved in cytoskeletal roles such as intracellular positioning, have been further 
grouped into a new class, known as the Walker A cytoskeletal ATPases (WACAs) 
(Michie and Löwe 2006). MinD is a member of this WACA family, along with Soj/
ParA, SopA and ParF (Michie and Löwe 2006) and the ones already mentioned. 
Probably all deviant Walker A type ATPases and hence all WACAs form ATP-
sandwich dimers since the deviant P-loop sequence is required for this feature 
because of steric considerations. Two ATP molecules are sandwiched between two 
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protein monomers such that each ATP molecule is contacting surfaces from the two 
proteins. It was believed that the WACA family proteins form filaments on their 
own, without surfaces or other support. However, recent studies have challenged 
this notion and demonstrated that most, if not all, WACA family proteins only form 
collaborative filaments, meaning matrix-assisted (e.g. on DNA or, membrane or 
other surfaces) (Ghosal and Löwe 2015). The MinD sandwich dimer was solved by 
crystallography (Hu et al. 2003; Wu et al. 2011) and MinD dimerisation leads to the 
exposure of a short (10–12 amino acids) C-terminal amphipathic helix (also known 
as membrane targeting helix: MTS) that targets MinD to the cytoplasmic membrane 
(Szeto et al. 2003). Membrane bound MinD recruits MinC to the cytoplasmic mem-
brane and forms an “active” inhibitor complex that inhibits Z-ring assembly any-
where but at midcell.

�MinE Activates MinD ATPase

MinE is a small dimeric protein whose monomers have two separate functional 
domains (Ghasriani et al. 2010; Kang et al. 2010; Park et al. 2011). The N-terminal 
domain restricts MinCD’s inhibitory activity by disassembling the complex from 
the membrane, while the C-terminal domain is responsible for MinE’s topological 
specificity, that is, it regulates MinE’s localisation (Ramos et al. 2006). Structural 
and biochemical evidence suggest that MinE switches between two very different 
conformations. In its freely diffusible cytoplasmic form, the MinD interacting resi-
dues and the membrane targeting sequence (MTS) are sequestered within a six-
stranded β − sheet of the MinE dimer. However, on sensing the membrane-bound 
MinD, MinE undergoes drastic conformational changes and collapses into a four-
stranded β − sheet MinE dimer, exposing two contact helices that interact with the 
membrane bound MinD (Park et al. 2011). First, MinE displaces MinC from the 
MinCD inhibitory-complex, followed by stimulation of the ATPase activity of 
MinD. This results in dissociation of the MinCD complex from the membrane since 
MinD membrane binding requires the dimer and dimerisation is ATP dependent. 
Free MinC and MinD diffuse away and rebind to the cytoplasmic membrane at 
other locations, only to repeat the process. Starting from small random fluctuations 
this results in a biological oscillation or pattern formation reaction following prin-
ciples as described theoretically by Alan Turing (Gierer and Meinhardt 1972; Turing 
1952).

�Structure and Activity of MinCD

The dynamic behavior of the Min system was first discovered by imaging fusions of 
MinD protein to GFP in E. coli (Raskin and de Boer 1999). GFP-MinD was found 
to continuously oscillate between the two poles of a cell. Subsequently, MinC was 
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also found to oscillate, in a pattern very similar to MinD (Hu and Lutkenhaus 1999). 
The MinDE component of the Min system is suggested to constitute a reaction-
diffusion device that drives oscillation (Kruse et al. 2007), and MinC is a cargo in 
this oscillation process. In vitro reconstitution studies provided direct evidence that 
MinD and MinE only self-organise to produce regular surface waves/patterns on a 
planar lipid bilayer in the presence of ATP (Ivanov and Mizuuchi 2010; Loose et al. 
2008, 2011), although the wavelengths observed did not fit the in vivo situation (Fig. 
7.2f).

�Molecular Interactions

Studies with E. coli Min proteins have revealed important insights into the molecu-
lar basis of Min oscillation. However, the molecular basis of FtsZ inhibition by the 
Min system has remained somewhat elusive. Two major questions that remain are: 
1) How does MinD activate MinC in vivo or, what is the molecular architecture of 
the MinCD inhibitory complex? 2) What is the mechanism of Z-ring inhibition by 
the MinCD inhibitor complex? In cells, the MinC concentration has been estimated 
to be ~40 times lower than that of FtsZ. MinD recruits MinC to the membrane and 
increases its inhibitory activity 25–50 fold, thus making it an efficient inhibitor. It 
has been suggested that the recruitment of MinC to membrane by MinD constitutes 
the activation process. However, Joe Lutkenhaus’s group identified a mutation 
within the switch II region providing a MinD molecule that could recruit MinC to 
the division site but did not activate it, suggesting that activation of MinC requires 
more than recruitment of MinCD complex to the membrane.

�MinC-MinD form Bipolar Copolymers in vitro and in cells

The MinC-MinD cocrystal structure (Ghosal et  al. 2014) revealed an interesting 
feature of their interaction. The MinC binding sites on the MinD dimer are on oppo-
site sides and similarly, the MinD binding sites on the MinC dimer are equally on 
opposite sides of the MinC dimers (Fig. 7.2a). This means that MinC and MinD 
cannot form a closed symmetrical (2 + 2 dimer) complex but, instead, must form an 
open MinC2-MinD2 complex with further binding sites available at both ends of the 
structure. Thus, the MinC2-MinD2 complex will further extend linearly, to form –
MinC2-MinD2-MinC2-MinD2–, and indefinitely, given enough free monomers. In 
short, the two proteins are capable of forming an alternating copolymeric filament 
(Fig. 7.2b). Indeed, using biochemical studies, electron microscopy and in vivo 
analyses Ghosal and colleagues (Ghosal et al. 2014) showed that, at physiological 
concentrations, MinCD forms a new class of alternating copolymeric filaments on 
membrane bilayers (Fig. 7.2c). Reconstitution of the entire MinCD-FtsZ super-
complex on liposome membranes then revealed that MinCD filaments bind mem-
branes and also bind to FtsZ filaments with high avidity but, surprisingly, do not 
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disassemble them. Based on these observations, Ghosal and colleagues proposed 
that MinD optimally activates MinC by forming copolymers and that their periodic 
structure, following the 4 nm repeat of FtsZ, seems ideal to help them to inhibit FtsZ 
filaments from forming a Z-ring, by either altering the structural integrity of the fila-
ments or by disrupting lateral interactions (discussed later) (Fig. 7.2e). Through 
avidity, MinCD copolymers will thus target FtsZ filaments for inhibition over FtsZ 
monomers and this could provide an explanation for how substoichiometric amounts 
(~ 40 times less) of MinC effectively inhibit Z-ring assembly in vivo (Fig. 7.2e). 
Recently, Park and colleagues (Park et al. 2015) extended the above study using 
genetics with mutants that interfere with the copolymer-forming interfaces but not 
dimerisation and proposed that membrane recruitment of individual MinCD com-
plexes is enough to inhibit Z-ring formation and that minimally MinC and MinD 
heterodimer formation is sufficient in a genetic setup that tests for complete cell 
division inhibition. As the authors point out, this does not explain why the mole-
cules have the ability to form polymers and seem to act as dimers only, with unoc-
cupied binding sites . Also, if recruitment of MinCD complex on to the membrane 
is enough for activation, then why is the MinD (switch-II region) mutant that could 
recruit MinC to the membrane is still inactive? And, finally, how does one MinC 
inhibit on average 40 FtsZ molecules? Clearly, more work is needed to elucidate the 
precise molecular mechanism of FtsZ inhibition by MinC.

�Structure of FtsZ-rings in vivo

�Z-ring Tethering to Membrane

The Z-ring must be anchored in order to transmit constriction force to the mem-
brane or at least to stay synchronised with other events at the membrane or in the 
cell envelope. In E. coli, tethering is supported by either FtsA or ZipA, or the com-
bined effects of both (Hale and de Boer 1999; Pichoff and Lutkenhaus 2005). 
Indeed, the ftsA gene of E. coli is essential. In contrast, ftsA can be disrupted in B. 
subtilis by insertional inactivation (Beall and Lutkenhaus 1992; Jensen et al. 2005). 
Here, it seems that tethering to the membrane is additionally provided by SepF 
(Duman et al. 2013) and EzrA (Singh et al. 2007).

�FtsA

The ftsA gene is often found in an operon with ftsZ within the dcw (division and cell 
wall) cluster. The two proteins interact at the earliest stage of Z-ring formation and 
are essential for recruitment of the next set of proteins of the divisome. FtsA 
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Fig. 7.3  Recent advances in understanding of the Z-ring architecture. (a) FtsA molecule with the 
C-terminal 16-residue FtsZ peptide (purple) bound on the surface of subdomain 2B (green). FtsA 
has been colour-coded according to the conserved actin family of proteins subdomain architecture 
(Modified from Szwedziak et al. 2012). (b) Architecture of the FtsA:FtsZ membrane-bound com-
plex, the basic subunit of the Z-ring. (c) Left: C. crescentus NA1000/CB15N division site with fila-
ments near the membrane (top panel, black dots highlighted by arrow). Bottom panel shows the 
same cell rotated 90° around the short axis of the cell. The Z-ring (arrow) is continuous and only 
invisible where there is no image because of the missing wedge (shaded triangle). Right: E. coli 
cells co-expressing FtsZ and FtsA (bicistronic, 1:1). FtsA filaments are in the middle between FstZ 
filaments and the inner membrane (IM), at a distance of 8 nm from both (Modified from Szwedziak 
et  al. 2014). (d) A comparison of in  vitro reconstitution experiments where FtsA and FtsZ  
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contains a conserved C-terminal motif, which is predicted to form an amphipathic 
helix and interact with the membrane (Pichoff and Lutkenhaus 2005).

�Essential Role of FtsA in E. coli

If FtsA is prevented from localising at midcell, cell division is severely impaired 
and FtsZ rings are unable to contract (Addinall et al. 1996). Furthermore, a proper 
ratio of FtsZ to FtsA is required for cell division to occur (Dai and Lutkenhaus 
1992; Dewar et al. 1992). An effect of the overproduction of either protein is dimin-
ished by overproduction of the other. These findings prompted an idea that FtsZ and 
FtsA may interact directly. Subsequently, FtsZ and FtsA were shown to colocalise 
in living E. coli cells by means of green fluorescent protein (Ma et al. 1996) and 
yeast two-hybrid analysis detected the interaction (Wang et al. 1997). Interestingly, 
FtsZ and FtsA from evolutionarily distant species such as E. coli and B. subtilis 
(Wang et al. 1997) or Rhizobium meliloti and Agrobacterium tumefaciens (Ma et al. 
1997) were found to form complexes.

An in vivo genetic screen identified FtsA mutants on the surface of subdomain 
2B impaired for FtsA-FtsZ interaction and these mutants retained the ability to bind 
to the membrane (Pichoff and Lutkenhaus 2007). For FtsZ, the last 70 residues were 
demonstrated to be involved in FtsA binding (Haney et  al. 2001). Later, it was 
shown that a gene with a deletion of just 12 amino acids from the highly conserved 
C-terminal tail of E. coli FtsZ failed to complement chromosomal ftsZ mutants and 
failed to interact with FtsA (Ma and Margolin 1999). Finally, a crystal structure of 
FtsA bound with the C-terminal FtsZ peptide confirmed the data and provided struc-
tural details of this important interaction (Szwedziak et al. 2012) (Fig. 7.3a).

Fig. 7.3  (continued) were encapsulated inside liposomes. Top panel (Modified from Osawa and 
Erickson 2013) represents the FLM approach where the diffraction limit imposes constraints in 
determining liposomes sizes (please consult the scale bar) but can deliver time-lapse data. CryoEM 
approach (bottom panel, Modified from Szwedziak et al. 2014) is capable of visualising single 
FtsA and FtsZ filaments in compartments of sizes more similar to bacterial cells. It is clear to see 
that constriction sites are only formed where a ring made of the two proteins is present (black 
arrowheads) and not at other sites where filaments are located. (e) FtsA polymerises on a lipid 
monolayer forming long filaments, which often form doublets. X-ray protein crystallography pro-
vided structural basis of filament formation. A comparison of FtsA and MreB dimers. Monomeric 
subunits are rimmed in red. FtsA and MreB adopt a similar subdomain architecture; however, the 
1B subdomain of MreB (yellow) is missing in FtsA and the inserted subdomain 1C in FtsA is 
located on the other side of the molecule. It therefore appears that FtsA is a subdomain variation 
of the actin fold that still enables the formation of canonical protofilaments (Modified from 
Szwedziak et  al. 2012). (f) Close-up view of the FtsZ ring (purple) attached to the membrane 
(blue). The filaments overlap and interact laterally (left panel). View along the long axis shows that 
the ring is a perfect, closed circle (middle panel). Individual filaments are resolved (right panel) 
(Modified from Szwedziak et al. 2014)
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�Many Ways to Connect FtsZ to the Membrane

Interestingly, the same FtsZ interaction site within the last ~15 FtsZ residues is used 
by another protein, ZipA (Mosyak et al. 2000), which is a bitopic transmembrane 
protein that shows some functional overlap with FtsA, despite being very different 
in sequence. The exact functions of these proteins, FtsA and ZipA, and their rela-
tionship with FtsZ have remained enigmatic. A single residue alteration in E. coli 
FtsA, R286W (FtsA*), allows efficient division in the absence of ZipA (Geissler 
et  al. 2003). Furthermore, although the C-terminal amphipathic helix of FtsA is 
essential for its function in vivo and plays a key role in targeting both FtsA and FtsZ 
to the membrane (Pichoff and Lutkenhaus 2005), FtsA’s C-terminal membrane-
targeting sequence can be substituted by MinD’s membrane targeting sequence 
(MTS) and vice versa without obviously affecting functionality. Success in substitu-
tion also applies to the first transmembrane domain of MalF (Shiomi and Margolin 
2008). This strongly suggests that the sequence of the membrane-targeting motif is 
not important, indicating that it serves only as a generic membrane anchor. Deletions 
as short as 5 residues from the C-terminus destroy the biological function of FtsA 
further emphasising the importance of membrane binding (Yim et al. 2000). Since 
FtsA is quite well conserved in bacterial species it probably constitutes the primary 
membrane anchor for the Z-ring, together with SepF (Fig. 7.3b). The outstanding 
question of why FtsZ is not anchored to the membrane directly will be discussed 
later.

�Assembly of the Divisome

The interaction network between divisome proteins has been studied using various 
approaches, most notably bacterial two-hybrid assay (B2H) (Karimova et al. 2005) 
or Förster Resonance Energy Transfer (FRET) (Alexeeva et al. 2010), where binary 
protein-protein interactions may be tested. In conjunction with systematic mutagen-
esis and knockouts of divisome protein genes and subsequent localisation, these 
studies revealed the temporal hierarchy of protein recruitment and assembly regula-
tion in E. coli (Vicente and Rico 2006). Assembly of the divisome is a linear two-
step process: the early-assembling proteins, directly interacting with FtsZ, are first 
recruited to midcell and constitute the inner divisome. This includes FtsA, ZipA and 
ZapABCD and other auxiliary proteins that are not essential. Then, after a substan-
tial delay, late division proteins are recruited (FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI and 
finally FtsN) and they constitute the outer divisome. These proteins include compo-
nents that are cytoplasmic, periplasmic and membrane-embedded (Goehring and 
Beckwith 2005). Recently, an unexpected link between early FtsA and late FtsN 
proteins has been discovered (Busiek et  al. 2012). Despite being temporally 
resolved, they were shown to interact in the mature Z-ring. Formation of the 
FtsA:FtsN complex might be an answer to the elusive question of what triggers final 
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constriction and peptidoglycan remodelling at the cell division site (Busiek and 
Margolin 2014), in a way that could be described as an assembly checkpoint of the 
divisome.

�Discovery of the Z-ring Using Immuno-Gold and GFP Imaging

The term Z-ring was coined in a landmark publication (Bi and Lutkenhaus 1991) 
showing, by means of anti-FtsZ immuno-gold labelling electron microscopy of 
dividing Escherichia coli cells, that FtsZ localises to division sites and forms a cyto-
skeletal filament. Subsequently, Levin and Losick (Levin and Losick 1996) using 
immunofluorescence microscopy of fixed Bacillus subtilis cells visualised FtsZ as 
bands of fluorescence across the short axis of the cells and positioned between rep-
licated nucleoids. Additionally, these bands were demonstrated to move close to one 
cell pole as the cells switch from vegetative growth to sporulation. Early attempts to 
visualise the Z-ring coincide with the onset of the green fluorescent protein (GFP) 
revolution in optical cellular imaging. Since protein filaments should be readily vis-
ible and would display strong fluorescent signal above the background level, FtsZ 
was the first bacterial protein to be expressed as a GFP fusion in live cells. The first 
three-dimensional images of FtsZ appearing as a closed ring at the midcell emerged 
in 1996 (Ma et  al. 1996). Later, some cells were reported to contain incomplete 
rings and artificially high levels of FtsZ-GFP due to overexpression resulted in other 
structures such as spiral tubules, reflecting the ability of FtsZ filaments to coalesce 
into different arrangements.

Therefore, according to conventional FLM, using either immunofluorescence on 
fixed cells or FtsZ-GFP fusion proteins in live cells, the Z-ring appears to be a more-
or-less complete circular entity with a clear lumen, which decreases in diameter to 
a diffraction-limited size over several minutes (Sun and Margolin 1998). FtsZ can 
also, under special conditions (e.g. asymmetric cell division in sporulating B. subti-
lis), form highly dynamic helical structures, oscillating between the midcell and the 
cell pole (Ben-Yehuda and Losick 2002). These pioneering studies revealed also the 
main caveat of this method, as FtsZ-GFP fusion proteins do generally not fully 
complement an ftsZ null mutant.

�Z-ring Models

As detailed in Chap. 6, three models of FtsZ protofilament arrangement in a con-
tinuous Z-ring are consistent with estimates of the number of FtsZ molecules per 
cell: (A) a flat-ribbon model, where filaments overlap and interact laterally but radi-
ally the ring is just one protofilament thick; (B) a bundle model where the protofila-
ments are loosely arranged within the ring; (C) a random model, similar to the 
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ribbon model but without strong lateral associations as there are large spaces 
between FtsZ protofilaments.

�A Model of the Z-ring from PALM Imaging

Using the single molecule-based, super resolution fluorescent-light microscopy 
(SR-FLM) method PALM (photoactivated localisation microscopy), the Z-ring in 
E. coli has been visualised with a nominal (resolving) resolution of 35 nm (Fu et al. 
2010). The ring was 110 nm wide, consistent with being a few protofilaments thick 
(Erickson et al. 1996; Huecas et al. 2008; Löwe and Amos 2000).

�The FtsZ-ring May Appear to Be Discontinuous

�STED

Somewhat different images of the Z-ring were produced with stimulated emission 
depletion (STED) microscopy analysis of Bacillus subtilis (Jennings et al. 2010). 
Here, at a nominal resolution of 80–90 nm the Z-ring appeared to be very irregular, 
erratic and discontinuous. The authors concluded that this could be caused by the 
FtsA protein, which has been proposed to snap FtsZ polymers into short protofila-
ments (Beuria et al. 2009).

�3D-SIM

Another form of super resolution microscopy, known as 3D–structured illumination 
microscopy (3D–SIM) was used to examine the architecture of the Z-ring in two 
Gram positive bacteria of different shapes: rod-shaped B. subtilis and coccoid 
Staphylococcus aureus (Strauss et al. 2012). In both organisms, gaps or strong fluc-
tuations of fluorescence intensity along the ring suggested that the ring is discon-
tinuous and the distribution of FtsZ is at least heterogeneous around the ring. 
Time-lapse analyses confirmed that, once formed, the Z-ring is a dynamic structure. 
3D–SIM in E. coli (Rowlett and Margolin 2014) and a recent high-throughput 
PALM study in Caulobacter crescentus (Holden et al. 2014) revealed similar patchy 
architectures. Additionally, FtsA and ZipA, the membrane anchors, were shown to 
mostly co-localise in similar patches around the cell circumference.
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�FRAP

According to FRAP (Fluorescence Recovery After Photobleaching) results, the 
Z-ring undergoes constant remodelling with a half-recovery in the order of 30  s 
(Stricker et al. 2002).

�Effects of FtsZ-Bundling Proteins on the Ring Structure

The role of FtsZ–associated proteins (ZapA, ZapB, ZapC and ZapD) (Ebersbach 
et al. 2008; Hale et al. 2011) on the ring architecture might be important, although 
clearly, under normal circumstances these proteins are not essential. Some of the 
proteins have been proposed to promote FtsZ bundling in vitro. PALM analyses 
revealed (Buss et al. 2013) that their role in vivo might be to align FtsZ clusters 
containing multiple FtsZ protofilaments and participate in organising the ring struc-
ture as in the absence of ZapA and ZapB FtsZ bundles disperse and lead to abnor-
mal septa, although this could also be caused by ZapB’s interaction with the MatP 
system (Espéli et al. 2012).

�Limitations of FLM for the Investigation of the FtsZ-ring Structure

Several problems may have arisen in previous studies of the Z-ring and divisome 
using GFP derivatives as fluorescent fusions to FtsZ and other proteins. Bulky tags 
such as GFP very often make the protein of interest non-functional (Margolin 2012) 
or trigger artefacts due to dimerisation (Swulius and Jensen 2012). These effects are 
particularly prevalent with filaments because of the high density of tags. For exam-
ple, the result can be dominant negative effects, which are particularly obvious 
when protein filaments are poisoned with non-functional subunits at the ends. In 
some studies, the proteins were ectopically expressed and therefore their cellular 
level were far from native. Often, overexpression is used in order to overcome non-
functionality, but this often leads to non-functional protein accumulating in non-
native locations. In many studies, the native, unlabelled protein is still present but 
invisible. And, except when single molecule counting techniques are used, FLM is 
not able to demonstrate the absence of something and a general problem arises 
when a faint signal is assigned as background through scaling of the images.  
At best, fixation of cells will more-or-less negate the increase in resolution that can 
be achieved through the use of super resolution methods. And localisation super 
resolution methods can be limited by counting statistics of all the fluorophores in 
the sample.
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�CryoEM Studies of Z-ring Structure

To employ cryoEM techniques, unique and unstained structures, such as cells, are 
plunge-frozen in liquid ethane in order to preserve cellular structures in their native 
state at the exact moment of vitrification. When a technique called electron cryoto-
mography (cryoET) is utilised, a series of transmission 2D images of the sample 
tilted in the electron beam is recorded and a 3D reconstruction is calculated. Recent 
technological advances in cryoEM hardware, specimen preparation and automated 
data collection have allowed studies of supramolecular assemblies in their natural 
environment in intact cells at resolutions approaching 3 nm. It should be stressed 
that there is currently no high-resolution labelling technology, analogous to GFP for 
FLM available for cryoET, limiting all imaging to natural contrast, which is very 
low for biological materials containing only light elements.

�First CryoEM Study of Z-ring Structure

Due to its small size, C. crescentus cell specimens produced the first good tomo-
grams (Li et al. 2007). This pioneering study showed individual, overlapping, scat-
tered FtsZ filaments ~5 nm in diameter along the inner curvature of the cell. Most 
of the filaments were 40–120 nm long. The filaments were seen approximately per-
pendicular to the long axis of the cell and at a distance of 16 nm from the inner 
membrane, leaving some room for the membrane anchor and long tail of 
FtsZ. Interestingly, the lateral spacing between filaments turned out to be ~9.3 nm. 
According to the authors, no complete rings were visible unless a mutant was over-
expressed and the number of filaments on one side of the cell was different from the 
number on the opposite side.

�More CryoEM Studies of Z-ring Structure

The advent of direct electron detectors (Faruqi et al. 2015) made it possible to obtain 
a better-resolved C. crescentus (Fig.  7.3c, left) Z-ring images by cryoET and to 
tackle the problem in much thicker E. coli cells (Szwedziak et al. 2014), tradition-
ally a serious obstacle for cryoET that struggles with thicknesses above ~600 nm 
when electrons at 300 kV are used. In both species the Z-ring was made of a single-
layered, small band of filaments parallel to the membrane creating a most likely 
continuous ring. The problem of the lack of a specific cryoEM label was addressed 
by an innovative approach. Systematic perturbations of the system were introduced 
by modifying residues at the C-terminus of FtsZ and subsequent imaging by cryoET, 
for example: introducing a Q-rich linker between FtsZ’s globular domain and the 
small C-terminal helix that binds FtsA placed the Z-ring at a distance of 21 nm from 
the inner membrane, as compared to 16 nm for the wild-type protein, demonstrating 
that FtsZ had been imaged.
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�Effects of the Missing Wedge of CryoET

The missing wedge in cryoET is a purely technical limitation arising from the 
inability to tilt the specimen in electron cryomicroscopes to angles much higher 
than 60–70°. After reconstruction, this causes features along the direction of the 
electron beam to be elongated and some features perpendicular to both tilt axis and 
electron beam to be distorted or completely invisible (Palmer and Löwe 2013). 
However, protein filaments were visible and uninterrupted except where the missing 
wedge affected the imaging, which can be safely gauged from the disappearance of 
the cell membrane and envelope. The existence of complete rings is supported by 
perfect matching of apparent gaps in constricting rings with the missing wedges in 
all of the analysed tomograms, in entirely random orientations; for this to occur just 
by coincidence would be remarkably implausible. Additionally, by providing both 
FtsA and FtsZ in excess simultaneously, many extra constriction events became vis-
ible and importantly, these septa were functional, as they produced minicells, con-
sistent with a previous study (Begg et al. 1998). Altering the FtsA:FtsZ ratio to be 
close to 1:1 made FtsA filaments visible between the inner membrane and the layer 
corresponding to FtsZ, at a distance of 8 nm from each (Fig. 7.3c, right). It should 
also be noted that a more careful investigation of different stages of the cell cycle 
and the division process need to be performed in order to understand the ring’s gen-
esis from its seeding points, whatever and where ever they are, but clearly the struc-
ture cannot initially be a closed ring.

�In vitro Z-ring Reconstitution Experiments

The conclusion that one could produce extra constriction sites and divisions by 
providing more FtsZ and FtsA prompted questions of whether the constriction force 
might be generated solely by targeting FtsZ to the membrane (the Z-centric hypoth-
esis) and whether this could be done by a generic anchor or whether FtsZ and spe-
cifically FtsA are necessary and sufficient to carry out some constriction by 
themselves. Therefore, to uncouple these possibilities from the potential effect of 
cell wall synthesis (the scaffolding model), reconstitution experiments were initi-
ated (Loose and Schwille 2009; Martos et al. 2012; Osawa et al. 2008; Rivas et al. 
2014). Purified components, including the membrane bilayer, were used in well-
defined experimental setups where experimental parameters can be controlled and 
measured precisely and additional components, as in cells, are absent.

FtsZ filament assembly has been studied in vitro by negative stain EM and atomic 
force microscopy (AFM). Purified protein was polymerised in the presence of dif-
ferent nucleotides and/or various accessory proteins and stained with uranyl acetate 
(Bramhill and Thompson 1994; Erickson et al. 1996; Popp et al. 2009; Small et al. 
2007). A variety of structures, depending on the conditions applied, have been 
imaged. In addition to straight filaments, small, ring-shaped polymers represent a 
prominent species of FtsZ. They adopt a highly curved conformation with a 22° 
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bend between subunits and a ring diameter of 24  nm (Erickson et  al. 1996). 
Alternatively, a moderately curved FtsZ filament conformation with a 2.5° bend has 
been reported and they were obtained in the presence of GTP or GMPCPP  – a 
slowly hydrolysable GTP analogue (Mingorance et al. 2005).

�Membrane Constriction by FtsZ-MTS

The earliest attempts to reconstitute the Z-ring in vitro made use of a hybrid FtsZ 
made by replacing FtsZ’s tail with yellow fluorescent protein (YFP) and an MTS 
(membrane targeting sequence) from MinD, resulting in FtsZ-MTS (Osawa et al. 
2008). In vitro, FtsZ-MTS assembled into multiple Z-rings when mixed with large 
multilamellar vesicles in the presence of GTP. These perfectly closed rings were 
oriented perpendicular to the long axis of the tube and triggered partial constric-
tions. However, complete liposome divisions were not observed. Interestingly, when 
bound to the outside of liposomes, the protein formed concave invaginations of the 
liposome surface (Osawa et al. 2009). Moving the MTS to the N-terminus triggered 
formation of convex bulges on the liposomes. The idea that intrinsic FtsZ protofila-
ment curvature could generate the constriction force favours the bending model. 
Study of FtsZ’s GTPase activity showed that nucleotide hydrolysis is essential for 
rapid exchange of FtsZ-MTS within the ring but without GTP turnover, Z-rings 
could still assemble and generate only an initial constriction (Osawa et al. 2009; 
Osawa and Erickson 2011). This suggests that the dynamics of the ring are indis-
pensable for its function under these conditions. How the proteins ended up on the 
inside of the liposomes was not investigated.

�Liposome Constriction by FtsZ/FtsA

More recently, FtsZ was used together with FtsA* as the membrane anchor (Osawa 
and Erickson 2013). FtsZ-YFP and FtsA were mixed with unilamellar liposomes 
(Fig. 7.3d, top). Here, at least some constrictions appeared to complete abscission 
(division), unlike FtsZ-MTS, which indicated that FtsA is critical for abscission and 
probably proper ring closure. E. coli FtsZ and FtsA, labelled with small organic 
dyes that impose less steric burden than GFP, were incorporated inside giant unila-
mellar vesicles (GUVs) (Jimenez et al. 2011). Confocal microscopy of such vesicles 
revealed the spatial distribution of filaments and liposome’s deformation upon GTP 
addition. Although clear deformations were visible, no ring like structures were 
discernible, possibly due to the vesicles’ sizes, which were one order of magnitude 
larger than regular bacterial cells. Similar results were obtained by encapsulating 
FtsZ and ZipA (Cabre et al. 2013), which induced vesicle shrinkage.
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�Rings of Both FtsZ and FtsA Filaments?

More detailed studies using electron microscopy and purified components showed 
that FtsA indeed binds to the membrane and forms actin-like filaments, on 2D lipid 
bilayers (Fig. 7.3e) (Szwedziak et al. 2012), despite possessing an unusual actin-
domain architecture (van den Ent and Löwe 2000). This prompted an idea that FtsA 
filaments might have a more structural role in Z-ring function. As there is not 
enough FtsA in cells to form a complete A-ring, at least at the beginning of constric-
tion, it has been envisaged that FtsA polymers might help with bending through the 
repeat mismatch (FtsZ ~4 nm, FtsA ~5 nm), although this clearly can only happen 
locally around the ring, initially, but might become more important at the end of 
constriction when all FtsA will be concentrated in a much smaller ring.

�FtsZ and FtsA Reconstituted on Flat Membranes

Total internal reflection fluorescence microscopy (TIRFM) provided more insights 
into the dynamics of the FtsZ-FtsA system (Loose and Mitchison 2014). High tem-
poral resolution imaging of FtsA-dependent recruitment of FtsZ polymers to sup-
ported membranes unveiled rotating rings, consisting of a polar arrangement of 
FtsA:FtsZ filaments, with the FtsZ filaments treadmilling. However, constricting 
rings were not observed, most likely because of the geometry of the membrane, 
with the membrane attachment 90° rotated when compared to cells. Interestingly, 
similar spiral filament arrangements on a flat support was obtained by investigating 
the FtsA:FtsZ filaments using negative stain EM (Szwedziak et al. 2014).

�3D Structure of Reconstituted Rings in Liposomes

Unmodified FtsA and FtsZ from Thermotoga maritima, for their superior biochemi-
cal properties, were incorporated into lipid vesicles made from E. coli lipid extract 
and imaged using cryoET (Szwedziak et al. 2014) (Fig. 7.3d, bottom). Analysis of 
the three-dimensional arrangements of FtsZ and FtsA filaments reported that the 
Z-rings were composed of a small, single-layered band of filaments parallel to the 
membrane, creating a continuous ring through lateral filament contacts, with the 
filaments being minimally 6.5  nm apart. The ring was always a perfectly round 
circle suggesting that it was exerting force everywhere around the ring (Fig. 7.3f). 
Although, clearly, single snapshots like those obtained by cryoET make it difficult 
to deduce a timeline for the generation and progression of the observed rings, it was 
concluded that for the liposomes, rings of FtsA and FtsZ seemed to constrict the 
liposomes and that this could only happen if filaments slid against each other as the 
rings became smaller. It was noted that a complete ring structure would be self-
regulating, as significant and symmetrical force generation would only be able to 
progress to much smaller diameters when a complete ring is formed.
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Interestingly, when the same Thermotoga FtsA and FtsZ proteins were added to 
the outside of liposomes, they did not form ring-like structures but rather intrinsi-
cally bent co-polymers were bound to areas of negative curvature, having created 
negative membrane curvature from the outside. It was proposed that the intrinsic 
bending is caused by the mismatch of spacing between the proteins subunits in the 
two filaments as mentioned above, as FtsZ by itself was demonstrated to form 
straight polymers by cryoEM when not on membrane (Szwedziak et al. 2014).

�Possible Drivers of Constriction

FtsZ has been demonstrated by negative stain EM to form 2D crystals with tight, 
continuous lateral interactions (Erickson et al. 1996; Löwe and Amos 2000) and this 
was done using FtsZ only, without the membrane anchor. The lateral spacing of 
6.5–8 nm between filaments reported by Szwedziak and colleagues is slightly larger 
than the thickness of FtsZ filaments and presumably also FtsA filaments (Szwedziak 
et al. 2012). Previous in vitro work reported an interfilament distance of only 5 nm 
using FtsZ-MTS; however, this was after negative staining and no constrictions 
were observed, possibly due to lateral interactions being crystalline and hence too 
tight for any movement in the structure (Milam et al. 2012). In C. crescentus cells, 
the lateral spacing between filaments was found to be 9.3 nm (Li et al. 2007) and in 
the later study ∼7.8 nm in C. crescentus and ∼6.8 nm in E. coli (Szwedziak et al. 
2014). AFM on a flat substrate, using only FtsZ, but observing spirals, provided an 
even larger distance of 12 nm (Mingorance et al. 2005). All of these measurements 
are averages with large variances. One may conclude that the filaments in the FtsZ 
ring interact transiently and direct contact is localised to only a few small regions 
within the ring at a time. This could facilitate the constriction process since the fila-
ments have to be free to slide, if sliding is to happen. It was suggested previously 
that instead of forming many intermolecular solid bonds, which would lead to avid-
ity and a barrier to sliding, an attractive force over a longer distance would allow the 
filaments to remain apart while interacting (Horger et  al. 2008), although it is 
unclear what that force could be if the filaments are strongly negatively charged, as 
suggested from crystal structures.

�Role of FtsA in Constriction

Loose and Mitchison have demonstrated that FtsZ’s dynamic behaviour, including 
large-scale reorganisation of the filament network, is not its intrinsic property but 
rather emerges from the interaction with FtsA (Loose and Mitchison 2014). 
Alternatively, or simultaneously, it has been proposed that the repeat length mis-
match of FtsA and FtsZ can be vital for the constriction process (Szwedziak et al. 
2012, 2014). Given that the FtsZ:FtsA ratio needs to be around 5:1 at least at the 
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start, there would not be enough FtsA to encircle the cell circumference at the very 
beginning of constriction. But at later stages less protein overall is needed to make 
a ring, so it is conceivable that there would be enough FtsA at the end when the 
septum is smaller. Also, the decreasing diameter of the ring, accompanied by 
increasing membrane curvature, would enable more and more FtsA subunits to 
polymerise, while still matching up 1:1 with FtsZ subunits, until a complete FtsA 
ring has been achieved. This may affect the activity of other divisomal components 
and could also provide additional energy incrementally. The mismatch between the 
two polymers may explain why FtsA exists at all, instead of FtsZ being directly 
attached to the membrane. Of course, the prediction of an FtsA ring at later stages 
of constriction is testable but currently speculation.

�Role of Nucleotides During Constriction

Finally, what is the role of nucleotide hydrolysis during constriction of the inner 
divisome? Clearly, cell wall synthesis can generate force through the incorporation 
of lipid-II cell wall precursors, a process that releases energy. But both FtsZ and 
FtsA bind nucleotides and harbour hydrolase active sites for them. FtsA was found 
to crystallise with an ATP molecule bound in the active site (van den Ent and Löwe 
2000) and biochemical studies with purified FtsA from Streptococcus pneumoniae 
confirmed that the protein preferentially binds ATP (Lara et al. 2005). However, no 
ATPase activity was detected. Work with B. subtilis FtsA, however, detected some 
trace hydrolytic activity but it is not clear if this is due to the protein itself or repre-
sents contamination (Feucht et al. 2001). It seems fair to say that there is currently 
no conclusive evidence that FtsA turns over ATP on its own. Perhaps the protein 
requires a yet unidentified binding partner for activation.

In contrast, FtsZ’s GTPase activity was described already in the early 1990s dur-
ing the Z-ring discovery era (de Boer et al. 1992) and has formed the basis of several 
theories of constriction force generation, particularly the bending model, as dis-
cussed in Chap. 6. Results obtained in vitro using a non-hydrolysable GTP analogue 
(Osawa and Erickson 2011) suggest that even without GTP hydrolysis Z-rings 
assemble on liposomes in vitro and generate initial constrictions but constriction 
stopped at later stages. A GTPase-deficient FtsZ mutant also appeared to function 
surprisingly well in cell division (Mukherjee et  al. 2001). Recent in vitro work 
seems to suggest that liposome constriction through FtsZ and FtsA is also nucleo-
tide hydrolysis independent since no nucleotides were added or present in some 
experiments (Szwedziak et al. 2014). The implication of this could be that nucleo-
tide binding is required solely for filament growth and nucleotide hydrolysis for 
shrinkage as these are essential to maintain the highly dynamic state of the Z-ring. 
When constriction starts at large diameters, GTP-induced FtsZ polymerisation is 
needed to produce longer filaments that can reliably reach around the cell and also 
produce overlap. However, as the constriction progresses, the overlap increases and 
this could lead to a kinetic barrier either of sliding or any other process such as 
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bending or pinching. Hydrolysis might be needed to keep filaments short enough for 
the system to remain dynamic. This process would be self-regulating as hydrolysis 
is an intrinsic property of the FtsZ polymer. Since polymer yield depends on the ring 
diameter (limited by membrane surface availability), fewer active sites for GTP 
hydrolysis would be present at a later stage so that overall dynamics remain 
constant.

�Conclusions and Future Directions

One of the prerequisites for the existence of successful cellular forms of life is accu-
rate and controlled division, after DNA replication and distribution of the replicated 
DNA to the two new daughter cells.

In order to obtain mechanistic insights into membrane dynamics during bacterial 
cell division a plethora of methods drawn from biochemistry and biophysics has 
been employed. FLM has produced data on how the Z-ring is remodelled, EM and 
cryoEM have elucidated the arrangement of filaments within the ring, X-ray crystal-
lography has provided high-resolution structures of many components, making it 
possible to deduce insights from our chemical understanding of proteins.

However, as will have become obvious, many conflicting pieces of evidence cur-
rently make it impossible to produce a unifying model of FtsZ-based bacterial cell 
division.

Several key advances will be needed. Much better cryoET data of division sites 
should be able to resolve the most pressing questions about ring architecture. 
Carefully timing cells before imaging will also enable to produce a timeline of con-
striction and abscission. Better FLM labelling technology will be needed to produce 
strains that harbour fully functional fluorescent protein fusions before more conclu-
sions are drawn from flawed experimental setups. Super-resolution techniques will 
provide many advances but must also make use of fully functional labelling and live 
cells without fixation. Bottom up, reconstitution approaches will play a vital role, 
but some caution is warranted as the divisome is complex and many proteins so far 
have proven to be biochemically problematic. And as so far, the involvement of 
membrane, peptidoglycan and outer membrane makes reconstitution a truly formi-
dable and challenging task. More model organisms will be beneficial, especially 
those where different cell envelopes are involved. Cells without cell envelope such 
as L-forms and naturally ‘naked’ cells exist and might offer valuable insights in 
terms of cell division research. In short, there is much to come but in the end, a 
beautiful mechanism will emerge that will also offer possibilities and answers for 
evolutionary biology, antibiotic research and synthetic biology.
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Chapter 8
Bacterial Actins

Izoré and Fusinita van den Ent

Abstract  A diverse set of protein polymers, structurally related to actin filaments 
contributes to the organization of bacterial cells as cytomotive or cytoskeletal fila-
ments. This chapter describes actin homologs encoded by bacterial chromosomes. 
MamK filaments, unique to magnetotactic bacteria, help establishing magnetic bio-
logical compasses by interacting with magnetosomes. Magnetosomes are intracel-
lular membrane invaginations containing biomineralized crystals of iron oxide that 
are positioned by MamK along the long-axis of the cell. FtsA is widespread across 
bacteria and it is one of the earliest components of the divisome to arrive at midcell, 
where it anchors the cell division machinery to the membrane. FtsA binds directly 
to FtsZ filaments and to the membrane through its C-terminus. FtsA shows altered 
domain architecture when compared to the canonical actin fold. FtsA’s subdomain 
1C replaces subdomain 1B of other members of the actin family and is located on 
the opposite side of the molecule. Nevertheless, when FtsA assembles into proto-
filaments, the protofilament structure is preserved, as subdomain 1C replaces sub-
domain IB of the following subunit in a canonical actin filament. MreB has an 
essential role in shape-maintenance of most rod-shaped bacteria. Unusually, MreB 
filaments assemble from two protofilaments in a flat and antiparallel arrangement. 
This non-polar architecture implies that both MreB filament ends are structurally 
identical. MreB filaments bind directly to membranes where they interact with both 
cytosolic and membrane proteins, thereby forming a key component of the elongas-
ome. MreB filaments in cells are short and dynamic, moving around the long axis of 
rod-shaped cells, sensing curvature of the membrane and being implicated in pepti-
doglycan synthesis.
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�Introduction

In the early 1990s the first cytoskeletal structure in bacteria was discovered in 
Escherichia coli: FtsZ, a tubulin-like protein that was shown to locate as a ring-like 
structure at the division site (Bi and Lutkenhaus 1991; Erickson 1995; Löwe and 
Amos 1998). FtsZ triggered a shift away from the widespread dogma that only 
eukaryotes contain a cytoskeleton and that the cells of bacteria are not spatially 
organized. Since then, homologs of other cytosekeletal elements, including actin 
(Bork et al. 1992; Jones et al. 2001; van den Ent et al. 2001b), most likely intermedi-
ate filaments (Bork et al. 1992; Jones et al. 2001; van den Ent et al. 2001b) and fila-
ments not present in eukaryotes have been discovered (Kühn et al. 2010), revealing 
long-range internal organization of bacterial cells that thus far was entirely unknown. 
Actin-like proteins form the most diverse polymers and they engage in a wide array 
of biological functions in bacteria as well as archaea (for the latter see Chap. 10). 
Despite a shared sequence identity of below 20%, the three-dimensional structures 
of the monomers of bacterial actin-like proteins are reminiscent of the structure of 
eukaryotic G-actin (van den Ent et al. 2001a). The large differences in amino acid 
composition reflect the fact that the bacterial proteins fulfill diverse and separate 
functions and also their large evolutionary distances (Doolittle and York 2002). The 
resemblance of their monomeric structures extends to the structure of a single pro-
tofilament (strand), responsible for the conserved polymerisation-dependent ATPase 
activity of actin-like proteins (van den Ent et al. 2001b). In contrast, there are many 
different ways protofilaments/strands come together to make filaments, producing a 
surprising array of different filament architectures, presumably tailored to their dif-
ferent functions (Ozyamak et al. 2013a).

The following chapter will focus on bacterial homologues of actin involved in 
endogenous cellular processes, namely MamK, FtsA and MreB.

�MamK Aligns Magnetosomes

Magnetosomes are intracellular membrane invaginations (Scheffel et  al. 2006) 
associated with about 20 specific proteins (Grunberg et  al. 2004). They contain 
biomineralized crystals of magnetite (Fe3O4) and/or greigite (Fe3S4) (Bazylinski 
et al. 1995). Each of these crystals is large enough (30–120 nm wide) to possess a 
permanent dipole moment. In the magnetotactic cells, magnetosome vesicles are 
attached to the cytoplasmic membrane and are arranged in a straight line where they 
produce a large combined dipole, reminiscent of a compass needle. This allows 
bacteria to swim along the Earth's magnetic field. Magnetotaxis is thought to facili-
tate the search for optimal oxygen levels in the aquatic environments. Magnetosome 
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formation has mainly been studied in two magnetotactic bacteria: Magnetospirillum 
magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1 (hereafter 
referred to as AMB-1 and MSR-1 respectively). Proteins involved in the assembly 
of magnetosomes are encoded by the genome of these bacteria in a large region 
named MAI for “Magnetosome Island”. Within the MAI four different clusters, the 
mam (magnetosome membrane) and mms (magnetic particle membrane specific) 
clusters are of key importance for the formation and the functionality of magneto-
somes (Murat et  al. 2010). Electron cryo tomography of magnetotactic bacteria 
revealed that magnetosomes are aligned by interacting with the filamentous actin-
like protein MamK (Komeili et al. 2006; Scheffel et al. 2006).

�MamK Forms Cytoskeletal Filaments

MamK is an actin-like protein that shares a sequence identity of ~18% with eukary-
otic actin and MreB, each, and has been reported to hydrolyze ATP and GTP at 
similar rates (Sonkaria et al. 2012). The protein is encoded within the mamAB clus-
ter together with at least seven other conserved genes. These genes have been shown 
to encode proteins that localize at the magnetosomes membrane and are essential 
for magnetite formation as well as the organization into chains (Grunberg et  al. 
2004; Katzmann et al. 2011). The cytoskeletal filaments of MamK are ~ 250 nm 
long and run along 4–5 magnetosomes, as seen by cryo-electron microscopy 
(Komeili et al. 2006; Scheffel et al. 2006). The precise molecular function of MamK 
filaments is not understood and major differences exist between the two model 
organisms AMB-1 and MSR-1. In a MamK deletion strain, AMB-1 cells were no 
longer able to produce a stable magnetosome chain. Indeed, magnetosomes vesicles 
appeared scattered throughout the cell, either isolated or paired (Fig. 8.1) (Komeili 
et al. 2006). However, in MSR-1 cells, the loss of MamK filaments resulted in a 
reduced efficiency of magnetite crystal formation. Magnetosome chains would still 
form, but they were shorter in length and were mis-localized (Katzmann et al. 2010). 
Hence the idea emerged that instead of providing a backbone onto which vesicles 
align, MamK filaments might be implicated in sorting, concatenating (assembling 
small stretches of magnetosomes) and positioning a fully built magnetosome chain 
(Katzmann et al. 2010, 2011).

Along with MamK, MamJ is of critical importance (and its paralogue LimJ), as 
it is believed to tether MamK filaments to magnetosomes. In wild type strains, 
MamK and MamJ co-localize and form an extended cytoskeletal network that spans 
the entire length of the cell, as seen by cryo-electron tomography and light micros-
copy (Katzmann et al. 2010; Komeili et al. 2006; Pradel et al. 2006; Scheffel et al. 
2006).
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�MamK Filaments Are Dynamic in Cells

MamK filaments show relatively slow ATP hydrolysis-driven dynamic behavior in 
AMB-1 cells (Draper et al. 2011). Although, its ATPase activity is ten times lower 
than that of other actin-like proteins, it is essential for filament dynamics: a muta-
tion of the conserved glutamate residue in the ATP catalytic site (E143A) results in 
filament formation, but no filament depolymerization (Ozyamak et  al. 2013b). 
Possibly because of its slow ATPase activity, MamK filaments are highly stable in 
the cell. This is in contrast to the inherently unstable filaments of the plasmid-
segregating protein ParM that are stabilized only by the interaction with adaptor 
complex ParR-ParC. Proteins affecting MamK dynamics are MamJ and LimJ (a 
MamJ paralogue in M. magneticum AMB-1). However, it is unclear if they interact 
directly or if other partners are needed (Draper et al. 2011). MamK dynamics are 
reminiscent of that of MreB, with an apparent lack of monomer movement within a 
filament, as seen by light microscopy. Subunit turnover without treadmilling could 
be explained by the mosaic nature of the filaments as seen in the cell, resulting from 
the overlap of many smaller filaments. Filament formation occurs at multiple sites 
within the cell from where the seeds extend up to 200–250 nm in length and are ~ 
6  nm wide (Komeili et  al. 2006), a diameter in agreement with other actin like 

Fig. 8.1  Electron cryotomogram (cryoET) segmentation of (a) a wild-type M. magneticum AMB-
1 and (b) a ΔmamK mutant. Magnetosomes in yellow, MamK filaments in green and cell mem-
brane in grey (From Komeili et al. 2006, Science, 311, 242–5)
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proteins such as MreB or ParM (van den Ent et al. 2014; Salje et al. 2011). These 
small filaments then associate to form a larger, straight bundle (Pradel et al. 2006) 
that extend from one pole to the other, lining up with the concave side of the cell. 
The magnetosome chain is always maintained at mid-cell by a mechanism that is 
not well understood but involves MamK.

�Cytokinesis and Maintenance of the Magnetic Field Orientation

Magnetotactic bacteria preserve magnetic orientation throughout their cell cycle. To 
do so, the cell undergoes a cell division process during which FtsZ creates an arc-
shaped structure leading to an asymmetric constriction of the cell. Upon constric-
tion, the cell rapidly bends and a snapping mechanism triggers division. The force 
involved in the membrane constriction has been proposed to be enough to break the 
magnetosome chain and disassemble the MamK filaments at the site of division 
(Katzmann et al. 2011; Lin and Pan 2011; Staniland et al. 2010). Immediately after 
cytokinesis, the magnetosome chain is localized at the new pole of the daughter cell, 
the old division site, and gets rapidly relocated to mid-cell, via a mechanism relying 
on MamK filaments (Katzmann et al. 2011). The role of MamK filaments is thus of 
importance both for aligning and also positioning the magnetosome chain at midcell 
for most of the cell cycle.

�MamK: Monomer and Polymer Structure

The atomic structure of MamK has not been determined. However a number of 3D 
computational models of the monomer of MamK have been proposed, based on its 
amino-acid sequence and using actin or MreB as templates (Lin et  al. 2014; 
Ozyamak et al. 2013b; Rioux et al. 2010; Sonkaria et al. 2012). Despite the low 
sequence similarity to actin and other actin-like proteins, MamK is certain to pos-
sess the canonical actin fold, with the typical ATP-binding pocket and conserved 
catalytic residues (Sonkaria et al. 2012).

Electron cryo microscopy revealed the structure of MamK filaments in vitro to 
6.5 Å (Ozyamak et al. 2013b; Bergeron et al. 2016). Similarly to most actin-like 
proteins, MamK filaments assemble into parallel, two-stranded helical polymers. 
However, unlike actin or ParM, the subunits in the two protofilaments (strands) of 
the MamK filament are in register, that is non-staggered. This feature is shared with 
MreB that forms flat, un-staggered filaments (van den Ent et al. 2014; Salje et al. 
2011) (see below). The helix formed by MamK is right-handed with a rotational 
angle and a subunit axial rise of 23.3° and 53 Å per subunit, respectively. MamK 
filaments have additional rotational C2 symmetry along the filament axis, when 
compared to filaments with staggered subunits, such as actin. The atomic homology 
models generated for MamK explain the cryoEM density maps well, suggesting that 
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the longitudinal contacts seen in actin, crenactin, ParM and MreB are also con-
served in MamK.

�MamK-Like Protein Is a Homologue of MamK

Recently, a homologue of MamK, called MamK-like, has been discovered in the 
genome of M. magneticum (Rioux et  al. 2010). MamK-like protein is translated 
from a gene located outside the MAI region and shares 54.5% sequence identity 
with MamK. The protein is able to interact with MamK and together they polymer-
ize into mixed-filaments. It seems that in some conditions the function of MamK 
and that of MamK-like are redundant towards magnetosome chain assembly.

�FtsA Is Involved in Bacterial Cell Division

�Discovery of Filamenting Bacterial Phenotypes

Cell division is a complex process: cell morphogenesis, genome replication and 
segregation must all be performed. In many bacteria, the genes regulating cell divi-
sion and cell wall synthesis are located in the dcw gene cluster (standing for division 
and cell wall). For a review see (Mingorance and Tamames 2004). This cluster com-
prises 16 and 13 genes in E. coli and B. subtilis, respectively (Tamames et al. 2001), 
including the mur genes involved in the synthesis of the lipid II precursor of the cell 
wall and other genes for which some mutations result in a temperature sensitive 
phenotype. The observed phenotype of these mutants is filamenting cells that are 
unable to achieve division while still elongating. These mutants were named fts for 
“filamentous temperature sensitive”. The best-known mutants responsible for the fts 
phenotype contain modifications of the bacterial tubulin homologue FtsZ that 
polymerizes into a ring-like structure, the Z-ring (Bi and Lutkenhaus 1991). The 
Z-ring can be regarded as a bacterial analogue of the eukaryotic cytokinetic ring 
formed during cytokinesis. Z-ring formation has mostly been studied in the model 
organisms Escherichia coli and Bacillus subtilis.

Another well-studied group of fts mutants have mutations in the gene encoding 
FtsA, an actin-like protein that is involved in the positioning and regulation of the 
Z-ring and cell division machinery (divisome).
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�FtsA’s Role in Cell Division

The observation that E. coli cells carrying a point mutation in the ftsA gene were not 
able to divide when incubated at the non-permissive temperature gave the first indi-
cation that FtsA was involved in cell division. Cells lacking functional FtsA were 
elongated and showed evidence that septum formation was initiated at several loca-
tions but was then rapidly aborted. It is interesting to note that when the thermosen-
sitive ftsA mutant cells were grown as filamentous cells at the non-permissive 
temperature, and subsequently shifted to the permissive temperature, cell division 
resumed at a higher rate than usual until cells returned to a normal size (Tormo et al. 
1980; Walker et al. 1975). In E. coli, FtsA is essential for cell division (Lutkenhaus 
and Donachie 1979) and needs to be efficiently expressed 10–15 min before the cell 
actually divides (Donachie et al. 1979). In B. subtilis, FtsA is not essential; cells 
lacking FtsA show a filamentous phenotype during vegetative growth, but they still 
divide at polar division sites and subsequently sporulate, albeit at a lower rate (Beall 
and Lutkenhaus 1992). This difference between the two organisms, FtsA being 
essential versus non essential, is explained by the presence of SepF in B. subtilis, a 
protein that plays a role somewhat similar to that of FtsA (Duman et  al. 2013; 
Ishikawa et al. 2006), but that is structurally unrelated.

FtsA was first recognized as a potential actin-like protein through sequence-
specific searches based on actin signature residues by Peer Bork and colleagues 
(Bork et al. 1992). Whether FtsA’s ATPase activity is necessary or not for cell divi-
sion is still a matter of debate; ATPase activities for B. subtilis and P. aeruginosa 
FtsA have been reported (Feucht et al. 2001; Paradis-Bleau et al. 2005), but no clear 
ATPase activity has been shown for FtsA from either E. coli, T. maritima or S. pneu-
moniae despite the presence of a seemingly complete ATPase active site (Lara et al. 
2005; Martos et al. 2012; Szwedziak et al. 2012). A recent study showed that FtsA 
needs to be in a nucleotide-bound state to recruit FtsZ to the membrane (Loose and 
Mitchison 2014). Unlike actin, MamK or ParM, but similar to MreB (Salje et al. 
2011), FtsA is bound to the cytoplasmic membrane (Pla et al. 1990). This feature is 
due to the presence of an amphipathic helix located at the C-terminus of the protein, 
encompassing the last 15 residues, that serves as a Membrane Targeting Sequence 
(MTS, not resolved in the crystal structure shown in Fig. 8.2a) and allows the pro-
tein to interact with the phospholipid bilayer. Indeed, an E. coli strain expressing a 
GFP-FtsA fusion without the MTS exhibits long fluorescent filaments visible in the 
cytoplasm that are no longer attached to the membrane. It has been shown that the 
interaction of FtsA with the membrane is of prime importance for its function since 
a single mutation in the MTS leads to misshaped cells and mislocalization of FtsA 
(Pichoff and Lutkenhaus 2005). Moreover, FtsA needs to self-interact to achieve its 
function in vivo and it is now known that this most likely relates to filament forma-
tion (Szwedziak et al. 2012). FtsA is an early division protein and is necessary for 
the proper function of the divisome. In cases where FtsA is absent or non-functional, 
the Z-ring still assembles, but the constriction process is aborted soon after (Addinall 
and Lutkenhaus 1996). The protein plays a triple role in the cell division process: it 
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Fig. 8.2  (a) X-ray structures of actin (i), FtsA (ii) and MreB (iii). Each equivalent domain is 
color-coded according to the actin structure. (b) Crystal structure of an MreB antiparallel filament 
(i) and 2D class averages of MreB filaments obtained on lipid monolayers and imaged by negative 
staining (ii). (c) Comparison of filament architecturse between MreB and FtsA (From Szwedziak 
et al. 2012)
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tethers the FtsZ-ring to the membrane, it is required to recruit other proteins to the 
Z-ring for efficient cytokinesis and finally it is able to interact with the peptidogly-
can synthesis machinery (Tormo et al. 1986).

�FtsA Interacts with FtsZ and Is Part of the Z-Ring

The first evidence that FtsA and FtsZ interact came from studies where the localiza-
tion of FtsA was tracked in an FtsZ mutant strain (Addinall et al. 1996; Ma et al. 
1996, 1997). In a genetic background where the FtsZ ring was not able to assemble, 
FtsA was not able to localize to the division site and similarly when FtsZ formed 
helical patterns in the cell, FtsA would adopt a similar arrangement. These studies 
revealed that FtsA interacts directly with FtsZ and that localization of FtsA is depen-
dent on that of FtsZ. Indeed, FtsA and FtsZ are the first two proteins to localize to 
midcell and no time difference has been reported between the formation of the FtsZ-
ring and the FtsA-ring (Den et al. 1999). The interaction mode of the two proteins 
is now well established: the C-terminal tail of FtsZ (in fact its last ~15 residues) is 
necessary for its function and for the interaction with FtsA.  It has been demon-
strated that a single point mutation in one of these C-terminal residues is enough to 
disrupt the interaction between the two proteins and produce misshaped cells (Ma 
and Margolin 1999). The C-terminal tail of FtsZ is also important for ZipA binding. 
ZipA also tethers FtsZ to the membrane and competes with FtsA for its binding site 
on FtsZ (Mosyak et al. 2000). The molecular details of the FtsA:FtsZ interaction 
were revealed by an X-ray structure of the complex between FtsA and the C-terminal 
16 amino acids of FtsZ from Thermotoga maritima and also revealed by in vivo 
analysis of FtsA mutants in E. coli (Pichoff and Lutkenhaus 2007; Szwedziak et al. 
2012). FtsZ utilizes its C-terminal helix to bind to FtsA subdomain 2B (Fig. 8.2a) 
via mostly hydrophilic interactions with a ~ 50  μM affinity. The length of the 
C-terminal helix in FtsZ dictates the distance between the FtsZ ring and its mem-
brane anchor FtsA, as was shown by electron tomography of E. coli cells: FtsA and 
FtsZ form two concentric rings (upon overexpressing FtsA) with FtsZ filaments 
being located 16  nm away from the inner membrane. Cellular tomography also 
helped revealing that FtsZ formed a complete ring at the mid-cell but the actual 
structure produced by FtsA filaments when at physiological FtsA levels remains 
unclear. (Szwedziak et al. 2015) However, it is unlikely that FtsA forms a full ring 
in cells, especially not at early stages of constriction, due to a much lower concen-
tration of FtsA compared to that of FtsZ. Indeed, early experiments have shown that 
a specific ratio between FtsA and FtsZ is required for the correct functioning of the 
division machinery. The number of FtsA molecules varies in cells and different 
groups have reported different figures ranging from 740 to 150 (Rueda et al. 2003; 
Wang and Gayda 1992) respectively). However, it seems that as long as an approxi-
mate ratio of one FtsA molecule to five FtsZ molecules is maintained, cell division 
proceeds (Dai and Lutkenhaus 1992).
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FtsA and FtsZ form dynamic ring- or helix-like structures even in the absence of 
volume constraints, suggesting a natural tendency to co-assemble into curved struc-
tures. This has been suggested to have consequences for a possible mechanism of 
cell constriction. Currently, two dynamic mechanisms are being discussed, besides 
the effect of filaments bending the membrane: a sliding model where filaments of 
FtsA and FtsZ slide along each other leading to the closure and subsequent constric-
tion of the FtsZA ring, or a treadmilling mechanism (Loose and Mitchison 2014; 
Szwedziak et al. 2015). A combination of these mechanisms seems also possible.

�Structure of FtsA and Formation of Filaments

Proteins of the actin/HSP70 family adopt the canonical actin fold consisting of two 
domains with a common core forming an inter-domain groove that contains the 
nucleotide-binding site. Each domain is subdivided into two subdomains, namely 
1A, 1B and 2A, 2B (see Fig. 8.1a). Among these, subdomains 1A and 2A are the 
most conserved, whereas subdomain 1B tends to have a more protein-specific fold.

As mentioned already, the primary sequence analysis of FtsA suggested some 
similarities to the actin/HSP70 family (Bork et al. 1992), but the sequence identity 
is very low. Hence, for some time it was a matter of debate whether FtsA was a real 
actin-like protein. With its crystal structure it became clear that Thermotoga mari-
tima FtsA does adopt an actin-like fold (Szwedziak et al. 2012; van den Ent and 
Löwe 2000). Indeed, the structures of subdomains 1A, 2A, and 2B are very well 
preserved (Fig.  8.1a) as well as the residues lining the nucleotide-binding site. 
However, subdomain 1B is absent and a new subdomain, named 1C, occurs on the 
opposite side of the protein. No significant homology with any other known domains 
has been reported, but the divergence in the fold of subdomain 1C might be explained 
by a protein-specific adaptation for FtsA to fulfill its role in the division process. 
Indeed, a deletion of subdomain 1C blocks its function in cell division but not its 
localization to the Z-ring (Corbin et al. 2004). Protofilaments of all other actin-like 
proteins (ParM, MreB, crenactin, Ta0583) are mainly formed through the interac-
tion of the two top subdomains (1B and 2B) of one subunit with the lower subdo-
main 2A of the next subunit. This cannot be the case for FtsA since subdomain 1C 
is located on the other side of the protein. Surprisingly, because subdomain 1B is 
missing, subdomain 1C of the next subunit takes its place in protofilament forma-
tion (Fig. 8.1c). This rearrangement of subdomains does not impair the protein’s 
ability to form protofilaments when exposed to a lipid bilayer, as was shown by cryo 
tomography on reconstituted liposomes and by negative staining electron micros-
copy on a lipid monolayer (Szwedziak et al. 2015). In addition to filaments imaged 
by electron microscopy, single actin-like protofilaments of FtsA occurred in crys-
tals, revealing the 48 nm spacing between the subunits.

It is currently unclear what kind of filaments FtsA forms in cells: is it a single 
protofilament, as has been proposed for crenactin (Braun et al. 2015; Izoré et al. 
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2014; Lindås et al. 2014), a double helical filament, like actin and ParM, or a flat 
ribbon like MreB (van den Ent et al. 2014)?

�FtsA Recruits Other Proteins of the Divisome

It is believed that the proteins involved in cell division of E. coli localize to midcell 
in a more or less sequential way. In addition, interactions between early and late 
division proteins have been reported, suggesting that the divisome might be less of 
a transient complex of proteins than initially thought (Di 2003).

At the very early stage of the division process, FtsA interacts with ZipA and 
together they recruit FtsZ to the membrane. Later, many other proteins join the 
Z-ring, some of them interacting directly with FtsA. For example, full length FtsA, 
or indeed FtsA’s subdomain 1C alone, fused to the polar protein DivIVA localizes to 
the cell poles and no longer to the Z-ring, dragging with it divisome proteins FtsI 
(also called PBP3) and FtsN (Corbin et al. 2004; Tormo et al. 1986), highlighting 
the role of subdomain 1C as an interaction site for other cell division proteins 
(Busiek et al. 2012; Busiek and Margolin 2014). Recent results led to a model where 
the late division protein FtsN interacts with FtsA once the Z-ring is fully assembled. 
Doing so, FtsN might activate FtsA and the FtsQLB complex that would in turn 
activate the synthesis of cell wall material by an unknown mechanism, eventually 
leading to the formation of the septum and the division of the cell (Weiss 2015).

�MreB

MreB is widely distributed in bacteria and most non-spherical bacteria possess at 
least one MreB homologue. However, a few exceptions exist such as the 
Actinobacteria, Mycobacteria, and bacteria from the genuses Rhizobium and 
Agrobacterium that lack MreB. (Brown et al. 2012; Cameron et al. 2014; Kang et al. 
2008; Letek et al. 2008). In MreB-containing rod-shaped bacteria, cell elongation 
occurs by lateral intercalation of newly synthesized peptidoglycan, whereas the 
aforementioned organisms grow by addition of new material at the cell poles, a 
mechanism independent of MreB (Daniel and Errington 2003).

�MreB Is Involved in Cell Shape Maintenance

MreB, MreC and MreD are cell shape determinants and belong to the same mre 
operon (murein formation gene cluster E) (Doi et al. 1988; Figge et al. 2004; Levin 
et al. 1992; Varley and Stewart 1992; Wachi et al. 1987). Mutations in one of these 
genes result in gross morphological defects, and the round, bloated cells eventually 
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lyse (Fig. 8.3). In the three model organisms B. subtilis, E. coli and C. crescentus, 
MreB, MreC and MreD are essential proteins. Under laboratory conditions, by 
overexpressing the cell division components FtsQAZ, compensating for the larger 
circumference of the round cells, these cells survive (Kruse et al. 2005).

�MreB Is a Cytoskeletal Element

The first experimental evidence that MreB may indeed be a cytoskeletal element 
came from a study in B. subtilis in which the group of Jeff Errington showed that 
MreB and its paralog Mbl (MreB-like protein) seemingly formed an extended heli-
cal structure that wrapped around the long axis of the cell. Similar to actin, it had a 
role in morphogenesis and its phylogenetic distribution made sense with MreB's 
function being related to cell shape (Jones et al. 2001). At that time, it was proposed 
that the long helical MreB pattern would serve as guide for the spatially organized 
insertion of newly synthesized peptidoglycan strands. This model was/is attractive 
because this structure, spanning the entire cell, would provide long-range organiza-
tion of cell-wall synthesis. Being very well accepted by the field, this model lasted 

Fig. 8.3  E. coli cells grown in presence and absence of MreB. Absence of MreB causes a round 
and enlarged cell phenotype. Induction of MreB synthesis by addition of IPTG restores the wild-
type cell morphology (From Salje et al. 2011)
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for more than a decade until new imaging techniques and functional MreB-GFP 
fusions provided more insights into the architecture of these filaments in the cell. 
Super-resolution microscopy methods such as TIRF (Total Internal Reflection 
Fluorescence) and SIM (Structured Illumination Microscopy) allowed more detailed 
picture of MreB filaments in the cell. Instead of forming an elongated, helical struc-
ture, MreB was shown to localize in patches or dots of short filaments (Domínguez-
Escobar et al. 2011; Garner et al. 2011). How these small patches of short filaments 
support long-range coherent maintenance of cell shape is more difficult to compre-
hend. It is now more or less accepted that the long cell-spanning helices seen by 
microscopy may have been an artifact (Bendezú et al. 2009; Swulius and Jensen 
2012).

�MreB Is an Actin-Like Protein

Along with FtsA, MreB was identified as a potential bacterial actin in 1992 by 
sequence alignments (Bork et al. 1992). However, its ability to form filaments by 
itself was only demonstrated experimentally in 2001 when the structure of 
Thermotoga maritima MreB was solved by X-ray crystallography (van den Ent 
et al. 2001b). It was then realized that despite a very low sequence identity with 
cytoplasmic actin (< 20%) MreB shared a similar fold with its eukaryotic counter-
part (Fig. 8.1a), composed of four subdomains (1A, 1B and 2A, 2B) with a rela-
tively high structural similarity. The MreB crystals contained a single protofilament 
(strand) that showed that the longitudinal repeat and the interacting surfaces between 
subunits in the filament are shared between MreB and actin (and all other actin-like 
proteins). Extensive contacts exist between subdomains IB/IIB of one subunit and 
subdomain IIA of the next subunit, leading to an interaction surface of 1700 Å2 (van 
den Ent et al. 2001b). A more recent crystal structure of MreB from C. crescentus 
contains double, antiparallel protofilaments (van den Ent et al. 2001b). In contrast 
to actin or other helical actin-like proteins, MreB forms flat, double, non-staggered 
protofilaments arranged in an antiparallel fashion, as was shown by X-ray crystal-
lography and electron microscopy (Fig. 8.2b) (van den Ent et al. 2014). The crystal-
lography study of MreB in different nucleotide states (either as a monomer or as a 
polymer) revealed that the protein undergoes relatively small structural changes 
upon polymerization (van den Ent et al. 2014). It has been shown that from mono-
meric to polymeric (double protofilament) state, the inter domain cleft containing 
the active site narrows due to the movement of domain I towards domain II. This is 
accompanied by a rotation of domain I leading to flattening of one side of the pro-
tein, thus creating the newly formed inter-protofilament interface and the interaction 
of dimerization helices (Fig. 8.2b). These small changes are crucial for the active 
site of the protein, as they lead to the correct positioning of important residues 
involved in nucleotide binding and of the catalytically active water molecule for the 
hydrolysis of ATP. The observed mechanistic changes are reminiscent of those of 
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the plasmid segregation ParM-family of proteins (Colavin et  al. 2014; Gayathri 
et al. 2012, 2013; van den Ent et al. 2014) and also of actin.

Two related drugs are known to affect MreB’s function by acting on the protein’s 
active site: S-(3, 4-dichlorobenzyl) isothiourea (A22) and its derivative MP265 
(Bean et al. 2009; Dye et al. 2011; Gitai et al. 2005; IWAI et al. 2002; Takacs et al. 
2010; van den Ent et al. 2014). Co-crystal structures of C. crescentus MreB with 
A22 or MP265 revealed that these compounds act by blocking the exit channel of 
the gamma-phosphate of the cleaved nucleotide and by preventing the correct posi-
tioning of the catalytic water. Moreover, the presence of the compound in the cata-
lytic pocket seems to block the movement of the dimerization helix, thus impairing 
the formation of functional MreB double protofilaments.

�MreB Binds to Membranes and Is Dynamic in vivo

The ability of MreB to interact with the membrane bilayer is facilitated by two fea-
tures. MreB in Gram positive bacteria has an exposed hydrophobic loop in subdo-
main IA and in Gram negative bacteria it has an additional N-terminal amphipathic 
helix (Maeda et al. 2012; Salje et al. 2011). In the presence of lipid membranes, 
MreB forms isolated filaments, either on a lipid-coated EM grid (Fig. 8.2b-ii) or on 
liposomes (Salje et al. 2011; van den Ent et al. 2014). Electron cryotomography and 
subtomogram averaging of a lipid-tube coated with MreB filaments showed that 
these filaments resemble the double filament structure solved by X-ray crystallogra-
phy (Salje et al. 2011; van den Ent et al. 2014). MreB filaments sit very close to the 
bilayer, forming a structure only 5.5 nm away from the membrane, as was shown by 
tomography of MreB filaments bound to lipid tubes. Therefore, it is maybe not sur-
prising that such small structures cannot be seen by tomography of whole cells 
(Swulius and Jensen 2012). For technical reasons, tomograms have extremely low 
signal to noise ratios so that MreB filaments are probably masked by the strong 
signal produced by the membrane bilayer and the proteins embedded within.

The antiparallel arrangement of MreB filaments combined with the fact that they 
are flat and membrane associated is most likely pivotal for MreB’s function. The 
filament architecture produces non-polar filaments, meaning that both filament ends 
are structurally identical. Subsequently, the filaments cannot treadmill as was sug-
gested before (Kim et al. 2006). In contrast, the finding of non-polar filaments sup-
port bidirectional movements of MreB filaments as was observed in vivo 
(Domínguez-Escobar et  al. 2011; Garner et  al. 2011; Reimold et  al. 2013). The 
dynamic behavior of MreB filaments, circumferentially moving in weakly aligned 
circles around the long axis of cells, depends on the growth phase and varies between 
22 and 50 nm/s for B. subtilis and up to 85 nm/s for E. coli. It has been shown that 
a mutation in B. subtilis MreB's ATP-binding site leads to static filaments 
(Domínguez-Escobar et al. 2011; Garner et al. 2011; Reimold et al. 2013). In con-
trast, earlier reports showed that despite an inactive catalytic site, MreB filaments 
are still capable of moving at a velocity similar to that of the wild-type protein by 
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interacting with the cell wall synthesis machinery (Domínguez-Escobar et al. 2011; 
Garner et al. 2011; Teeffelen et al. 2011).

�MreB Interacts With Both Cytosolic and Membrane Proteins

Yeast and bacteria two-hybrid screens suggest that MreB has an extended network 
of interaction partners. These putative interaction candidates include soluble cyto-
plasmic proteins involved in the synthesis of peptidoglycan precursors (MurD/E/
F/G and DapI), membrane proteins involved in cell wall synthesis (MreC, MreD, 
RodZ and RodA) and also organism-specific proteins. For instance, MreBH from B. 
subtilis, interacts with LytE, an essential autolysin and C. crescentus MreB forms a 
complex with MbiA (Bendezú et al. 2009; Carballido-Lopez et al. 2006; Divakaruni 
et al. 2007; Favini-Stabile et al. 2013; Kruse et al. 2005; Mohammadi et al. 2007; 
Rueff et al. 2014; White et al. 2010; Yakhnina and Gitai 2012). However, one has to 
be somewhat cautious since other data shows that even with widely conserved pro-
teins, the interaction network can be different from organism to organism, as sug-
gested by a different localization of MreB and MreC in C. crescentus (Dye et al. 
2005). These inconsistencies might also be due to the use of (large fluorescent) tags 
that might have perturbed MreB’s function and the association with other proteins. 
Of all the putative complexes, until now only one interaction has been shown unam-
biguously in a co-crystal structure of MreB in complex with RodZ (van den Ent 
et al. 2010). RodZ is an important player in the regulation of the cell wall synthesis 
machinery (Bendezú et al. 2009; Gerdes 2009) and helps in tethering MreB to the 
membrane via the interaction between RodZ’s N-terminal cytoplasmic domain and 
subdomain IIA of MreB. A recent report has established RodZ as being the sole link 
between MreB in the cytoplasm and the cell wall synthesis machinery located in the 
periplasm by interacting with both MreB and Pbp2/RodA (Morgenstein et al. 2015).

�MreB Motion Is Linked to the Activity of the Cell Wall Synthesis 
Machinery

In the early days of MreB studies it was believed that MreB motion in the cell was 
driven by its own ATPase activity (and by consequence, filament polymerization/
depolymerisation rate). However, there is currently evidence that in B. subtilis and 
E. coli, MreB movement is due to or limited by the activity of the cell wall synthesis 
machinery itself. Indeed, antibiotics targeting cell wall synthesis cause loss of MreB 
dynamics (Domínguez-Escobar et  al. 2011; Garner et  al. 2011; Teeffelen et  al. 
2011). Furthermore, treating the cell with MreB inhibitor A22 does not affect MreB 
motion, MreB and the peptidoglycan synthesis machinery continue to follow the 
same tracks in the cell. MreB and the peptidoglycan synthesis machinery follow a 
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path mostly perpendicular to the long axis of the cell, circumferential motion, 
mainly due to the interaction with RodZ (Morgenstein et al. 2015). Even if nones-
sential for cell survival, the interaction between MreB and RodZ enables MreB 
motion and was shown to be important for rod shape determination in non-standard 
osmotic pressure growth. Due to the new observations, it was suggested that the 
long helical structures formed by MreB described in the early days were actually a 
series of moving patches that never cross each other but move both clockwise and 
anticlockwise (Morgenstein et  al. 2015). The idea of a helical arrangement has, 
however been defended (Errington 2015) and there remains convincing evidence for 
it in some bacterial species (Nan et al. 2014).

�MreB Senses Membrane Curvature

It is surprising and not well understood how very short filaments might regulate a 
uniform distribution of newly synthesized cell wall material. Recent reports suggest 
that localization of MreB (and subsequently the cell wall synthesis machinery) 
could be caused by MreB’s preference of association with a negative cell membrane 
curvature (Billings et al. 2014; Renner et al. 2013; Ursell et al. 2014). Indeed, when 
cells are forced to grow into a particular V-shape, MreB consistently localizes at the 
tip of the V (Renner et  al. 2013) and this indicates the possibility of interplay 
between MreB localization and the overall topology and shape of the membrane. A 
new model has emerged where MreB could sense a defect or feature in the mem-
brane curvature and trigger the synthesis of new peptidoglycan at the site in order to 
straighten out the curvature. This way MreB might support the maintenance of cell 
shape without the need of a global mechanism for its regulation (Ursell et al. 2014). 
Similarly to its eukaryotic counterpart, it was suggested that MreB might organize 
membrane composition leading to patches of increased fluidity that might facilitate 
the formation of complexes involved in cell-wall synthesis (Strahl et  al. 2014). 
Membrane composition seems to play a crucial role in MreB’s function since the 
presence/absence of cell-wall precursors, lipid II, at the MreB binding locus has 
been shown to promote assembly/disassembly of the filaments in association with 
the membrane, respectively (Schirner et al. 2015).

�Other Roles for MreB

As discussed above, the most established role of MreB is maintenance of the cell-
shape as part of the elongasome, a generic term for those proteins involved in elon-
gation of the bacteria. Surprisingly, MreB has also been reported to provide the 
guiding filaments for cell division in Chlamydiae (Ouellette et  al. 2012) or cell 
competency in B. subtilis (Mirouze et al. 2015).
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Chapter 9
Bacterial Nucleoid Occlusion: Multiple 
Mechanisms for Preventing Chromosome 
Bisection During Cell Division

Maria A. Schumacher

Abstract  In most bacteria cell division is driven by the prokaryotic tubulin homo-
log, FtsZ, which forms the cytokinetic Z ring. Cell survival demands both the spatial 
and temporal accuracy of this process to ensure that equal progeny are produced 
with intact genomes. While mechanisms preventing septum formation at the cell 
poles have been known for decades, the means by which the bacterial nucleoid is 
spared from bisection during cell division, called nucleoid exclusion (NO), have 
only recently been deduced. The NO theory was originally posited decades ago 
based on the key observation that the cell division machinery appeared to be inhib-
ited from forming near the bacterial nucleoid. However, what might drive the NO 
process was unclear. Within the last 10 years specific proteins have been identified 
as important mediators of NO. Arguably the best studied NO mechanisms are those 
employed by the Escherichia coli SlmA and Bacillus subtilis Noc proteins. Both 
proteins bind specific DNA sequences within selected chromosomal regions to act 
as timing devices. However, Noc and SlmA contain completely different structural 
folds and utilize distinct NO mechanisms. Recent studies have identified additional 
processes and factors that participate in preventing nucleoid septation during cell 
division. These combined data show multiple levels of redundancy as well as a 
striking diversity of mechanisms have evolved to protect cells against catastrophic 
bisection of the nucleoid. Here we discuss these recent findings with particular 
emphasis on what is known about the molecular underpinnings of specific NO 
machinery and processes.
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�Introduction

Bacteria typically contain a single chromosome and divide by binary fission as 
mediated by the tubulin homolog, FtsZ. FtsZ is an ancient protein that, in addition 
to bacteria, drives cell division in multiple archaea, primitive mitochondria and 
chloroplasts (Bi and Lutkenhaus 1991; Margolin 2005; Adams and Errington 2009; 
Erickson et al. 2010). FtsZ proteins have a conserved structural organization that 
includes a short N-terminal disordered region, a globular tubulin-like domain, a 
flexible linker ranging from ~30–300 residues that is also variable in sequence and 
a C-terminal tail (CTT) that consists of ~14 conserved residues followed by a short, 
variable region (Löwe and Amos 1998; Löwe and van den Ent 2001). GTP binding 
to the FtsZ globular domains nucleates interactions between subunits in which the 
plus end of one FtsZ protomer binds the minus end of another. These interactions 
lead to the generation of continuous linear protofilaments (pfs) (Bi and Lutkenhaus 
1991; Lutkenhaus et al. 2012; Adams and Errington 2009) (Fig. 9.1a, b). FtsZ pfs 
composed of ~20–40 FtsZ protomers combine to form a septal ring-like structure 
called the Z ring, which encircles the cell and functions as a dynamic platform for 
the assembly of the divisome (Lutkenhaus et  al. 2012; Egan and Vollmer 2013). 
Included in the divisome are peptidoglycan remodeling proteins that catalyze mem-
brane cleavage to create two daughter cells (Egan and Volmer 2013). Although a 
conceptually simple process, accumulating evidence indicates that sophisticated 
and often redundant machinery are present in bacteria to ensure the proper temporal 
and spatial timing of Z ring formation (Adams and Errington 2009; Bailey et al. 
2014; Monahan et  al. 2014). Ultimately, this involves a tight synchronization of 
chromosome replication, segregation and septum formation. For the organism to 
survive, this process must ensure the equal parsing of chromosomes to daughter 
cells. Recent findings have revealed specific mechanisms that safeguard against 
chromosome fragmentation by the cell division machinery. This process called 
nucleoid occlusion (NO) is the subject of this chapter.

In order to deduce the mechanisms involved in NO, a detailed understanding of 
the cytokinetic machinery is needed, in particular, Z ring formation. Indeed, how 
FtsZ filaments are organized to form a stable yet dynamic Z ring has been a central 
question in the field. Recent work has started to shed light on this issue. To construct 
the Z ring, FtsZ, which is a soluble cytosolic protein, must be targeted to the mem-
brane. Depending on the bacterium, this role is played by FtsA, ZipA or SepF 
(Pichoff and Lutkenhaus 2002; Romberg and Levin 2003; Duman et  al. 2013; 
Huang et al. 2013). Studies in which FtsZ was artificially tethered to liposomes by 
fusing it to YFP and a FtsA membrane interacting amphipathic helix provided 
important evidence that FtsZ can form rings in the absence of other factors (Osawa 
et al. 2008; Erickson et al. 2010). Notably, these artificially formed Z rings are also 
capable of mediating constriction and even septation in simplified artificial mem-
brane systems (Osawa and Erickson 2013). Studies in which FtsZ rings were recon-
stituted on liposomes suggested a model for Z ring formation involving tight and 
close lateral contacts between FtsZ pfs (Milan et al. 2012). However, recent in vivo 
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cryo-EM tomography and super-resolution imaging studies indicate that FtsZ poly-
mers in the Z ring do not form a continuous structure around the cell but rather 
dispersed assemblages (Li et  al. 2007; Fu et  al. 2010; Strauss et  al. 2012). 
Interestingly, although the combined imaging analyses suggest that bacteria all 
assemble loosely arranged Z rings, the precise configuration of its structure appears 

Fig. 9.1  FtsZ structure and regulation of its polymerization in cell division site placement. (a) 
Ribbon diagram of one subunit of FtsZ. Shown are the key structural elements (the short N-terminal 
disordered region is not displayed), including the globular domain, the extended linker domain and 
C-terminal tail, which is comprised of a conserved region and a short C-terminal variable region. 
GTP (red) binding to the globular domains drives interactions between FtsZ subunits, leading to 
protofilament formation. The C-tail binds effector proteins, which either sequester it to the mem-
brane for Z ring formation or alter its polymerization activity. (b) Negative stained electron micro-
graph image of individual, in vitro assembled E. coli FtsZ protofilaments, formed in the presence 
of GTP. The bar is 100 nm. Reproduced with permission from ASM/H (Erickson et al. 2010). (c) 
Cell division site placement mechanisms. Shown is a cartoon of a rod-shaped bacterial cell indicat-
ing processes that direct Z ring formation to the cell center. In E. coli, the cell poles are protected 
from Z ring assembly by the well characterized Min inhibitory system. This system establishes a 
high local concentration of the FtsZ inhibitor MinC at the poles, thus preventing the generation of 
anucleate minicells. The replicated chromosomes are spared from Z ring bisection by nucleoid 
occlusion (NO). The zone of NO is indicated by light blue regions surrounding the chromosomal 
DNA
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to vary across bacterial species. Specifically, photo-activated light microscopy 
(PALM) images of Escherichia coli Z rings revealed that they are composed of 
loose bundles of randomly overlapping FtsZ pfs (Fu et al. 2010). Three-dimensional 
structured illumination microscopy (3D–SIM) in Bacilli, by contrast, showed the Z 
ring as a discontinuous structure arranged as a bead-like pattern where densely pop-
ulated zones of FtsZ polymers are interspersed with regions of few or no FtsZ poly-
mers (Jennings et al. 2011; Strauss et al. 2012). In Caulobacter crescentus, studies 
indicate that short, nonoverlapping FtsZ pfs form a discontinuous Z ring at midcell 
(Li et al. 2007; Biteen et al. 2012).

While emerging data have begun to elucidate the Z ring structure, an enduring 
question in bacterial cell biology is how the position of Z ring formation is deter-
mined. Indeed, in most bacteria the intracellular levels of FtsZ remain essentially 
unchanged during the cell cycle and exceed the critical concentration required for Z 
ring formation (Lutkenhaus et al. 2012; Erickson et al. 2010). Thus, the spatial and 
temporal regulation of cytokinesis must be controlled via Z ring assembly. In the 
last few decades a bewildering array of FtsZ regulatory effectors have been identi-
fied. These proteins aid in the assembly and maturation of the Z ring or act in an 
inhibitory manner to prevent its formation (reviewed in Huang et  al. 2013). 
Strikingly, there is marked diversity not only in the types of FtsZ effectors but also 
the number of such proteins found between bacterial species. These proteins bind 
different regions of FtsZ, which may partially explain their diversity as such multi-
valent binding may be synergistic. Another notable feature of these binding proteins 
is that while most are not essential, their depletion or mutation often impairs cell 
division under specific cellular conditions. Thus, the diversity might also reflect that 
these proteins are only required in a specific bacterial niche, which may not be accu-
rately recapitulated in the laboratory. In fact, recent work has identified FtsZ regula-
tors that function in response to particular environmental cues such as specific 
nutritional (OpgH, KidO and UgtP) and developmental states (MciZ and Maf) 
(Weart et  al. 2003; Handler et  al. 2008; Radhakrishnan et  al. 2010; Briley et  al. 
2011; Hill et al. 2013; Bisson-Filho et al. 2015).

While the above proteins function as general regulators of FtsZ assembly, there 
are specialized protein based machineries that specifically prevent Z ring formation 
at the cell poles and over the nucleoid DNA (Fig. 9.1c). The former process is medi-
ated in many bacteria by the min system. Cells that harbor impaired min systems 
form Z rings near the cell poles, leading to the generation of DNA-less “minicells” 
(Adler et al. 1967; Davie et al. 1984; de Boer et al. 1989; de Boer et al. 1990; Raskin 
and de Boer 1999a; Raskin and de Boer 1999b; Dajkovic et  al. 2008). The Min 
system has been extensively studied in E. coli where it is comprised of MinC, which 
is a FtsZ inhibitor, MinD, a membrane-associated Walker box ATPase and MinE, a 
factor that interacts with and organizes the MinCD complex (Hu and Lutkenhaus 
2001; Hu et al. 2002; Shih et al. 2003; Lutkenhaus 2007). MinE binds MinCD and 
oscillates from pole to pole (Raskin and de Boer 1999a; Raskin and de Boer 1999b). 
The net result of this oscillatory process is the formation of a zone of FtsZ inhibition 
at the cell poles. The min system also exists in Bacillus subtilis, however the role of 
MinE is played by MinJ/DivIVA, which are anchored at the cell poles and recruit 
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the MinCD complex (Bramkamp et al. 2008). In contrast to cell pole inhibition of Z 
ring formation, mechanisms by which the nucleoid is spared from fragmentation by 
the Z ring, the process termed nucleoid occlusion (NO), have only begun to be elu-
cidated in the last 10 years (Woldringh et al. 1990; Woldringh et al. 1991; Woldringh 
2002). Indeed, it had been unknown if specific compounds or factors were involved 
in NO until 2004 when Noc and subsequently in 2005, when SlmA were identified 
as NO effector proteins in B. subtilis and E. coli, respectively (Wu and Errington 
2004; Bernhardt and De Boer 2005). This chapter discusses what has been learned 
to date about NO, the recently identified NO factors SlmA and Noc and other pro-
teins and mechanisms that contribute to NO.

�The Bacterial Nucleoid and the Nucleoid Occlusion (NO) 
Model

More than three decades ago Woldringh and coworkers made the key observation 
that the cell division machinery appeared to be inhibited from forming over or near 
the bacterial nucleoid. Based on this finding they proposed the “nucleoid occlusion” 
(NO) hypothesis, which in simplest terms states that the nucleoid inhibits cell divi-
sion wherever it occupies space (Woldringh et al. 1990; Woldringh et al. 1991). A 
later refinement of the model proposed that molecular crowding arising from tran-
sertion, which involves the concurrent translation and insertion of proteins into the 
membrane, was responsible for this inhibitory effect (Zaritsky and Woldringh 
2003). Short or long range “inhibitors”, of an unknown nature present near the 
nucleoid were also proposed (Woldringh et al. 1991). The nucleoid is the bacterial 
equivalent of the eukaryotic nucleus and is comprised of a highly condensed chro-
mosome. However, unlike the eukaryotic nucleus, it is not surrounded by a nuclear 
envelope and hence is open to the cytosol and all its attendant proteins. But, it was 
unclear what molecules on or around the nucleoid might mediate the NO effect or if 
the DNA itself could somehow inhibit Z ring formation. Hence, understanding the 
molecular architecture and organization of the nucleoid is important in addressing 
the NO question.

A fully extended bacterial chromosome of 2–8 mega base pairs (Mb) is several 
thousand-fold larger than the cell it is contained within. Therefore, the DNA must 
be significantly condensed while also maintained in a state that permits dynamic 
processes such as replication, transcription and translation. Although early studies 
indicated that the bacterial nucleoid is a highly compacted structure, recent studies 
have shown that the organization of the bacterial chromosome is mediated at several 
levels and by multiple forces (Wang et  al. 2013; Gruber 2014). Macromolecular 
crowding limits the boundaries of the nucleoid while local folding of the chromo-
some into superhelices, called plectonemes, is mediated by negative DNA super-
coiling, caused primarily by the activity of DNA gyrase (Drlica 1992; Gubaev and 
Klostermeier 2014). Supercoiling alone does not lead to the observed dramatic 
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compaction of the chromosome and it has been estimated that half of the chromo-
some is constrained by abundant nucleoid associated proteins (NAPs) (Hardy and 
Cozzarelli 2005). These proteins bind specifically and nonspecifically to DNA and 
introduce kinks and bends in the DNA. Well known E. coli NAPs include HU, IHF, 
Fis and H-NS (Azan et  al. 2000). NAPs primarily mediate short range DNA 
condensation. A further level of organization was revealed that consists of higher 
order compacted regions (800 kb–1 Mb) called Macrodomains (MDs), which are 
insulated from other DNA regions. While these domains have been identified and 
characterized primarily in E. coli, data suggests similar higher order organizations 
are likely present in other bacterial chromosomes (Le et al. 2013). In E. coli, the 
presence of MDs was demonstrated by elegant fluorescence in situ hybridization 
(FISH) assays as well as experiments based on recombination, which assessed the 
frequency of random collisions between different sites on the chromosome (Niki 
et  al., 2000; Valens et  al. 2004). These studies identified four primary MDs in  
E. coli, the Ori (origin containing), Ter (terminus containing) and two additional 
insulated domains, the left and right MDs. Two unstructured regions are located on 
either side of the Ori MD (Niki et al. 2000; Valens et al. 2004).

The precise molecular mechanism(s) that give rise to specific organization of 
MDs is still unclear. However, proteins that bind DNA sites contained within one or 
a few MDs, so-called MD specific or selective proteins, have been postulated to play 
some role in this organization. To date, only one MD specific factor has been identi-
fied, which is the Macrodomain Ter binding protein, MatP (Mercier et al. 2008). 
MatP was discovered through bioinformatic analyses that identified a DNA sequence 
(matS) found only in the Ter MD (Mercier et al. 2008). The Ter MD contains ~26 
matS sites. This sequence was subsequently used to isolate the MatP protein. MatP 
was found to localize with the Ter MD throughout the cell cycle. Recent structures 
of MatP-matS complexes provided key insight into how it functions as an MD orga-
nizer (Dupaigne et  al., 2012). These structures revealed that MatP contains an 
unusual tripartite fold with a novel four-helix bundle DNA-binding domain, ribbon-
helix-helix dimerization region and a long C-terminal coiled coil domain. The latter 
domain mediates extended tetrameric linkages between MatP dimers that allow it to 
bridge distant matS sites (Dupaigne et al. 2012). In vivo studies on MatP tetramer 
deficient mutants showed that these proteins were unable to mediate proper Ter MD 
condensation, thus supporting that the DNA bridging function of the protein has a 
crucial role in Ter compaction and organization (Dupaigne et al. 2012). Studies to 
identify additional MD specific DNA binding proteins are ongoing. Such factors 
might be predicted to function in multiple nucleoid processes, including NO.  In 
fact, as will be described in a subsequent section, recent data revealed that MatP 
itself plays a role in NO by interacting with and affecting the localization of the cell 
division machinery. MatP’s property as a protein that binds specifically to the Ter 
MD, which is the last DNA region to segregate, is key to this function (Espéli et al. 
2012). While MatP remains the only known MD specific DNA binding protein, the 
recently discovered NO factors, B. subtilis Noc and E. coli SlmA, were both shown 
to bind the chromosome in a MD selective manner. As described below, this MD 
DNA-binding selectivity was demonstrated to be crucial for their NO functions.
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�B. subtilis Noc, a Nucleoid Occlusion Factor of the ParB 
Family

The first identified NO factor was the B. subtilis protein originally called YyaA 
(Sievers et al. 2002). Interestingly, YyaA was initially studied for a possible role in 
DNA segregation as it displays strong sequence similarity to ParB proteins (Sievers 
et al. 2002). ParB proteins are DNA binding factors that collaborate with ParA pro-
teins to mediate DNA segregation (Hayes and Barillà 2006; Schumacher 2012). 
Specifically, ParB proteins bind centromere DNA to form partition complexes, 
which then recruit and activate their partner ParA proteins to physically separate 
replicated DNA substrates (Hayes and Barillà 2006). Par proteins are required for 
the segregation of low copy number plasmids. However, only a few chromosomally 
encoded ParB-ParA proteins have been shown to be essential for nucleoid DNA 
segregation (Ptacin et al. 2010). Indeed, the B. subtilis soj-spo0J operon encodes 
chromosomal ParA-ParB-like factors, however their precise roles in segregation are 
somewhat unclear (Lee and Grossman 2006). Hence, ongoing studies have attempted 
to identify additional players in B. subtilis DNA segregation. One possible candi-
date gene was yyaA, which is located near the origin of replication (oriC), just 
upstream of the operon encoding the chromosomal ParB-ParA proteins, which are 
called Spo0J-Soj. The 283-residue YyaA protein harbors 35% sequence identity to 
the B. subtilis ParB homolog, Spo0J, which suggested that it arose from a partial 
gene duplication event and might be involved in DNA segregation. But, studies on 
YyaA showed that it played no role in chromosome segregation (Sievers et  al. 
2002). However, a dramatic effect on sporulation was observed upon its overexpres-
sion, which suggested that it may be involved in the regulation of septum 
formation.

The function of YyaA was subsequently revealed in genetic cross experiments in 
which certain combinations of null mutations significantly affected cell viability 
(Wu and Errington 2004). These effects were narrowed down to the loss of both the 
min system (divIVA, minC, minD or ezrA) and the yyaA gene. In particular, when 
both MinD and YyaA were depleted, cell division was arrested and the bacteria 
formed elongated filaments. This was distinct from the minicell phenotype observed 
upon min depletion alone and indicated that the combined loss of both minD and 
yyaA caused severe cell division defects. Closer examination of the double knock-
out strains revealed that FtsZ became dispersed in the cell and hence was unable to 
reach a sufficiently high concentration to form a productive Z ring (Wu and Errington 
2004). Moreover, under conditions when DNA replication was perturbed, the 
absence of yyaA led to the guillotining of chromosomal DNA. Importantly, it was 
shown that the effect of Noc on cell division was direct and not due to transcription 
regulation; microarray studies revealed that although the Noc protein appeared to 
localize over much of the chromosome, this binding had little affect on the expres-
sion of any known gene, including those involved in cell division. In addition, the 
noc gene is constitutively expressed, in a cell cycle independent manner (Wu and 
Errington 2004). The nonspecific binding of YyaA to the nucleoid was a property 

9  Bacterial Nucleoid Occlusion: Multiple Mechanisms for Preventing Chromosome…



274

deemed important for an NO factor. Thus, the combined findings of these initial 
experiments indicated that YyaA was a bone fide NO factor and it was therefore 
renamed, Noc (Wu and Errington, 2004).

Although initial studies indicated that Noc bound nonspecifically to the nucle-
oid, they revealed a gap in Noc localization near the Ter regions of the segregating 
chromosomes (Wu and Errington 2004). A subsequent interrogation of Noc nucle-
oid binding by ChAP-on-Chip uncovered a consensus Noc-binding DNA sequence 
(NBS), 5´-ATTTCCCGGGAAAT-3´ (Wu et al. 2009). Strikingly, NBS were found 
to be scattered over the nucleoid at ~70 sites, with the notable exception of the Ter 
region of the DNA (Fig. 9.2a). As the Ter region is the last to segregate, the absence 
of the Noc, which is an inhibitor of Z ring formation, would allow the ring to form 
concomitant with segregation. The finding explained the observation that Noc was 
absent from the midcell near segregating DNA and suggested that Noc not only 
serves as a spatial regulator of cell division by protecting its bound DNA against 
fragmentation but also a timing device that coordinates chromosome segregation 
and cell division (Wu et al. 2009). However, a central question that remained unan-
swered from these studies was how Noc inhibits FtsZ from forming Z rings over the 
DNA. Indeed, as will be discussed, a NO factor in E. coli called SlmA had at the 
time been discovered and was shown to bind directly to FtsZ and affect its polym-
erization properties (Bernhardt and de Boer, 2005). By contrast, despite exhaustive 
analyses, no evidence for an interaction between Noc and FtsZ or any component of 
the cell division machinery was demonstrated (Wu et al. 2009).

�Noc Binds Both Chromosomal NBS Sites and the Membrane

Although Noc showed no interactions with cell division proteins that might help 
explain its NO function, in addition to binding to Non-Ter regions of the chromo-
some, localization studies revealed that it appeared to form dynamic foci near or at 
the periphery of the bacterial membrane (Adams et al. 2015). The membrane poten-
tial has been shown to effect the localization of peripheral membrane proteins. 
Hence, treatment with carbonyl cyanide m-chlorophenyl hydrazine (CCCP), which 
dissipates the membrane potential, was employed to ascertain any affect on Noc 
localization (Adams et al., 2015). These studies revealed that CCCP treatment led 
to a dramatic alteration in Noc localization away from the membrane. Such local-
ization effects were also observed in a F1F0 ATP synthase deletion strain indicating 
that the resultant Noc delocalization was caused by the loss of the membrane poten-
tial and not ATP depletion. To try and identify possible membrane interacting 
motifs, Adams and coworkers analyzed the Noc sequence and found that residues 
2–9 in the N-terminal region of the protein were predicted to fold into an amphipa-
thic helix (Cornell and Taneva 2006; Sapay et al. 2006; Adams et al. 2015). It is 
notable that this would form a very short helix, with only ~2 turns. Nonetheless, an 
N-terminal Noc mutant lacking the first 10 residues (NocΔ10) did not localize to the 
membrane and was nonfunctional.
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Examination of sequence alignments of multiple Noc proteins show that the 
N-terminal region, which encompasses the putative amphipathic helix, is highly 
conserved, while the ~20 residue region linking this stretch to the remainder of the 
protein is not. The region of strong conservation extends from residues 1–14, which 
suggests the possibility that the amphipathic helix might be longer than the eight 
residue helix predicted by the AmphipaSeeK program (Sapay et al. 2006; Adams 
et al. 2015). Interestingly, however, multiple sequence alignments show that some 
Noc homologs contain a proline within this region. Prolines are known to be helix 
breakers and the location of this residue, near the center of the putative helix, indi-
cates a possibility that this region may not be helical or perhaps forms a distorted 
helix. However, experiments showing that the Noc N-terminal region could be 
swapped with a known amphipathic helix from the hepatitis C virus protein NS4B 
and maintain membrane targeting supported the helical hypothesis (Adams et al. 
2015). But, when GFP was fused with the Noc N-terminal helix only weak mem-
brane localization was observed. The combined data were subsequently explained 
by the finding that multiple Noc proteins must be bound and “spread” along the 
DNA to establish a strong interaction with the membrane and the weakly binding 
Noc N-terminal helix. DNA spreading is a characteristic feature of ParB proteins 
and occurs when the protein binds it cognate site and nucleates interactions with 
surrounding non-specific DNA (Lynch and Wang 1995; Rodionov et  al. 1999; 
Kusiak et al. 2011). Spreading was initially observed as a gene silencing effect that 
occurred when ParB proteins bound their parS centromere site and spread to sur-
rounding genes (Lynch and Wang 1995; Rodionov et al., 1999). In these studies 
when ParB levels were artificially elevated, gene silencing extended several kb from 
the parS site. Spreading can also be inferred, as was the case for Noc, by chromatin 
immunoprecipitation (ChIP) assays (Wu et al. 2009), which reveal peaks of protein 
binding at the cognate site as well as surrounding DNA. Spreading leads to the for-
mation of large and presumably more stable protein-nucleic acid complexes. In the 
case of DNA segregation this is beneficial as the presence of multiple ParB proteins 
provides a high local concentration of binding sites for its partner protein ParA. For 
Noc, it would similarly generate a localized accumulation of membrane binding 
anchor regions, as there are an estimated 4500 Noc molecules/cell (Wu and Errington 
2004). Consistent with this, when residues in regions of Noc known to be involved 
in spreading by ParB homologs were mutated, membrane localization was disrupted 
(Chen et  al. 2015; Adams et  al. 2015). Another unusual DNA binding property 
exhibited by ParB proteins is DNA bridging. Data indicate that the same N-terminal 
regions that mediate spreading are also involved in bridging (Chen et  al. 2015). 
Given that Noc can presumably spread and perhaps even bridge DNA sites, it might 
be expected that it could play a role in chromosome organization and/or compac-
tion. Interestingly, however, studies indicated that Noc depletion apparently does 
not alter nucleoid organization. However, it is clearly important for its NO function 
(Sievers et al. 2002; Adams et al. 2015).
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�A Molecular Model for Noc-Mediated NO

To date there is no structural information available for a Noc protein. However, as 
noted the sequences of Noc proteins clearly place them in the ParB/Spo0J family. 
Multiple structures of ParB/Spo0J proteins in the absence and presence of DNA 
have been solved that can be used to provide insight into Noc structure (Schumacher 
and Funnell 2005; Schumacher et al. 2010; Chen et al. 2015). These ParB structures 
encompass all but the N-terminal region, which contains the putative amphipathic 
helix in Noc. Specifically, the structure of P1 ParB containing the DNA-binding and 
C-terminal dimer domains in complex with DNA was solved and recently a struc-
ture of the Helicobacter pylori Spo0J protein that included the N-terminal arginine-
rich domain, implicated in DNA spreading, connected to the HTH region was 
obtained bound to DNA (Schumacher and Funnell 2005; Schumacher et al. 2010; 
Chen et  al. 2015). By combining these structures, a model for Noc can be con-
structed as shown in Fig. 9.2b, c. According to this model, the N-terminal helices 
would be connected via a sufficiently long linker to allow them to contact the mem-
brane without clash from the remainder of the protein. The long, flexible linker 
connects to an arginine-rich region (also called the ParB-box I and box II regions), 
which mediates DNA spreading and bridging. This region is followed by the central 
HTH, DNA binding domain. Finally, flexibly attached to the HTH domain is the 
C-terminal dimer domain (Fig. 9.2b, c). Notably, data have demonstrated that the 
C-terminal region also mediates dimerization in Noc (Adams et  al. 2015). The 
resultant Noc model provides insight into how it is organized on the nucleoid near 
the membrane and how the amphipathic helix may be positioned relative to the rest 
of the molecule. Interestingly, it suggests that binding of multiple Noc to the nucle-
oid would lead to a significant accretion of tethered bridged and spread molecules 
near the membrane (Chen et al. 2015). This bridging model is based on the Spo0J 
arginine rich interactions. However, while the box I-II containing region clearly 
mediates long range bridging interactions, the P1 and F ParB-DNA structures 
revealed short range bridging between residues in the HTH domains. While not 
mentioned in the Chen et  al. work, similar HTH-mediated bridging contacts are 
observed in the H. pylori Spo0J-DNA complex (Chen et al. 2015). Such HTH medi-
ated bridging interactions provide close apposition of ParB-DNA molecules and 
would enable a higher degree of DNA compaction. Hence, it is possible that both 
the box I-II and HTH regions may contribute to DNA organization by ParB and Noc 
proteins. This Noc structural model suggests an NO mechanism in which the close 
localization of multiple, bulky Noc protein-nucleic acid aggregates cause consider-
able crowding effects, thus precluding Z ring formation at the membrane in their 
vicinity, while allowing Z ring assembly near the midcell at the Ter regions. Notably, 
this Noc-mediated crowding model (Fig. 9.2d) is highly analogous to the transertion-
based NO hypothesis proposed by Woldringh and coworkers decades ago. According 
to that model, large complexes formed during coupled transcription-translation with 
membrane protein insertion (transertion) were predicted to physically occlude the 
cell division machinery from properly assembling near the nucleoid (Woldringh 
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2002). Noc mediated crowding at the membrane may be further enhanced by ongo-
ing transertion events within the vicinity of Noc assemblages (Adams et al. 2015) 
(Fig. 9.2e).

�Noc Function in Other Bacteria: Noc Is Essential for NO in S. 
aureus

Noc proteins appear to be widespread in the Firmicutes, with 310, 18 and 7 putative 
members found in Bacillaceae, Listeria and Planococcaceae, respectively. Although 
Noc plays an important role in protecting the B. subtilis nucleoid from bisection it 
is not essential, except under certain conditions such as perturbation of DNA repli-
cation (Wu and Errington 2004). Recent studies, however, revealed that Noc is 
required for proper NO in Staphylococcus aureus, underscoring the importance of 
studying proteins and processes in multiple model systems (Veiga et  al. 2011). 
Unlike its rod shaped brethren, S. aureus is spherical and divides by the generation 
of septa over three consecutive division cycles. This complex cell division mecha-
nism suggests that accurate cell division site placement would be especially crucial 
in these bacteria. S. aureus lack a Min system but encode a Noc protein. Thus, fol-
lowing the discovery of the B. subtilis Noc as an NO factor, studies on the homolo-
gous 279 amino acid protein in Staphylococcus aureus (48% identity to the B. 
subtilis Noc) were performed to assess its NO role in this organism. Strikingly, 
these studies revealed that deletion of S. aureus noc resulted in Z ring formation 
over the nucleoid and irreparable DNA damage (Veiga et al. 2011). Specifically, 
noc- cells showed a significant increase in cell size and, in ~15% of the cells, divi-
sion septa were formed over the nucleoid. Importantly, detailed analyses showed 
that the DNA in these cells was, in fact, bisected by the division machinery and not 
just trapped by it. Thus, unlike the case in B. subtilis, the Noc protein plays an 
essential NO function in S. aureus, safeguarding against nucleoid bisection even 
during normal growth conditions.

The binding properties and sequence of S. aureus Noc suggests it may employ a 
NO mechanism similar to the B. subtilis protein. S. aureus Noc shares high sequence 
identity within its predicted DNA binding domain with the B. subtilis protein and 
data indicated that the S. aureus Noc binds the same NBS sequence as the B. subtilis 
protein (Adams and Errington 2009). Moreover, as in in B. subtilis, these DNA sites 
are located within Non-Ter regions on the S. aureus chromosome (Adams and 
Errington 2009). Consistent with this, studies using a functional S. aureus Noc-YFP 
fusion showed that it localized with the nucleoid in a manner similar to the B. sub-
tilis protein whereby it was not present at the midcell region between segregating 
chromosomes (Adams and Errington 2009). Staphylococcal Noc proteins are 
among the Noc homologs that harbor a proline within their putative N-terminal 
amphipathic helices. Hence, whether this region of S. aureus Noc forms an amphipa-
thic helix and localizes to the membrane remains to be tested.
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�Nucleoid Occlusion in E. coli: Identification of SlmA as an NO 
Factor

Studies on Noc clearly indicate a role in NO for this protein in Firmicutes. However, 
Noc is not found in Gram-negative bacteria. To isolate an NO factor in E. coli, 
Bernhardt and de Boer utilized a screen similar to that used to identify Noc, in 
which mutations that were synthetically lethal with a defective Min system were 
characterized. The screen revealed a clear phenotype with defective septation when 
mutations in a previously uncharacterized gene, ttk, which stands for twenty-three-
kDa protein, were obtained (Bernhardt and de Boer 2005). Based on the fact that it 
caused a synthetic lethality with a defective Min system, the protein was renamed 
SlmA. Strikingly, SlmA is structurally distinct from Noc; SlmA encodes a TetR-like 
protein, not a ParB-like homolog. The TetR transcription regulatory family is one of 
the largest in bacteria with more than 200,000 members identified in 115 genera of 
Gram-positive, α-, β- and γ-proteobacteria, cyanobacteria and archaea (Ramos et al. 
2005; Cuthbertson and Nodwell 2013). Thus, similar to how Noc represents a repur-
posing of a fold commonly used for DNA segregation, SlmA appears to repurpose 
a transcription regulator fold for NO. TetR proteins share a common structure, typi-
cally consisting of 9 α-helices, with helices 1–3 forming the N-terminal HTH DNA-
binding domain. Following the DNA binding region is an all-helical domain that 
mediates dimerization as well as ligand binding. A characteristic feature of TetR 
protein is that they sense metabolites, small peptides or drugs, which affect their 
DNA binding function. The small molecules bind to the C-terminal dimerization 
domain to cause structural changes, typically resulting in “inducing” (removing) the 
protein from its cognate DNA site. Notably, SlmA was the first TetR member identi-
fied that does not function in transcription regulation and it does not appear to bind 
any small molecule metabolite or effector.

The studies on SlmA revealed a striking similarity in NO properties compared to 
Noc. In particular, slmA-minD- cells were defective in preventing Z ring formation 
near the nucleoids when grown in minimal media and SlmA was shown to localize 
to the nucleoid (Bernhardt and de Boer 2005). Thus, while Noc and SlmA harbor 
completely different folds, the data suggested they might function analogously to 
affect NO. However, SlmA does not localize to the membrane. In addition, a final 
experiment by Bernhardt and de Boer revealed a key distinction between SlmA and 
Noc. Namely unlike Noc, SlmA was shown to bind directly to FtsZ (Bernhardt and 
de Boer 2005). In these initial studies the addition of SlmA to FtsZ in the presence 
of GTP led to the formation of large ribbon-like structures compared to the small 
protofilaments formed by FtsZ-GTP alone. While the relevance of the SlmA-FtsZ 
interaction was not clear at this time, it provided a direct link between an NO factor, 
SlmA, and the protein at the heart of the cell division machinery, FtsZ.

9  Bacterial Nucleoid Occlusion: Multiple Mechanisms for Preventing Chromosome…



280

�Characterization of SlmA as a Specific DNA-Binding Protein

The initial studies on SlmA indicated a chromosomal localization of the protein and 
also revealed the important finding that it interacts directly with FtsZ.  To delve 
deeper into the molecular function(s) of SlmA, studies interrogating its structure, 
DNA binding and FtsZ interacting properties were performed (Tonthat et al. 2011; 
Cho et al. 2011). Tonthat and coworkers initiated experiments aimed at ascertaining 
if SlmA showed sequence specific DNA binding using a method called restriction 
endonuclease protection, selection and amplification (REPSA). These studies 
revealed that SlmA recognized a DNA site with the palindromic sequence, 
5´-GTGAGTACTCAC-3´. Fluorescence polarization binding studies confirmed 
that SlmA bound the palindromic site with high affinity (50–100 nM) and specific-
ity. Hence, the sequence was named the SlmA binding sequence (SBS) (Tonthat 
et al. 2011). Perusal of the E. coli chromosome revealed SBS sites within all MDs 
with the exception of the Ter region and ChIP analyses confirmed this pattern 
(Tonthat et  al. 2011; Cho et  al. 2011) (Fig. 9.3a). Notably, SlmA homologs are 
widespread and appear to be present in γ- and β-proteobacteria with the exceptions 
of Francisella, Legionella, Pseudomonas, Stenotrophomonas, Xanthomonas and 
Neisseria. The DNA binding domains of these proteins are all highly conserved, 
which suggests that they likely bind the same SBS consensus. In fact, when SBS 
sites were mapped onto the chromosomes of these organisms the same pattern 
emerged; SBS are found scattered throughout these chromosomes with the excep-
tion of the Ter region.

The studies showing that SlmA binds the nucleoid in a MD-selective manner 
indicated that, like Noc, it also acts as a timing device in coordinating DNA segrega-
tion with cell division. Furthermore, this suggested that, like Noc, SlmA must func-
tion as an inhibitor of Z ring assembly through the nucleoid, allowing the Z ring to 
form near the segregating Ter regions. The initial study on SlmA that showed an 
interaction with FtsZ suggested a direct link to this inhibition (Bernhardt and de 
Boer 2005). However, these studies implied that the SlmA-FtsZ interaction stimu-
lated the formation of large FtsZ polymers or ribbons, rather than inhibiting FtsZ 
polymer formation (Bernhardt and de Boer, 2005). But subsequent experiments 
revealed the key finding that when SlmA is bound to SBS DNA, it negatively 
affected FtsZ polymer formation (Cho et  al. 2011; Du and Lutkenhaus 2014). 
Different studies produced somewhat conflicting results in that they showed that 
SlmA-SBS complexes antagonized FtsZ pfs formation or prevented the formation 
of higher order FtsZ assemblages (Cho et al. 2011; Tonthat et al. 2011). The appar-
ent contrasting results appear to be explained, at least in part, by the length of the 
SBS used in various studies; experiments with longer SBS sites showed clear disas-
sembly of single pfs while this effect was less obvious in studies using shorter SBS 
(Du and Lutkenhaus 2014). Nonetheless, these findings showed that SlmA antago-
nized FtsZ polymerization, revealing it as the only known FtsZ regulator that 
requires DNA binding to mediate its effect on FtsZ polymerization.
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�SlmA Must Be Bound to the SBS/Nucleoid to Inhibit Z Ring 
Formation

In addition to mapping the nucleoid binding sites of SlmA, Tonthat and coworkers 
also aimed to gain insight into the molecular mechanism of NO by SlmA and why 

Fig. 9.3  SlmA structure and effects of specific DNA binding. (a) Schematic of the E. coli MG1655, 
V. cholera chromosome 1 and Klebsiella pneumonia chromosomes with the Ori, Ter, left and right 
macrodomains (MD) colored red, blue, yellow and pink, respectively (the Ter MD is also labeled). 
Mapped onto the chromosomes as tic marks are the predicted locations of the consensus SlmA bind-
ing sites (SBS). (b) Consequences of specific DNA binding by SlmA. The apo E. coli SlmA struc-
ture is shown with one subunit of the dimer colored magenta and the other green. Secondary 
structural elements are labeled for one subunit. Specific DNA binding leads to the formation a SlmA 
dimer-of-dimer complex (Tonthat et al. 2014). DNA binding also leads to the stabilization of the 
DNA binding domains in one conformation. The DNA binding domains are highly flexible (denoted 
by the double headed arrows) in the absence of specific DNA as observed by multiple apo SlmA 
structures (Tonthat et al. 2014). (c) Structures of SlmA-SBS complexes. Shown are SlmA-DNA 
structures from E. coli, K. pneumonia and V. cholera (Tonthat et al. 2014). All complexes reveal the 
same SlmA dimer-of-dimer binding mode onto the specific SBS DNA site
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SBS DNA is necessary for the NO function of SlmA. Hence, they solved its struc-
ture by X-ray crystallography. As SlmA does not function in transcription regula-
tion, it was unclear if it contained a canonical TetR fold. In particular, while the 
N-terminal domain of SlmA was highly homologous to TetR proteins, its C-terminal 
domain shows no sequence similarity to TetR proteins and was, in fact, predicted to 
contain a coiled coil. However, the SlmA structure revealed that it indeed contained 
a TetR fold within both N and C-terminal domains (Schumacher et  al. 2001; 
Bellinzoni et al. 2009; Ramos et al. 2009; Cuthbertson and Nodwell 2013) (Fig. 
9.3b). Thus, the structure was consistent with SlmA’s role as a sequence specific 
DNA binding protein yet it provided no insight into how it might interact with 
FtsZ. Multiple experiments were carried out to try and address the question of how 
SlmA-SBS inhibits FtsZ assembly. One study suggested that SlmA enhanced the 
GTPase activity of SlmA. Stimulation of FtsZ GTPase activity would be predicted 
to favor its depolymerization. These studies also indicated that SBS binding con-
verted a SlmA monomer to a dimer (Cho et  al. 2011). These combined findings 
would provide an explanation for both the requirement that SlmA be bound to the 
SBS and how the SlmA-SBS complex would effect FtsZ polymerization. However, 
later studies carried out in multiple labs revealed no significant alteration in the GTP 
activity of FtsZ in the presence of SlmA or SlmA-SBS (Tonthat et al. 2013; Du and 
Lutkenhaus 2014; Cabré et al. 2015). Moreover, subsequent studies also showed 
that like all other TetR proteins, SlmA is a dimer even in its apo state (Tonthat et al. 
2011; Cabré et al. 2015).

To obtain molecular insight into the SBS requirement for SlmA’s NO function, 
structures were solved of SlmA and SlmA-SBS complexes from multiple Gram-
negative bacteria including E. coli, Vibrio cholera and Klebsiella pneumonia (Fig. 
9.3c). Notably, consistent with bioinformatic analyses showing that V. cholera and 
K. pneumonia chromosomes harbour similarly dispersed SBS sites (Fig. 9.3a), bio-
chemical studies confirmed that their SlmA proteins bound SBS sequences with 
high affinity and specificity (Tonthat et al. 2013). In addition to the different SlmA 
proteins used, these structures were obtained under very different crystallization 
conditions. The results were very surprising as, in all cases, the SlmA proteins 
bound the SBS as dimer-of-dimers (Fig. 9.3c). The dimer-of-dimer binding arrange-
ment was subsequently supported by multiple biochemical assays (Tonthat et  al. 
2013). The combined structural studies showed that DNA binding has two impor-
tant outcomes. First, it stabilizes the DNA binding domain structure. Indeed, in apo 
SlmA structures the DNA binding domains are highly flexible and in some of the 
structures, largely disordered. Secondly, DNA binding leads to the formation of 
dimer-of-dimers, with a highly conserved binding orientation (Fig. 9.3b).

Interestingly, ChIP analyses revealed that SBS sites often cluster close together 
on the nucleoid and SlmA enriched regions extend adjacent to the SBS (Cho et al. 
2011). The finding that SlmA binds DNA as a dimer-of-dimers helps explain these 
data. Given that SlmA binds as a dimer-of-dimer, the majority of the SlmA, esti-
mated at 300–400 molecules/cell, would be bound to SBS or SBS-like sites. The 
ChIP data suggested the possibility that the remaining SlmA molecules might be 
nucleated onto nearby DNA leading to spreading, similar to Noc, which could 
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further enhance its inhibitory action on FtsZ polymerization along the nucleoid. 
Subsequent biochemical experiments supported this hypothesis (Tonthat et  al. 
2014). Altogether, the biochemical and structural data indicate that SlmA binds to 
SBS sites as a dimer-of-dimers and spreads, but does not bridge, to adjacent 
DNA. Spreading of SlmA dimers on the DNA suggested possibilities for how it may 
act as an FtsZ antagonist. However, understanding the SlmA-FtsZ interaction was 
required to gain molecular insight into this process.

Attempts to identify the full complement of interacting regions between SlmA 
and FtsZ proved difficult. Initial studies using small angle X-ray scattering (SAXS) 
revealed a SlmA dimer sandwiched between two FtsZ molecules (Tonthat et  al. 
2011; Tonthat et al. 2013). But, due to the low resolution of this structure, it is not 
possible to discern specific residues and surfaces involved in the interaction between 
the FtsZ core and SlmA. Moreover, subsequent studies showed that the FtsZ C-tail 
appears to mediate key SlmA contacts with FtsZ (Du and Lutkenhaus 2014; Du 
et  al. 2015). Interestingly, this binding may have initially been overlooked, as it 
involves a multivalent type of contact. Specifically, multiple FtsZ CTTs must be 
presented on a polymer to provide a high enough local concentration to allow bind-
ing to SlmA (Du et al. 2015). Hence, the SlmA-SBS-FtsZ interaction is highly com-
plex and multivalent. SlmA residues that bind FtsZ were identified genetically by 
the Bernhardt lab (Cho and Bernhardt 2013). Their studies revealed that FtsZ inter-
acting residues in SlmA cluster together in a region between α4 and α5 on the SlmA 
structure. However, it is currently unknown whether these SlmA regions bind the 
FtsZ globular domain or FtsZ CTT or both.

�SlmA-Mediated NO: A Molecular Mechanism

Although several questions remain, the combined studies thus far suggest a SlmA-
mediated NO mechanism based on sequestration and depolymerization of 
FtsZ. According to this model, extended SlmA molecules spread along the DNA 
and bind FtsZ C-tails thus, capturing FtsZ pfs (Fig. 9.4a, b). Binding of the FtsZ 
CTT would aid in the inhibition of FtsZ Z ring formation by competing with FtsA 
for binding to this region, an interaction required to localize FtsZ to the membrane 
for Z ring formation. Bioinformatic data indicate that many of the SlmA binding 
sites are near genes that encode transmembrane proteins, suggesting that SlmA sites 
may be brought close to the membrane by transertion events, which would further 
aid in FtsZ binding (Tonthat et al. 2013). However, data indicating that SlmA-DNA 
complexes actively disrupt FtsZ pfs, suggests a more complex mechanism of NO 
than FtsZ displacement from the membrane (Cho et al. 2011; Du and Lutkenhaus, 
2014). While studies have indicated that the FtsZ CTT may play some role in poly-
mer assembly in B. subtilis, this does not appear to be the case in E. coli (Buske and 
Levin 2012; Buske and Levin 2013). Thus, the dissolution of FtsZ pfs by SlmA-
SBS may require the second binding interaction involving the FtsZ globular domain 
(Fig. 9.4a, b). Such a complex multivalent interaction whereby multiple SlmA 
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Fig. 9.4  Model for SlmA mediated NO. (a) SlmA binds the SBS as a dimer-of-dimers and nucle-
ates the binding of adjacent SlmA dimers, leading to spreading. Modeling suggests that FtsZ fila-
ments that are bound to SlmA by either their core (shown as squares) or C-terminal tail (CTT) may 
introduce strain that ultimately fractures the protofilaments. The resultant bound FtsZ subunits 
would dissociate as the interactions from individual core domains or CTTs alone do not bind SlmA 
with high affinity. (b) Schematic model of SlmA mediated NO. Shown is a segregating cell just 
starting division in which the Z ring has begun formation at the cell center concomitant with seg-
regation of the two chromosomes (black lines). SlmA dimer-of-dimers bind and spread on non-Ter 
regions. SlmA-DNA complexes bind FtsZ protofilaments via contacts with FtsZ CTT and core 
domain. These interactions dissociate FtsZ protofilaments in the vicinity of the DNA. SBS sites are 
predicted to be near genes encoding transmembrane proteins, which could transiently localize the 
inhibitory SlmA-DNA complexes near the membrane to further sequester FtsZ pfs and inhibit their 
growth. Thus, SlmA creates an effective inhibitory zone against FtsZ pfs around the nucleoid
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molecules grasp the FtsZ pfs could disrupt the FtsZ polymer (Fig. 9.4a, b). 
Furthermore, recent data indicate that the dynamic properties of the nucleoid serve 
mechanical functions such as movement and force (Lim et al. 2014). It is possible 
that such dynamics might aid in fracturing the FtsZ pfs grasped between multiple 
SlmA dimers bound along the DNA. Indeed, an important feature of this model is 
that the individual contacts to SlmA, which involve the FtsZ CTT and globular 
region, are individually very weak and hence likely stabilized only in the context of 
an assembled FtsZ pfs or polymer. As a result, disruption of FtsZ pfs would lead to 
FtsZ monomers that are tenuously bound to SlmA-DNA and hence readily dissoci-
ated from these nucleoid regions (Fig. 9.4a, b). Disruption of FtsZ pfs would there-
fore prevent Z ring formation near the SlmA clusters on the nucleoid.

�Noc- and SlmA-Independent Mechanisms of NO

Noc and SlmA play important roles in NO under specific conditions, however, they 
are not essential proteins (Sievers et al. 2002; Bernhardt and de Boer 2005). Indeed, 
subsequent studies revealing that accurate division site place occurred in min-slmA- 
E. coli cells and min-noc- B. subtilis cells clearly indicated that other NO mecha-
nisms must exist in these bacteria (Rodrigues and Harry 2012; Bailey et al. 2014). 
Recent work by Bailey and coworkers uncovered an NO role for MatP in E. coli. 
These studies revealed that MatP interacts with the cell division machinery at mid-
cell prior to septation. The interaction partner of MatP was revealed to be ZapB, 
which is a coiled coil protein that binds an FtsZ effector called ZapA. ZapA-ZapB 
forms a complex with FtsZ during Z ring formation in E. coli (Espéli et al. 2012; 
Galli and Gerdes 2012; Buss et al. 2013; Buss et al. 2015). Studies from several 
laboratories revealed that the ZapB-ZapA complex stabilizes the Z ring by anchor-
ing clusters of FtsZ at the membrane. MatP apparently binds directly to ZapB when 
it is assembled with ZapA and FtsZ at the septation site (Espéli et al. 2012; Buss 
et al. 2013; Buss et al. 2015). The assembly of this multi-protein system not only 
appears to stabilize Z ring formation, but also affects its constriction dynamics 
(Buss et al. 2015). Importantly in terms of its role in NO, this interaction network 
anchors the Ter region of the nucleoid to the Z ring during DNA segregation. Thus, 
similar to Noc and SlmA, the MatP-Ter interaction with ZapB-ZapA appears to 
serve as a timing device to coordinate DNA segregation with cytokinesis.

While NO mechanisms other than those mediated by SlmA and Noc are clearly 
at play during normal cell growth, recent studies indicate that specific cell cycle 
regulated mechanisms for NO also exist. For example, experiments that examined 
cell division during B. subtilis sporulation uncovered a sporulation-specific protein 
called RefZ (Regulator of FtsZ) that effected Z ring assembly in a cell cycle depen-
dent manner (Wagner-Herman et  al. 2012). RefZ production was shown to be 
required for the asymmetric localization of the Z ring during B. subtilis sporulation 
(Wagner-Herman et  al. 2012). Consistent with an important role in division site 
placement, overexpression of RefZ during vegetative growth significantly altered 
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the assembly of FtsZ, ultimately leading to cell filamentation and lysis, while sporu-
lating cells that lacked RefZ were delayed in polar FtsZ assembly. Interestingly, 
RefZ is predicted to be a TetR-like protein and ChIP studies indicated that it binds 
specific DNA sites that are primarily located in the Ori region of the chromosome 
with some sites also located in the Ter region (Wagner-Herman et al. 2012). Studies 
demonstrated that these specific binding sites are essential for the proper localiza-
tion and function of RefZ. The combined data indicate that RefZ likely plays a role 
in promoting the switching of Z ring formation from a medial to a polar location 
during B. subtilis sporulation. But more studies are needed to determine the precise 
mechanism by which RefZ controls Z ring assembly during sporulation. Based on 
the current data, RefZ could act as an activator of Z ring assembly near the cell poles 
or alternatively, it could function as an inhibitor of ring formation at midcell.

�The Control of Septal Placement in Sporulating Streptomyces

Gram-positive bacteria of the Streptomyces species are soil-dwelling organisms 
with a complex life cycle that is strikingly similar to filamentous fungi. This life 
cycle includes both unicellular and reproductive/multicellular stages. During the 
unicellular phase, these organisms form a vegetative mycelium that consists of syn-
cytial cells separated by septa spaced at ~5–10  mm (Wildermuth and Hopwood 
1970). Their transition to the reproductive stage involves the formation of long 
spore chains and a complex and dramatic cell division event where up to a hundred 
Z rings are generated, precisely equidistant from each other, in the extended chains 
(Chater 2001; Flärdh and Buttner 2009). Notably, this developmental switch is also 
accompanied by the production of secondary metabolites, which include antibiot-
ics; Streptomyces produce >50% of all known antibiotics and a plethora of antican-
cer compounds (Hopwood 2007).

Although the cell division machinery in these organisms is generally similar to 
that of typical unicellular bacteria, there are some important distinctions (McCormick 
and Losick 1996). For example, while Streptomyces contain an FtsZ protein, canon-
ical cell division regulatory proteins such as FtsA, ZipA, MinC and Noc are missing 
in these organisms. And interestingly, although two MinDs and a DivIVA homolog 
are present in these organisms, they do not appear to play a role in Z ring localiza-
tion. In fact, the Streptomyces DivIVA protein carries out a completely different 
function than in other bacteria in that it controls cell polarity or tip growth (Flärdh 
2003; Flärdh and Buttner 2009; Flärdh 2010). Given these distinctions, it was pos-
tulated that cell division control in Streptomyces likely involves unique proteins. 
This hypothesis was confirmed when studies showed that null mutants of the ssgA 
and ssgB genes, which are found only in Streptomyces, are blocked at a step preced-
ing cell division during sporulation (Keijser et al. 2003; Noens et al. 2005; Traag 
and van Wezel 2008).

Unlike the canonical NO and Min regulatory systems in E. coli and B. subtilis, 
SsgB and SsgA regulate division site placement in a positive manner. In particular, 

M.A. Schumacher



287

SsgA orchestrates division by mediating the correct localization of SsgB, which 
then binds and recruits FtsZ to future cell division sites. SsgB also appears to tether 
the Z ring to the cytoplasmic membrane (Fig. 9.5). Interestingly, the structure of 
SsgB revealed it to be a member of the whirly ssDNA/guide RNA-binding protein 
family (Desveaux et al. 2002; Schumacher et al. 2006; Xu et al. 2009). These pro-
teins have been found in the mitochondria of parasitic protozoa and plants and inter-
act with nucleic acids. But studies performed thus far have revealed no evidence for 
nucleic acid binding by SsgB. Furthermore, SsgB lacks the concave face used for 
nucleic acid binding by other whirly proteins (Desveaux et al. 2002; Schumacher 
et al. 2006; Xu et al. 2009). Instead, a conserved hydrophobic surface of the protein 
has been implicated in protein-protein interactions (Xu et al. 2009). Thus, while it 
is clear that the SsgB/SsgA proteins mediate cell division site placement in 
Streptomyces, the specific molecular mechanism remains to be determined. 
Moreover, a fascinating question that has not yet been resolved is how the precise 
spacing of so many Z rings is mediated by this protein machinery during sporulation-
specific cell division in Streptomyces.

Fig. 9.5  Multiple mechanisms by which selected bacteria mediate division site placement to pre-
vent nucleoid bisection by the Z ring. Shown are the systems in which NO mechanisms have been 
established. The nucleoids are shown as pink spheres. The structural families that the proteins 
belong to are indicated. Notable is the diversity of proteins and the mechanisms by which they 
prevent Z rings from forming through nucleoid DNA
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�MipZ, a Negative Regulator of Cell Division Site Placement 
in Caulobacter crescentus with a ParA-Like Walker Fold

C. crescentus is an oligotrophic, Gram-negative bacterium that has served as an 
important model system in the study of the bacterial cell cycle, cell differentiation 
and asymmetric cell division (Kelly et  al. 1998; Sackett et  al. 1998; Tsokos and 
Laub 2012). Caulobacter has a complex, biphasic life cycle involving a flagellated 
swarmer cell and sessile stalk stage. Caulobacter lacks obvious homologs of MinCD 
or NO factors. Thus, to try and gain insight into cell division in Caulobacter, 
Thanbichler and Shapiro carried out a bioinformatics search for cell cycle regulated 
genes that are conserved in α proteobacteria. This query led to the identification of 
an open reading frame that encoded a 278 residue protein, which was subsequently 
called MipZ (Midcell positioning of FtsZ). The deduced amino acid sequence of 
MipZ placed it in the Walker-box superfamily and sequence comparisons showed it 
to be distantly related to partition ParA proteins and MinD, which also contain 
Walker-box motifs. Strikingly, attempts to delete the mipZ gene failed indicating 
that it was essential (Thanbichler and Shapiro 2006). Studies showed that MipZ 
overexpression prevented FtsZ assembly throughout the cell, causing a complete 
block in cell division (Thanbichler and Shapiro 2006). By contrast, depletion of 
MipZ resulted in Z ring formation at random locations throughout the cell. Thus, 
these findings revealed that MipZ plays a central role in cell division and placement 
of the Z ring in Caulobacter.

Subsequent studies on MipZ showed that, like its plasmid ParA counterparts, it 
binds nonspecifically to the nucleoid DNA and that this interaction is regulated by 
contacts with ParB (Kiekebusch et al. 2012). Moreover, MipZ was also shown to 
bind FtsZ. Structural studies confirmed that MipZ contains a Walker-box fold that is 
similar to that of Soj and other ParA homologs (Kiekebusch et al. 2012). Also, simi-
lar to other ParA proteins, MipZ forms ATP-dependent dimers. Studies showed that 
MipZ dimers interact with and antagonize FtsZ pfs by stimulating the GTPase activ-
ity of FtsZ (Kiekebusch et  al. 2012). Unexpectedly, distinct from ParA dimers, 
which are destabilized by interactions with ParB, MipZ dimer formation is stimu-
lated by ParB proteins, which are bound to the origin at the Caulobacter cell poles 
(Kiekebusch et al. 2012). Because of the intrinsic ATPase activity of MipZ, dimers 
eventually dissociate into monomers, which no longer bind DNA. It was shown that 
these monomers are then recaptured and re-dimerized by ParB thus, regaining DNA 
binding capability. Because of this continual recycling, a gradient of the MipZ 
dimer on the nucleoid is created, which is highest near ParB, at the cell poles, and 
decreases as the distance from ParB increases (Fig. 9.5). This localization engen-
ders MipZ with a Min system like role, where it prevents Z ring formation near the 
poles. At the same time, MipZ also functions as an NO factor as its nonspecific 
binding to DNA allows it to inhibit Z ring formation over the nucleoid. Thus, in 
Caulobacter, polar cell division inhibition and NO are performed by one protein, 
MipZ. This amalgamation of division site selection functions into one protein may 
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be advantageous to Caulobacter cells, which unlike B. subtilis and E. coli have 
tightly coupled DNA segregation and cell division events.

�PomZ, a ParA-Like Positive Regulator of Division Site 
Placement in M. xanthus

The δ-proteobacterium Myxococcus xanthus is an unusual bacterium that divides by 
binary fission in the presence of nutrients but ceases growth during nutrient depriva-
tion, when it forms multicellular fruiting bodies and eventually differentiates into 
spores (Konovalova et al. 2010). Similar to C. crescentus, M. xanthus lacks clear 
homologs of the NO and Min systems. Insight into the cell division by M. xanthus 
was obtained by work carried out by Treuner-Lange and coworkers (Treuner-Lange 
et al. 2013). Their studies revealed that deletion of agmE, a gene previously impli-
cated in motility, resulted in severe defects in cell division, as exemplified by the 
formation of filamentous and nucleoid free cells. These division defects were shown 
to be caused by the inappropriate spatial regulation of Z ring formation. Hence, the 
authors renamed AgmE to PomZ (Positioning at midcell of FtsZ) (Treuner-Lange 
et  al. 2013). Although the structure of the 319-residue PomZ protein is not yet 
known, sequence homology analyses place it in the ParA-like family of proteins. In 
particular, BLAST searches reveal that is shares the strongest sequence-similarity 
with ParA proteins in Myxococcal species (>80%) followed by Bacilli ParA pro-
teins (~35%).

The fact that PomZ harbors a ParA-like fold similar to MipZ suggested that it 
may function in an analogous manner. Consistent with this, PomZ was found to 
binds ATP. Strikingly, however, despite the fact that PomZ binds ATP and harbors a 
ParA-like fold, studies clearly showed that it functions in a manner contrary to 
MipZ. Specifically, unlike MipZ, which is primarily found at the cell poles, PomZ 
localizes to the incipient division site where the Z ring forms. Moreover, it arrives at 
the cell division site before FtsZ. Subsequent experiments showed that PomZ actu-
ally recruits FtsZ to the septal site and functions to stabilize Z ring formation, rather 
than disrupt it, as does MipZ (Treuner-Lange et al. 2013) (Fig. 9.5). PomZ does 
appears to localize over the nucleoid similar to MipZ, but it performs a positive role 
in recruitment and stabilization of the Z ring in contrast to the antagonistic function 
on Z ring formation carried out by MipZ. It is currently unclear how PomZ recruits 
FtsZ to the midcell as although a PomZ-FtsZ interaction has been detected it appears 
to be indirect (Treuner-Lange et  al. 2013). However, in that regard a very unex-
pected finding from the study was that M. xanthus FtsZ behaves very differently 
from other characterized FtsZ proteins. In particular, the M. xanthus FtsZ is unable 
to polymerize in vitro in the presence of GTP and/or polymer stimulating condi-
tions, such as high concentrations of calcium. The authors therefore suggest that the 
FtsZ filaments might be too small to be detected in these experiments. Nonetheless, 
given this finding, it would seem that if the M. xanthus FtsZ is also unable to form 
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filaments productively in vivo at native concentrations, a positive rather than nega-
tive regulatory system would be required to ensure proper temporal and spatial FtsZ 
assembly. Perhaps PomZ fulfills that role. Clearly, future studies will be needed to 
address the specific molecular functions of this unique FtsZ regulator.

Interestingly, ParA-like proteins similar to PomZ and MipZ are found in many 
bacteria and hence, may play similar roles in division site selection. For example, 
the Corynebacterium glutamicum PldP protein, which is a putative ParA-like pro-
tein, shows functionalities similar to MipZ. It localizes over the nucleoid and a null 
mutant exhibits a division defect (Donovan et al. 2010). Thus, PomZ, MipZ and 
PldP may be added to a growing list of ParA-like proteins that have been shown to 
be general determinants of macromolecular localization in bacteria. Well-
characterized functions of these proteins include movement and localization of 
chromosomes and plasmids (Hayes and Bariilà 2006; Schumacher 2012), polar pro-
tein complexes (Ringgaard et  al. 2011) and carboxysomes (Savage et  al. 2010). 
Thus, an ancient bacterial ParA-like ATPase could have functioned as a general 
spatial regulator of many systems and eventually evolved to perform specialized 
macromolecular localization functions. This apparently includes cell division site 
placement in several bacterial species.

�MapZ, a Division Site Anchor/Assembly Protein 
in Streptococcus pneumonia

The human pathogen, S. pneumonia, is an oval Gram-positive bacterium that divides 
along its long axis, similar to rod-shaped bacteria. Yet the biology of S. pneumonia 
appears unique in many respects. First, it maintains it shape by interchanging 
peripheral peptidoglycan (PG) synthesis and septal PG synthesis, which take place 
during cell elongation and cell division, respectively. Also, S. pneumonia lacks all 
the standard cell division regulatory machinery, including NO and Min. Furthermore, 
a specific Ser/Thr kinase, StkP, has been shown to be essential for cell division and 
morphogenesis of this organism. StkP is essential for septal formation and localiza-
tion of PG synthesis. To gain insight into the function of StkP in S. pneumonia cell 
division, Fleurie et  al. examined the roles of StkP substrates in cytokinesis. 
Strikingly, a StkP substrate was identified that was essential for the correct place-
ment and assembly of the Z ring, hence this protein was named MapZ for midcell 
anchored protein Z (Fleurie et  al. 2014; Bramkamp 2015). Simultaneously, 
Holečková et al. identified the same protein and also found it was essential for cor-
rect division site placement in S. pneumonia (Holečková et al. 2015).

The equatorial plane of S. pneumonia is marked by an unusual PG ring, often 
called a piecrust, based on its appearance in electron microscopic images. During 
cellular elongation, the PG piecrust structure splits and becomes separated by PG 
synthesis. It has been postulated that these equatorial rings could act as positional 
landmarks for cell division (Zapun et  al. 2008). MapZ contains a novel protein 
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sequence with a predicted single transmembrane segment connecting an extracel-
lular N-terminal domain and cytosolic C-terminal domain. MapZ was shown to 
bind PG through its extracellular domain and then co-migrate with equatorial rings 
while the cytoplasmic domain of MapZ binds FtsZ (Fleurie et al. 2014) (Fig. 9.5). 
The tubulin containing core of FtsZ appears to interact with MapZ; the FtsZ C-tail 
was not required for MapZ binding. Thus, a simple mechanism was suggested in 
which MapZ is stably tethered to the PG ring structure by its N-terminal domain and 
coordinates division site selection with elongation.

A further important finding from studies on MapZ was that it precedes FtsZ and 
FtsA, to the nascent division site (Fleurie et al. 2014). In fact, FtsZ and FtsA were 
delocalized in cells lacking MapZ, supporting the notion that MapZ spatially regu-
lates the localization and positioning of the Z ring, likely through its interaction 
with FtsZ.  As noted MatZ was originally studied because it is a substrate for 
StkP. Two threonine residues in MapZ are phosphorylated by StkP. While mutation 
of these threonines did not affect MapZ positioning to the site of septation, it did 
affect FtsZ stability and constriction. Interestingly, this finding suggests that MapZ 
might also play a role in later steps of cell division. MapZ is conserved amongst 
Streptococci, Lactococci, and Enterococci. Moreover, none of these bacteria harbor 
NO or Min systems, suggesting that they all likely use a cell division placement 
mechanism involving MapZ similar to S. pneumonia.

�No NO: Nucleoid Equidistribution by Random Cell Division 
in Mycobacterium

Mycobacterium are rod-shaped Gram-positive bacteria that are able to adapt to vari-
ety of lifestyles in multiple environments ranging from water to human hosts 
(Wayne 1994; Carter et al. 2003; Chacon et al. 2004; Monack et al. 2004; Vaerewijck 
et  al. 2005). To gain insight into the regulatory mechanisms controlling 
Mycobacterium diversity, Singh and coworkers followed the changes in morphol-
ogy and DNA during the life cycles of several model Mycobacteria (Singh et al. 
2013). Because Mycobacterium spp. lack Min and NO systems, the authors were 
particularly interested in the mechanisms controlling cell division. What they found 
was remarkable; Z ring assembly in exponentially growing cells was essentially 
random. Many division sites were off center to the extent that noticeably unequal 
daughter cells were produced. In addition, multiple dividing cells assembled Z rings 
over their nucleoids. Yet, the cells continued to divide and produce viable offspring 
with intact nucleoids. This seeming disastrous cell division strategy appeared to be 
compensated by unequal polar growth, which maintained the size of the resulting 
daughter cells. In addition, post-division DNA transport through the septum by a 
FtsK homolog, MSMEG2690 rescued nucleoids from bisection by the cell division 
machinery (Singh et al. 2013). FtsK proteins perform similar roles in other bacteria, 
typically being called upon during cases of emergency, such as resolving 
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chromosome dimers (Männik and Bailey 2015). Thus, remarkably, the data from 
Singh and coworkers suggest that Mycobacterium have evolved mechanisms to 
ensure accurate and faithful genomic transmission that take place after cell division 
involving unequal polar growth and DNA translocation.

�Concluding Remarks

The faithful inheritance of genetic material from one generation to the next neces-
sitates that chromosomes are not only reliably replicated and segregated but that the 
cell division machinery accurately forms between replicated DNA elements without 
their fragmentation or bisection. While this process, called nucleoid occlusion, was 
formulated decades ago, it has only been recently that proteins and mechanisms 
have been identified that mediate this process. In particular, in the last 10 years spe-
cific NO factors have been identified in the model organisms, B. subtilis and E. coli, 
and insight into the mechanisms by which these factors mediate NO has been 
obtained. In the case of SlmA, such information has been gleaned at the molecular 
level. Strikingly, the two identified NO factors from B. subtilis and E. coli, Noc and 
SlmA belong to entirely different protein structural families and studies indicate 
that they employ very different mechanisms of NO. However, as surprising as this 
initially appeared, recent data identifying NO factors and mechanisms in other bac-
teria have revealed a shocking diversity in not only the types of proteins employed 
in NO but their mechanisms of action as well. Some of the diversity may be 
explained by the redundancy of NO mechanisms within a given bacterial species. 
Perhaps redundancy in NO should not be surprising as this process protects against 
chromosome fragmentation, which would lead to immediate cell death (Rodrigues 
and Harry 2012). Hence, employing a single NO protein would present a system 
that is highly vulnerable to disabling mutations, with resulting catastrophic results. 
As we have thus far characterized the cell division machinery from a fraction of 
bacteria, it seems likely that many additional and completely unpredicted mecha-
nisms of bacterial NO await discovery.
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Chapter 10
Structure and Dynamics of Actin-Like 
Cytomotive Filaments in Plasmid Segregation

Pananghat Gayathri and Shrikant Harne

Abstract  One of the well-known functions of the bacterial cytoskeleton is plasmid 
segregation. Type II plasmid segregation systems, among the best characterized 
with respect to the mechanism of action, possess an actin-like cytomotive filament 
as the motor component. This chapter describes the essential components of the 
plasmid segregation machinery and their mechanism of action, concentrating on the 
actin-like protein family of the bacterial cytoskeleton. The structures of the actin-
like filaments depend on their nucleotide state and these in turn contribute to the 
dynamics of the filaments. The components that link the filaments to the plasmid 
DNA also regulate filament dynamics. The modulation of the dynamics facilitates 
the cytomotive filament to function as a mitotic spindle with a minimal number of 
components.

Keywords  ParM • Actin-like • Alps • Plasmid segregation type II • Centromere • 
ParMRC system • R1 plasmid • Cytomotive filament • Treadmilling • ParR • PALM 
• ParRC helix • AlfA • AlfB • Alp12A • Alp7A • pSK41 • Bipolar spindle

�Plasmid Segregation

Unlike high-copy number plasmids, low-copy number plasmids need to ensure that 
they are inherited to both daughter cells before or during bacterial cell division. To 
achieve this, they encode dedicated machinery that keeps the replicated plasmids 
apart within the bacterial cell. This greatly enhances the probability of equal parti-
tioning to the daughter cells and facilitates the maintenance of the plasmids, extra-
chromosomal genetic material, across generations of bacteria.
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�Components of a Plasmid Segregation System

Plasmid segregation systems were discovered in the early 1980s, well before the 
existence of filamentous proteins was established, and found to confer stability to 
plasmids containing them (Gerdes and Molin 1986). The first plasmid segregation 
locus to be identified was the ParMRC plasmid stability locus, first named stb (for 
stability). Studies carried out to understand the plasmid stability locus of E. coli R1 
plasmid identified three components – (i) ParM – an actin-like protein that assem-
bles into filaments in the presence of ATP as nucleotide (ii) parC – a centromeric 
DNA segment on the plasmid where ParM is attached, and (iii) ParR – an adaptor 
protein that couples ParM to parC, and also acts as a transcriptional repressor of 
ParM (Gerdes and Molin 1986; Dam and Gerdes 1994).

Later, characterization of a variety of plasmid and bacterial chromosome segre-
gation loci led to the conclusion that the minimal number of necessary and sufficient 
components for a plasmid or DNA segregation system (Fig. 10.1) include – (i) a 
motor component that can actively push or pull the DNA, by utilizing energy derived 
from nucleotide binding/hydrolysis, (ii) a point of attachment on the plasmid DNA, 
a locus that functions as a centromere, and (iii) an adaptor protein that serves as a 
link between the DNA and the motor (Gerdes et al. 2010).

Fig. 10.1  Organization of par loci encoding actin-like protein homologs. In E. coli, parC, the 
centromere, is formed by two sets of five 11-base pair (bp) repeats separated by a 39 bp region. In 
S. aureus pSK41 and B. subtilis AlfA, the centromere is a continuous region formed by eight and 
three short repeats (iteron) respectively. The centromere region (each arrow represents an iteron) 
is followed by genes that encode a motor protein of the actin fold (yellow) and an adapter protein 
(blue). In general, the promoter region of the motor protein is located within the centromere 
sequence. Adapter proteins can thus repress the expression of motor proteins by binding to the 
centromere region. The lengths of the DNA segments shown for the centromere sequences and the 
protein-encoding regions are not drawn to scale
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�Motor

In some of the plasmid or DNA segregation systems, the motor component func-
tions through assembly of the monomeric protein into a filamentous structure 
(Møller-Jensen et al. 2002). Typically, the adaptor protein mediates the binding of 
the centromeric DNA to the end of the filament (Jensen and Gerdes 1997). The 
elongation/shortening of the filament facilitates the movement of the DNA, thereby 
resulting in a pushing or a pulling mechanism (Møller-Jensen et al. 2002, 2003). 
Since it is the filament itself that acts as a linear motor, as opposed to the molecular 
motors of eukaryotic cytoskeletal systems such as myosins, kinesins or dyneins that 
walk on the cytoskeletal tracks, the bacterial cytoskeletal filaments involved in DNA 
segregation fall under the category of cytomotive filaments (Löwe and Amos 2009). 
The dynamic assembly and disassembly of the filaments is driven by changes in the 
nucleotide state. Interactions with the adaptor and/or the adaptor/centromere com-
plex modulate these dynamics (Møller-Jensen et al. 2003; Garner et al. 2004).

The segregation systems have been classified into different types (I – III) based 
on the fold of the motor protein. The motor proteins of Type I, II and III comprise 
ATPases of the WACA family (deviant Walker A motif containing Cytoskeletal 
ATPases), ATPases of the actin family (Fig. 10.2), and GTPases of the tubulin fam-
ily, respectively (Gerdes et al. 2010). Type I is the most common system that also 
functions in bacterial chromosome segregation but is the least understood. Type II 
systems will be described in detail in the current chapter on actin-like cytomotive 
filaments in plasmid segregation, while Type III will be discussed in the next chap-
ter (Chap. 11).

�Centromere

The locus on the plasmid that allows for the attachment of the filament motor via an 
adaptor protein can be regarded a centromere-like region of the plasmid DNA (Dam 
and Gerdes 1994). The centromeres of plasmid segregation systems comprise repet-
itive segments of DNA, termed iterons. In different systems there are 3–12 iterons 
in their centromeric sequences, each of 6–12 bp length (Figure 10.1). Each iteron 
binds a functional unit (either monomer or dimer) of the adaptor protein (Dam and 
Gerdes 1994; Møller-Jensen et al. 2007; Schumacher et al. 2007). The arrangement 
of the iterons allows for cooperative binding of the adaptor on the plasmid DNA 
(Møller-Jensen et  al. 2003). The resulting protein-DNA complex is sometimes 
called the ‘segrosome’. The structure of the segrosome (Fig. 10.3) is typically orga-
nized with the DNA on the outer surface of an extended super-helical structure of 
the adaptor proteins (Møller-Jensen et al. 2007; Schumacher et al. 2007).

10  Structure and Dynamics of Actin-Like Cytomotive Filaments in Plasmid Segregation
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�Adaptor Protein

Adaptor proteins, as the name implies, mediate the attachment of the filament 
motors to the centromere-like sequences on the DNA.  They have a surface that 
interacts with the DNA, and another binding site for the motor protein (Salje and 
Löwe 2008). Cooperative binding of the adaptor protein to the repetitive sequences 
of the centromere results in the formation of the segrosome complex (Fig. 10.3). 
The adaptor protein, on its own and in the centromere-bound form, is capable of 
altering the dynamics of assembly of the cytomotive filament (see later sections) 
(Møller-Jensen et al. 2003; Garner et al. 2004; Gayathri et al. 2012; Garner 2007). 
This is a significant feature of plasmid segregation systems, which helps with dis-
pensing of alternative nucleation factors for filament assembly, checkpoints for 
spindle assembly, and disassembly factors. In many if not all cases, the centromeric 
sequence overlaps with the promoter-binding region for the motor. Hence, the adap-
tor protein also acts as a transcriptional repressor for the motor and adaptor proteins 
(Dam and Gerdes 1994). The repression activity regulates the number of monomers 

Fig. 10.2  Motor proteins in Type II plasmid segregation systems are actin-like. (a) Sections of the 
structure-based sequence alignment obtained using PROMALS3D (Pei et al. 2008) of human and 
bacterial actins (UNIPROT ID’s- Human actin: P68133, E. coli MreB: P0A9X4, E. coli R1 ParM: 
P11904, S. aureus pSK41 ParM: O87364, B. subtilis pE88 Alp12A: Q89A01, B. subtilis pLS32 
Alp7A: C7F6X5, B. subtilis pLS20 AlfA: S5DTP8) shows that the signature motifs of the ASKHA 
fold (Bork et  al. 1992) are conserved in the bacterial actins involved in plasmid segregation. 
Monomeric structures of (b) actin (PDB: 1YAG), (c) R1 ParM (PDB: 1MWM) and (d) pSK41 
ParM (PDB: 3JS6). The four domains are color coded as IA/1 (blue), IB/2 (yellow), IIA/3 (red), 
IIB/4 (green). The signature motifs are colored according to the labels in (a), and the conserved 
residues highlighted in stick representation. Bound nucleotides, if any, are shown in ball and stick 
representation
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of the motor protein available in the cell, and thus controls filament dynamics. This 
leads to an efficient mechanism of disassembly and/or control over excessive fila-
ment formation and bundling.

�Actin-Like Cytomotive Filaments in Plasmid Segregation

A large number of actin-like proteins have been identified in bacterial genomes 
(Derman et al. 2012). Some of these proteins have been shown to be involved in 
plasmid partitioning while the functions of others remain elusive. The best-
characterized plasmid segregation system involving an actin-like cytomotive fila-
ment is the ParMRC system (Salje et al. 2010). Other actin-like plasmid segregation 
systems are AlfA, Alp7A, Alp12, pB171 and pSK41. The following sections discuss 
in detail how the structure and dynamics of the cytomotive filaments lead to plasmid 
partitioning as, currently, the function of the ParMRC system is probably the best-
understood in bacterial systems involving cytomotive filaments.

Fig. 10.3  Architecture of the segrosome complex in plasmid segregation. (a) Organization of the 
centromeric sequence into 10 iterons. The 39-bp insertion between the iterons is shown as a grey 
loop. (B–C) pB171 ParR (PDB ID: 2JD3) forms a super-helical structure resembling a lockwasher. 
A dimer of ParR binds to each iteron of parC (color-coded and numbered correspondingly) (b) 
View of ParR helix along the screw axis and (c) side view. (d) ParR binds DNA as a dimer to one 
iteron of the centromeric sequence, as shown by the crystal structure of the N-terminal region of 
dimeric ParR (PDB ID: 2Q2K) of pSK41 plasmid (light and dark blue) in complex with a 20-bp 
DNA sequence of two iterons of parC (magenta and pink). (e) Electron micrographs of R1 ParR 
assembled on parC-containing plasmid (Adapted from Møller-Jensen et al. (2007)). (f) Negatively 
stained EM image of R1 ParR bound to the tip of a ParM filament (Adapted from Salje and Löwe 
(2008))

10  Structure and Dynamics of Actin-Like Cytomotive Filaments in Plasmid Segregation
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�ParMRC System of E. coli R1 Plasmid

A number of studies utilizing cytological investigations (Gerdes and Molin 1986; 
Dam and Gerdes 1994), in  vitro biochemical assays (Møller-Jensen et  al. 2002; 
Jensen and Gerdes 1997; Møller-Jensen et al. 2003, 2007; Schumacher et al. 2007; 
Salje and Löwe 2008), reconstitution experiments in  vitro (Garner et  al. 2004; 
Garner 2007), live cell fluorescence microscopy (Campbell and Mullins 2007), 
X-ray crystallography (Gayathri et  al. 2012; van den Ent et  al. 2002), electron 
microscopy and tomography experiments (Salje et  al. 2009; Orlova et  al. 2007; 
Popp et al. 2008; Bharat et al. 2015) have led to deep mechanistic insights into the 
action of the ParMRC system of plasmid segregation.

�Structural Features of ParMRC

The structural organization of the three components of the plasmid segregation 
machinery has been elucidated for ParMRC.

Architecture of the ParRC Complex

The parC locus of the ParMRC system consists of 10 iterons of 11-base pair 
sequences of DNA, five each on either side of a 39-base pair region (Fig. 10.3a) 
(Dam and Gerdes 1994). The structure of ParR demonstrates that it forms a 
lockwasher-like super-helical structure at high concentrations and in the presence of 
DNA containing the parC sequence (Fig. 10.3b–d) (Møller-Jensen et al. 2007). The 
positively charged surface on the outside of the lockwasher provides a complemen-
tary electrostatic surface for the negatively charged DNA backbone, as well as a 
repeating structural match to the iterons; each dimer of ParR binds to an iteron 
comprising 11-base pairs of parC (Møller-Jensen et al. 2007).

Architecture of ParM Filament

In the presence of ATP, ParM forms helical filaments with a left-handed twist 
(Gayathri et  al. 2012; Orlova et  al. 2007; Popp et  al. 2008). These can also be 
described as a two-start helix with two protofilaments/strands (Fig.  10.4a). The 
arrangement of the monomers within the protofilament of ParM is similar to that in 
actin, though the helical parameters and the twist are different. The rotation between 
adjacent subunits in the protofilament is 27° for actin (right-handed), and −30° 
(left-handed) for ParM (Gayathri et al. 2012; Fujii et al. 2010). Table 10.1 contains 
a summary of the helical parameters of all the actin-like filaments in plasmid segre-
gation for which a reliable reconstruction is available. The polar structure (filament 
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Fig. 10.4  Conformational cycle of ParM. (a) The ParM filament is composed of two protofila-
ments (PDB ID: 4A6J). Alternate monomers are colored as grey and black in one protofilament/
strand and yellow and orange in the other. Monomers in one protofilament are offset by approxi-
mately half their length (~ 24 Å) with respect to the other protofilament – the filament is staggered. 
The filament is polar, with one end termed as the barbed end and the other as the pointed end. The 
standard view of the monomers, shown in Fig. 10.2, and in (b), is such that the bottom of the 
monomer faces the barbed end of the filament. (b) The nucleotide-dependent conformational cycle 
of ParM: ParM in its apo-form binds ATP resulting in a ~25° domain closure between domains 1 
and 2. The conformational change in ParM-ATP can either allow its assembly to form filaments or 
it binds with ParR to forms a ParM-ATP-ParR complex. The ParR-bound conformation of ParM 
and the monomer conformation within the ParM-ATP filament are equivalent – a more compact 
conformation where ATP hydrolysis is stimulated. Upon release of phosphate, the filaments dis-
sociate to form ParM-ADP monomers, which can release ADP to go back to the apo-form. The 
ATP-bound conformations have been captured using AMPPNP, a non-hydrolysable analogue of 
ATP. (c) Intra-protofilament contacts between R1 ParM monomers with the polymerization inter-
face highlighted in grey. (d) Inter-protofilament contacts between monomers from adjacent proto-
filaments/strands. (e) Enlarged view of the contacts in (d) shows that the inter-protofilament 
contacts include a few salt bridges (PDB ID for C-E: 5AEY)

10  Structure and Dynamics of Actin-Like Cytomotive Filaments in Plasmid Segregation



306

Ta
bl

e 
10

.1
 

H
el

ic
al

 p
ar

am
et

er
s 

an
d 

D
yn

am
ic

s 
of

 a
ct

in
-l

ik
e 

fil
am

en
ts

A
ct

in
-

L
ik

e 
Pr

ot
ei

n

St
ru

ct
ur

e 
(h

el
ic

al
 p

ar
am

et
er

s)
D

yn
am

ic
s

PD
B

E
M

D
B

R
es

ol
ut

io
n 

(Å
)

H
an

de
dn

es
s

Ph
i (

°)
a

A
zi

m
ut

ha
l 

in
cr

em
en

t 
(Å

)

In
st

ab
ili

ty
 r

at
io

 
(c

cA
D

P/
cc

A
T

P)
b

B
eh

av
io

r
N

uc
le

us

A
ct

in
3M

FP
51

68
6.

6
R

ig
ht

26
.8

27
.6

1.
6 

(P
ol

la
rd

 1
98

6)
T

re
ad

m
ill

in
g

3 
(P

ol
la

rd
 

19
86

)
R

1 
Pa

rM
5A

E
Y

28
50

(A
M

PP
N

P)
4.

3
L

ef
t

30
23

.4
>

16
0

D
yn

am
ic

 
in

st
ab

ili
ty

3 
(G

ar
ne

r 
et

 a
l. 

20
04

)
–

28
48

(A
D

P)
11

L
ef

t
30

24
.7

pB
17

1
Pa

rM
 

(R
iv

er
a 

et
 a

l. 
20

11
)

–
–

19
L

ef
t

27
.8

24
.2

>
14

0
D

yn
am

ic
 

in
st

ab
ili

ty
2

A
lf

A
 

(P
ol

ka
 

et
 a

l. 
20

09
)

–
–

15
L

ef
t

46
25

4.
2

T
re

ad
m

ill
in

g
3–

4

A
lp

12
A

 
(P

op
p 

et
 a

l. 
20

12
)

4A
PW

20
68

19
.7

R
ig

ht
13

.2
4

42
.8

N
o 

po
ly

m
er

iz
at

io
n 

w
ith

 A
D

P
D

yn
am

ic
 

in
st

ab
ili

ty
4

a P
hi

 d
en

ot
es

 th
e 

an
gl

e 
of

 r
ot

at
io

n 
be

tw
ee

n 
ad

ja
ce

nt
 s

ub
un

its
 w

ith
in

 a
 p

ro
to

fil
am

en
t

b c
cA

D
P/

cc
A

T
P 

de
no

te
s 

ra
tio

 o
f 

th
e 

cr
iti

ca
l c

on
ce

nt
ra

tio
ns

 o
f A

D
P 

to
 A

T
P

P. Gayathri and S. Harne



307

with dissimilar ends) of the ParM filament is described by the terms barbed end and 
pointed end, borrowing from the actin filament terminology (Fig. 10.4a).

Conformational Cycle of ParM

The different conformations of monomeric ParM in the nucleotide-free and in the 
bound states with the hydrolyzed (ADP) and non-hydrolyzed (AMPPNP, a non-
hydrolysable analog of ATP) nucleotide states have been captured using X-ray crys-
tallography (Gayathri et al. 2012; van den Ent et al. 2002). The conformations of the 
filament form of ParM in the different nucleotide states have been observed recently 
by high-resolution electron microscopic reconstructions (Bharat et al. 2015). These 
give a seemingly complete picture of the conformational cycle that ParM undergoes 
during nucleotide hydrolysis-dependent dynamics (Fig. 10.4b).

Upon nucleotide binding, there is ~25° domain closure between domains 1 and 
2 (van den Ent et al. 2002). Comparison between ATP and ADP monomeric confor-
mations does not reveal any prominent conformational changes. However, the 
assembly of the ATP-bound monomers into the filament form results in a further 
domain closure resulting in the formation of the most compact structure of ParM 
(Bharat et  al. 2015). The conformation of ParM in the ParR peptide-bound state 
matches well the conformation of ParM monomers within the filament (Gayathri 
et al. 2012). This structure also shows that it binds to a pocket at the polymerization 
interface (Fig. 10.4b, c). Hence, ParR can be accommodated only at the barbed end 
of the ParM filament.

�ParM Filament Dynamics

ParM filaments are preferentially formed in the presence of ATP. The critical con-
centration for filament formation is very high in the presence of ADP, and even 
higher without any nucleotide (Garner et al. 2004). Studies have shown that ParM 
can also utilize GTP for polymerization (Popp et al. 2008). Filament growth does 
not require external nucleation factors, and filaments are capable of nucleating on 
their own, above the critical concentration. Though the filaments are structurally 
asymmetric, they are kinetically symmetric, and grow, alone, equally at the barbed 
end and the pointed end (Garner et al. 2004). However, in the presence of ParRC 
complex, the critical concentration of ParM monomers for filament formation is 
lower, and the growth at the barbed end, which is the ParRC-bound end, is faster 
than at the pointed end (Fig. 10.5a) (Gayathri et al. 2012).

ParM filaments exhibit dynamic instability (Garner et al. 2004). They grow in the 
presence of ATP-bound monomers. Hydrolysis of ATP destabilizes the filaments, 
resulting in disassembly. Binding of ParRC prevents the disassembly of the fila-
ments from the barbed end (Gayathri et al. 2012). ParM monomers are added by 
insertional polymerization at the ParRC-bound end (Møller-Jensen et  al. 2003; 
Garner 2007). The pointed end is inhibited from disassembly by lateral stabilization 
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upon pairing with another ParRC-bound filament in an antiparallel orientation 
(Fig. 10.5c–e) (Gayathri et al. 2012). Thus, an antiparallel arrangement of two fila-
ments forms a stable bipolar spindle of ParMRC (Fig. 10.5d–e). An interesting fea-
ture of ParMRC spindle dynamics is that ParRC interacts only with the ATP-bound 
conformation of ParM (Møller-Jensen et  al. 2003). This ascertains that ParRC 
remains bound only when there are sufficient free ParM monomers within the cell, 
where they will normally be ATP-bound. Decrease in the concentration of ATP-
bound ParM monomers leads to the loss of ParRC from the tip, and subsequent 
disassembly of the bipolar spindle (Møller-Jensen et al. 2002; Gayathri et al. 2012).

Information on filament dynamics has been obtained by in vitro reconstitution 
experiments using fluorescently labeled proteins and DNA containing parC (Garner 
et al. 2004; Gayathri et al. 2012; Garner 2007). Light scattering experiments pro-
vide information on the kinetics of filament nucleation, growth and disassembly 
(Table 10.1) (Garner et  al. 2004; Popp et  al. 2008; Galkin et  al. 2009). Plasmid 

Fig. 10.5  Effect of ParRC on ParM filament assembly and bipolar spindle formation. Kymographs 
of ParM filaments by dual-label experiments (purple ParM seed and green growing filament) in the 
absence (a) and presence (b) of ParRC using TIRF microscopy. ParM filaments, in absence of 
ParRC, exhibit symmetric growth at both ends. The bidirectional growth becomes asymmetric 
upon addition of ParRC, which rapidly adds ParM monomers at one end, the barbed end. C & D) 
ParM filaments are stabilized by the binding of ParRC at the barbed end (c) and by pairing at the 
pointed end (d). Loss of ParRC (green) at the barbed end (c) leads to disassembly of the ParM 
(purple) filament. The white arrow highlights the initiation of disassembly, observed by the slope. 
The dissociation of a spindle (d), due to repulsive charges in a mutant of ParM (ParM-S19R, 
G21R), shows that a ParM spindle (purple) is composed of more than one filament, that they are 
oriented anti-parallel, and that un-pairing triggers disassembly from the pointed end. White and 
yellow arrowheads highlight the ends of each filament within the disassembling spindle. (e) 
Atomic model comprising one repeat of the antiparallel ParM filament pair. (f) A view of the bipo-
lar spindle captured in a electron cryotomogram of an E. coli cell. The filament doublet shows a 
clear lack of superhelicity, consistent with the model in (e). (g) The overall dimensions of the 
ParRC complex and the helical pitch of ParM filaments are similar. Thus ParRC can facilitate 
nucleation and accelerate ParM growth at the barbed end. (A–G adapted from Gayathri et  al. 
(2012) and Bharat et al. (2015))
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segregation dynamics have also been observed using live cell imaging within E. coli 
using fluorescently labeled components (Campbell and Mullins 2007). A detailed 
account of the various methods utilized to study actin-like filaments is provided in 
reference (Petek and Mullins 2014).

�Correlation Between ParM Structure and Dynamics

Observation of the complete conformational cycle provides a clear understanding of 
how structural features of the actin-like filament contribute to dynamics of assembly 
(Fig. 10.4b). ParM monomers assemble into the filament form in the presence of 
ATP. The conformational transition from the monomeric to the filament form stimu-
lates ATP hydrolysis within the filament (Møller-Jensen et al. 2003; Gayathri et al. 
2013). The monomers are held in the filament conformation through longitudinal 
lattice contacts involving adjacent monomers even post ATP hydrolysis, as is 
observed from the ParM filament reconstruction in presence of ATP and vanadate 
(Bharat et al. 2015). However, ParM filaments formed in the presence of ADP have 
a different conformation of monomers within the filament. Comparison of the 
ParM-ADP and ATP filament conformations shows that the inter-protofilament and 
intra-protofilament contacts are not optimal for the stability of the ADP-bound fila-
ment. Figure 10.4c–e shows the contacts that hold the filament in the AMPPNP-
bound state of ParM (Bharat et  al. 2015). The sub-optimal contacts lead to the 
disassembly of the filaments post ATP hydrolysis and loss of phosphate, unless the 
lattice contacts with ATP-bound ParM monomers is maintained at the tips, where 
ATP hydrolysis may not have occurred yet.

Dynamic instability exhibited by the ParM filaments implies that they remain 
stable as long as the ends of the filament are held in the ATP-bound filament confor-
mation. If the rate of addition of monomers slows down, presumably due to reduc-
tion in the concentration of ATP-bound ParM monomers, the conversion of ATP to 
ADP conformation occurs in the ParM monomers towards the ends of the filament, 
leading to rapid disassembly. The observation of disassembly in the ParM spindles 
show that the process is directional (Fig. 10.5c, d) and proceeds from the destabi-
lized end of the filament (barbed end where the destabilization is by the loss of 
ParRC (Fig. 10.5c), pointed end if the destabilization is by decoupling of a paired 
filament) (Fig. 10.5d) (Gayathri et al. 2012).

The structural arrangement of the ParRC helix might explain its processivity 
when polymerizing ParM filaments and also the insertional polymerization mecha-
nism of ParRC-driven ParM filament elongation (Fig. 10.5g). The binding site at the 
polymerization interface always ensures that the ParRC helix is at the tip of the fila-
ment, thus providing a rationale for insertional polymerization (Gayathri et  al. 
2012). ParRC facilitates the conversion to the filament conformation and prevents 
disassembly by speeding up the rate of addition of ATP-bound monomers. The mul-
timerization involved due to the repetitive segments of the ParR binding sites at the 
iterons of parC provides multiple ParM-binding sites for the segrosome complex. 
This probably contributes towards the processivity of movement of ParRC at the 
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barbed end of ParM filaments. The amount of ATP-bound ParM monomers in the 
cell may also affect processivity. Finally, the architecture of the ParRC complex 
suggests that nucleation and acceleration of growth at the barbed end may occur due 
to similarity in the helical pitch of the ParM filament and that of the ParRC super-
helix (Fig. 10.5g).

Antiparallel bipolar spindle assembly is facilitated by ParM’s filament architec-
ture. The groove of one filament fits into the groove of another in an antiparallel 
manner (Fig. 10.5e). Hence, surface residues on the filament contribute to the effi-
cient functioning of the bipolar spindle, such that the interaction is not too strong to 
hinder the dynamics by antiparallel pairing, but not too weak to prevent them from 
forming a stable spindle, as has been demonstrated by mutational studies (Gayathri 
et al. 2012). These bipolar spindles have been observed in vitro (Fig. 10.5c, d) and 
also in vivo using electron tomography of E. coli cells (Fig. 10.5f) (Bharat et al. 
2015). The electron tomography observations in  vivo point out that the plasmid 
segregation is most likely ‘asynchronous’ – each bipolar spindle segregates a differ-
ent pair of plasmid sisters (Bharat et al. 2015). The process of segregation is also not 
coordinated with the cell cycle of the bacterium. These facts point out that the 
mechanism of plasmid segregation in ParMRC strives to separate pairs of plasmid 
copies, and thus ensures that they are apart during cell division.

�AlfA of Bacillus Subtilis pLS32

A partitioning system, active during vegetative growth and sporulation in B. subtilis 
was discovered on pBET31, the mini-plasmid of pLS32, and AlfA and AlfB were 
identified to be the actin-like protein and the adaptor protein components respec-
tively (Becker et al. 2006).

�Organization of the AlfA Segregation System

The alf operon consists of AlfA, forming an actin-like filament (Alf), AlfB, a DNA-
binding protein that acts as the adapter coupling the filament to the plasmid, and 
parN, a DNA locus containing three binding sites for AlfB (Becker et  al. 2006; 
Polka et al. 2009; Tanaka 2010). AlfA was found to be actin-like based on the iden-
tification of nucleotide binding and hydrolysis motifs (Fig.  10.2a) (Becker et  al. 
2006). The interaction between AlfB and parN has been characterized and the first 
two iterons are essential for the binding (Tanaka 2010). Since the parN sequence is 
located within the promoter region of alfA, binding of AlfB to parN represses its 
expression. It has also been shown using yeast two hybrid experiments that AlfB 
binds to AlfA. Thus, the three components AlfA, AlfB and parN constitute a plas-
mid segregation system for pLS32 of Bacillus subtilis (Tanaka 2010).
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�Structure of AlfA

Though the monomeric structure of AlfA has not been determined yet, it is expected 
to be of actin fold. Contrary to the ParM filaments that exhibit dynamic instability, 
AlfA was observed to form stable filaments within the cell and also in vitro (Polka 
et al. 2009). The polymerization occurred in the presence of ADP or ATP, and also 
GDP or GTP, although filaments formed with ATP were more stable compared to 
those with GTP. Electron microscopy images showed the presence of bundles of 
AlfA filaments (Fig.  10.6a). The bundling of AlfA was dependent on the salt 

Fig. 10.6  Electron microscopy of actin-like proteins from Type II plasmid segregation systems. 
(a) AlfA alone forms bundles (left), the presence of AlfB debundles AlfA and decreases its length 
(centre), and bundles are restored upon addition of AlfB-parN complex (right) (Adapted from 
Becker et al. (2006)). (b) pB171 ParM forms filaments in presence of ATP (Adapted from Rivera 
et al. (2011)). (c) Filaments of Alp12A (Adapted from Popp et al. (2012)). (d–f) EM reconstruction 
of AlfA filaments (d, adapted from Polka et al. (2009)); pB171 ParM filament (e, adapted from 
Rivera et al. (2011)); Alp12A filaments (f, PDB: 4APW; EMDB: 2068). Alp12A exists as a four-
stranded antiparallel filament. Each filament is shown as two protofilaments colored in blue and 
grey respectively. The shade of blue of the monomers varies from dark towards light from the 
barbed end to the pointed end, highlighting the antiparallel arrangement
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concentration. The bundles were disrupted in the presence of higher concentration 
of KCl (Polka et al. 2009).

Three-dimensional reconstruction of electron microscopy images of negatively-
stained AlfA showed that the filaments are left-handed, similar to ParM (Fig. 10.6). 
The helical parameters vary between AlfA and ParM. AlfA exhibits a higher twist 
of 46° between adjacent monomers in the filament compared to 30° in ParM 
(Table 10.1). A monomer of ParM in the apo-state (with an open nucleotide cleft) 
was observed to be the best fit into the EM reconstruction map (Polka et al. 2009). 
However, a high-resolution EM reconstruction from electron cryomicroscopy 
images will be required in order to provide more detailed information.

�AlfA Filament Dynamics

AlfA forms polymers in the presence of ATP, ADP, GTP or GDP (Polka et al. 2009). 
The kinetics of polymerization show that the critical concentration of ADP-bound 
AlfA monomers is only about 4 fold higher than that of ATP-bound monomers. This 
implies that AlfA most likely does not function by a dynamic instability driven 
mechanism as observed for ParM. The ability to form filaments with ADP or ATP 
results in the formation of stable bundles of AlfA filaments (Polka et  al. 2009). 
Initial observations of stable filaments of AlfA that do not show dynamics were 
intriguing since a mechanism for plasmid segregation involving a stable filament is 
difficult to reconcile. For plasmid segregation to occur by a filament bound to a 
DNA there should be available a pool of monomers, maintained above the critical 
concentration for elongation. The pool is typically maintained by recycling mono-
mers released by the breakdown of filaments that are not bound to DNA, as in the 
case of dynamic instability of unbound ParM filaments.

Later studies showed that AlfB reduces the bundle formation of AlfA polymers 
and destabilizes them (Fig. 10.6a). This effect was attributed to the sequestration of 
AlfA monomers by AlfB (Polka et al. 2014). Additionally, AlfB bound to parN was 
found to nucleate AlfA filaments. The filaments formed in the presence of the 
AlfB-parN complex were longer, and had a tendency to bundle (Fig. 10.6a). The 
AlfB-parN complex bound only to one end of the AlfA filaments (Polka et al. 2014). 
In vitro experiments showed that DNA moves processively along the growing tips 
of AlfA filaments, while disassembly occurs at the other end, giving the appearance 
of a comet-like structure (Polka et al. 2014). Thus, the combined effect of filament 
stabilization by the AlfB-parN complex at one end, and the destabilizing effect of 
free AlfB at the other end results in treadmilling of the AlfA filament. This tread-
milling is unidirectional, and pushes the DNA in the direction of growth of the fila-
ment. Bundling of two filaments in antiparallel orientations results in movement of 
DNA in opposite directions. Reference-free averaging of images of AlfA filament 
pairs suggests that the filaments do show a preference for bundling in an antiparallel 
orientation, similar to that of ParM filaments (Polka et al. 2014).
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Further studies of the structural details of how AlfB interacts with AlfA will be 
needed to understand the mechanism of action of AlfB as a destabilizing agent on 
its own, and as a nucleator and a promoter of filament elongation in the presence of 
parN DNA.

�Other Actin-Like Filaments Involved in Plasmid Segregation

Many actin-like proteins (Alps) have been identified in bacteria (Derman et  al. 
2012). Some of these are found in extra-chromosomal elements such as plasmids, 
phage and conjugative DNA elements. The functions of most of these proteins are 
unknown. However, representative members of some of the actin-like protein fami-
lies that have been characterized demonstrate that they form filaments in vitro and 
in vivo and have been implicated in plasmid segregation (Derman et al. 2012; Rivera 
et al. 2011; Popp et al. 2012). Other than ParM and AlfA, for which mechanistic 
details of plasmid segregation are emerging, the rest of the actin-like cytomotive 
filaments have only been partially characterized. A summary of the information on 
these systems is given in the following sections (Fig. 10.6 and Table 10.1).

�Alp12A

Alp12A forms part of the plasmid segregation system of Clostridium tetani pE88 
plasmid (Popp et al. 2012). In addition to Alp12A, some of the other genes harbored 
in pE88 are the tetanus toxin and the transcriptional repressor TetR.  The DNA 
sequence equivalent to parC has not been identified yet.

Structure of Alp12A

Alp12A forms filaments in the presence of ATP or GTP.  Interestingly, electron 
microscopy of Alp12A filaments formed in presence of ATP shows that they com-
prise four actin-like protofilaments or strands. Out of the four protofilaments, two of 
the protofilaments are arranged antiparallel in orientation to the other two. The 
arrangements of pairs of protofilaments that are oriented parallel are not similar to 
the inter-protofilament arrangement observed in other known actin-like filaments 
(Fig. 10.6c). A prominent cleft is found in between the two antiparallel pairs of fila-
ments, which was observed as a dark line in the negatively stained images. The 
handedness has been estimated to be right-handed. It is interesting to note that there 
is an antiparallel arrangement of protofilaments, which will probably contribute 
towards moving DNA in opposite directions during plasmid segregation (Popp et al. 
2012).
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Alp12A Filament Dynamics

The kinetics of polymerization for Alp12A have been studied using light scattering 
experiments and kinetic analysis of the data. Accordingly, Alp12A exhibits dynamic 
instability. It utilizes either ATP or GTP for polymerization. However, similar to 
other actin-like proteins discussed so far, ATP-dependent polymerization is more 
efficient. Fitting of experimental light scattering data suggests that the nucleus for 
polymerization involves an initial dimer formation, followed by tetramerization 
(Table 10.1). This model for nucleation is consistent with the four-stranded antipar-
allel filament model (Popp et al. 2012).

�Alp7A

Alp7A is an actin-like protein from the Bacillus subtilis plasmid pLS20. The dynam-
ics of Alp7A and the associated Alp7R and alp7C have been observed in  vivo 
(Derman et al. 2012). GFP labeling of Alp7A expressed in cells showed that these 
filaments grow and shrink, thus exhibiting dynamic instability. Mutation of the 
aspartate most likely involved in ATP hydrolysis resulted in the presence of long 
and stable filaments within the cell, and disrupted the dynamics, emphasizing the 
role of ATP hydrolysis in the process. Similar to ParR, Alp7R acts as a repressor for 
Alp7A expression and binds to a repetitive sequence of DNA, alp7C, positioned at 
the promoter region of Alp7A.

�pSK41

pSK41 is a plasmid that confers multiple drug resistance to Staphylococcus aureus. 
ParM and ParR proteins and parC iterons have been identified for the pSK41 plas-
mid segregation system. Crystal structures of the pSK41 ParM (Popp et al. 2010), 
and a DNA-bound segrosome complex of the ParR (Schumacher et al. 2007) have 
been determined.

Structure and Dynamics of pSK41 ParM

The structure of pSK41 ParM shows that it is indeed an actin-like protein (Fig. 10.2d). 
The protein in its apo-state superposes best with the nucleotide-bound conformation 
of R1 ParM. The filaments of pSK41 have been observed by negative stain EM, 
although currently no near-atomic structure or 3D-reconstruction of the filaments is 
available. A mutational analysis has identified the probable residues involved at the 
interface, and this study highlights that the orientation of monomers in the pSK41 
ParM will be similar to that of the monomers in other actin-like ParM protofila-
ments (Popp et al. 2010).
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Light scattering studies to understand the dynamics have shown that pSK41 
ParM polymerizes in the presence of ATP or GTP as nucleotide, and filaments were 
not observed with ADP or GDP. Hence, they exhibit dynamic instability similar to 
R1 ParM (Popp et al. 2010).

Structure of pSK41 ParR

Crystal structure of pSK41 ParR shows that the protein adopts a ribbon-helix-helix 
fold, and a dimer of ParR interacts with a 20-mer tandem repeat of 10 bp of parC 
DNA. It forms a super helical structure with the DNA wound around the outer sur-
face of the helix (Fig. 10.3b–d). The electrostatic surface potential on the inside 
surface of the super helical structure is complementary to that of the pSK41 ParM 
monomer (Schumacher et al. 2007).

�pB171 ParM

ParM from E. coli virulence plasmid pB171 shares a comparatively high degree of 
conservation with ParM from R1 plasmid, Though 41% identity between them is 
much less than the degree of conservation between eukaryotic actins, the structure 
and dynamics of pB171 ParM seem to be quite similar to that of R1 ParM. Fig. 10.6 
and Table 10.1 summarize relevant features of pB171 ParM in comparison to the 
other members of the actin-like filaments in plasmid segregation (Rivera et  al. 
2011).

�General Features of Actin-Like Plasmid Machineries

The sets of actin-like plasmid segregation machinery characterized till date permit 
us to compare with the eukaryotic actin cytoskeleton and associated proteins and 
highlight some of the features of the bacterial cytoskeleton required for the function 
of DNA segregation. The major significance emerging from studying these systems 
lies in their simplicity, in how the cytoskeletal systems are empowered to carry out 
DNA segregation faithfully with minimal numbers of components. Of course, this 
is not accidental in the case of extra-chromosomal genetic elements such as plas-
mids, mobile genetic elements, and phages because of their extremely limited 
genome size.
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�Possible Ways to Build a Bipolar Spindle

The actin-like cytomotive filaments functioning as DNA segregation machinery 
highlight that there are multiple ways in which a bipolar spindle can be constructed, 
using a basic building block or monomer of the same protein fold and the same 
protofilament architecture. Dynamics driven by nucleotide-hydrolysis play a major 
role in the formation of the bipolar spindle. The two major patterns of filament 
dynamics, as also observed in the eukaryotic cytoskeletal systems, are dynamic 
instability and treadmilling. How the plasmid segregation system manipulates either 
of these dynamics to achieve segregation is very interesting (Fig. 10.7).

A filament that exhibits dynamic instability requires both ends to be stabilized, 
else it will not survive. In the ParMRC system, the two ends of the filaments are 
rescued from dynamic instability by different means – (i) when ParR-bound DNA 
binds to one of the ends (ie, barbed end) (ii) when paired with another filament com-
ing together in an antiparallel direction (at the pointed end). This arrangement 
ensures two requirements for DNA segregation – (i) capture of the DNA is achieved 
(ii) antiparallel pairing of two DNA-attached filaments facilitates coordinated 
movement of a pair towards the extremes of the cell, thus acting as a ‘checkpoint’ 

Fig. 10.7  Schematic representation of the mechanism of plasmid segregation in (a) R1 ParM, and 
(b), AlfA (Adapted from Gayathri et al. (2012) and Polka et al. (2014))
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for DNA replication. The antiparallel orientation and elongation in the DNA-bound 
end ensures separation of the attached pair.

In treadmilling, elongation occurs at one end, while the other end shortens. If 
DNA is attached to the growing end, as in AlfA-driven plasmid segregation, the 
system functions via a pushing mechanism and pairs separate when two such fila-
ments come together in an antiparallel orientation. However, the antiparallel 
arrangement does not contribute to increase the stability of the paired end. In the 
case of AlfA, the dynamics at the growing end (plus end) and the shortening end 
(minus end) are both modulated by AlfB. parN-bound AlfB at the growing end 
elongates the filament, while free AlfB destabilizes the minus end and ensures recy-
cling of monomers for the growing end to elongate.

Both of the cases of actin-based plasmid segregation mechanisms mentioned 
above work by a pushing mechanism at filament plus ends. An interesting case of 
plasmid attaching to the minus end of a treadmilling filament, implicating a pulling 
mechanism, has been observed in TubZRC, a tubulin-like cytomotive plasmid seg-
regation system (Fink and Löwe 2015) (discussed in the next chapter). Many of the 
actin-like filaments appear to prefer an antiparallel arrangement of protofilaments, 
which is a desired or an intuitive configuration, for a pushing mechanism for the 
separation of two plasmids. Characterization of the interaction with the adaptor 
protein and the segrosome complex for more actin-like plasmid segregation systems 
will throw light on the different combinations of possible modulations of the fila-
ment dynamics, required for building a plasmid segregation system.

�Design of a Minimal Bipolar Spindle

One of the endearing features of plasmid segregation systems is the minimal num-
ber of components required to carry out their functions. This is possible by exploit-
ing the principles of filament dynamics for dispensing with many of the components 
such as nucleators, and disassembly factors needed in eukaryotic cytoskeletal sys-
tems. The insertional polymerization mechanism ensures that DNA is always bound 
to one end only and not to the sides of the filament, thus accomplishing segregation. 
Additionally, the amounts of proteins involved in plasmid segregation, and thus fila-
ment dynamics, is maintained by strategies such as transcriptional repression by the 
adaptor protein.

In the ParMRC system, the number of ParM molecules available is regulated by 
the transcriptional repression by ParR. Hence, when ParR is bound to DNA and 
initiates the formation of a spindle, production of more ParM monomers is shut 
down. The existing ParM monomers get incorporated into the stabilized spindle and 
this further reduces the amount of free monomers present in the cell. Processivity 
depends on the amount of ATP-bound ParM. When the level of ATP-bound ParM 
goes low, the spindle disassembles automatically due to the deficiency of ATP-
bound ParM. This is facilitated by the design of an adaptor protein that binds only 
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to the ATP-bound ParM, and thus dispenses with the requirement of external disas-
sembly factors.

Thus, the control of filament dynamics serves multiple functions: -(i) It facili-
tates the capture of DNA by nucleating filament formation, a role played by the 
segrosome complex. (ii) It dispenses with the requirement of additional factors for 
disassembly once the plasmids are moved apart within the cell. (iii) The require-
ment of two antiparallel filaments provides a measure for the presence of an even 
number of plasmids, as is the case after DNA replication.

�Comparison with the Actin Cytoskeleton

The actin-like proteins in plasmid segregation and indeed all actin-like proteins of 
the bacterial cytoskeleton show a high degree of sequence divergence amongst 
themselves and with respect to the actin sequence. The sequence identities between 
these and actins are typically less than 20%. The sequence variation allows for the 
varying architectures of protofilaments/strands and the resulting filaments. 
Importantly, the structure of the intra-protofilament/strand interface is conserved 
throughout the family, including MreB (van den Ent et al. 2001), FtsA (Szwedziak 
et al. 2012), MamK (Ozyamak et al. 2013), ParM (Bharat et al. 2015), AlfA(Polka 
et al. 2009), Alp12A (Popp et al. 2012). Though a similar arrangement of the mono-
mers is maintained within the protofilaments, the residues at the interface show 
variation, preventing the possibility of copolymerization among these filaments and 
also reflecting large evolutionary distances. The organization of the protofilaments 
gives rise to the different types of filament architectures. Each plasmid might have 
evolved and optimized its own plasmid partitioning system, since variability ensures 
that the machinery segregates only its own kind. The actin cytoskeleton in eukary-
otes is highly conserved probably due to the actin pool required for a large number 
of functions within the cell, and the cell has to maintain a required pool of actin 
monomers for all these functions (Gunning et  al. 2015). The number of protein 
interactions with actin is also very high, which results in a high degree of conserva-
tion. In contrast, plasmid segregation systems are autonomous, not interacting func-
tionally with any cellular components and this means that the evolutionary pressure 
on the components involved is very low, as long as function is conserved.

An interesting feature that highlights a conserved feature of the actin fold in 
actin-like plasmid segregation systems is the region of interaction between ParM 
and ParR. ParR interacts with ParM through an amphipathic helix on the C-terminal 
end of ParR with a pocket in between the sub-domains 1A and 2A in ParM (Gayathri 
et al. 2012). The corresponding region in actin, between sub-domains 1 and 3, also 
called hydrophobic cleft, binds most of the modulators of actin polymerization such 
as nucleators (eg. formin, spire) and severing factors, for example cofilin and twin-
filin, interact (Dominguez and Holmes 2011). For ParM, the same region in the fold 
has been exploited to regulate the filament dynamics in a bacterial actin. Determining 
the binding site on the actin fold will be required to confirm a similar mode of action 
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for the other adaptor proteins such as AlfB, which acts both as a severing factor and 
a nucleator. The existence of nucleating factors and formin-like proteins in the bac-
terial cytoskeletal systems was for the first time established for plasmid segregation 
systems (Gayathri et al. 2012).

To conclude, the actin-like plasmid segregation machinery has evolved to per-
form the function of DNA segregation with a minimal number of components. 
Further mechanistic insights being gained from the large variety of actin-like plas-
mid segregation machineries will uncover the means by which a spindle can be 
built, and also provide invaluable information on the evolution of cytoskeletal sys-
tems from bacteria, archaea and eukaryotes. Recent work reporting an archaeal seg-
regation system is a timely example for progress in these directions (Schumacher 
et al. 2015).
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Chapter 11
Tubulin-Like Proteins in Prokaryotic DNA 
Positioning

Gero Fink and Christopher H.S. Aylett

Abstract  A family of tubulin-related proteins (TubZs) has been identified in pro-
karyotes as being important for the inheritance of virulence plasmids of several 
pathogenic Bacilli and also being implicated in the lysogenic life cycle of several 
bacteriophages. Cell biological studies and reconstitution experiments revealed that 
TubZs function as prokaryotic cytomotive filaments, providing one-dimensional 
motive forces. Plasmid-borne TubZ filaments most likely transport plasmid centro-
meric complexes by depolymerisation, pulling on the plasmid DNA, in vitro. In 
contrast, phage-borne TubZ (PhuZ) pushes bacteriophage particles (virions) to mid 
cell by filament growth. Structural studies by both crystallography and electron 
cryo-microscopy of multiple proteins, both from the plasmid partitioning sub-group 
and the bacteriophage virion centring group of TubZ homologues, allow a detailed 
consideration of the structural phylogeny of the group as a whole, while complete 
structures of both crystallographic protofilaments at high resolution and fully poly-
merised filaments at intermediate resolution by cryo-EM have revealed details of 
the polymerisation behaviour of both TubZ sub-groups.
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�Introduction

Protein filaments belonging to the recently-discovered bacterial cytoskeleton are 
building blocks of molecular machines that segregate bacterial DNA, in chromo-
somes, plasmids and even some viruses, to daughter cells. These transport mecha-
nisms, which are crucial for viability and fitness of cells as they ensure that daughter 
cells inherit genetic material, probably arose long ago. Plasmids present at high-
copy numbers are normally segregated in a random manner during cell division. In 
contrast, low-copy number plasmids carry dedicated segregation or partitioning sys-
tems for plasmid maintenance, encoded by loci that are sometimes called par (for 
partition). These systems consist of a cytomotive, filament-forming nucleotide tri-
phosphatase (NTPase), an adaptor protein and a centromeric region on the plasmid 
DNA. Based on the nature of the NTPase, plasmid-borne segregation systems may 
be categorized: type I systems utilize Walker A-like adenosine triphosphatases 
(ATPase) of the ParA type; type II systems employ actin-like filaments that actively 
push plasmids to the cell poles prior to cell division; type III systems are a new fam-
ily of tubulin-related guanosine triphosphatases (GTPases) named TubZ that has 
been identified on numerous plasmids carrying virulence factors of certain patho-
gens. TubZ proteins have been discovered on large virulence plasmids of Bacilli, in 
particular of the B. cereus group (Okinaka et al. 1999; Berry et al. 2002), and are 
also found in bacteriophages from Clostridium and Pseudomonas species (Sakaguchi 
et al. 2005; Kraemer et al. 2012). In contrast to chromosome encoded tubulin homo-
logues of the FtsZ family, required during bacterial cell division, plasmid- and 
phage-borne tubulin-like proteins have different functions.

Among the first TubZ family members discovered was a factor required for rep-
lication of plasmid pXO1 of B. anthracis and therefore the protein was named RepX 
(Tinsley and Khan 2006) and TubZ was first used for the protein from Bacillus 
thuringiensis plasmid pBtoxis (Tang et al. 2006). Later TubZ proteins were shown 
to form intracellular filaments that are required for the segregation of plasmids 
(Larsen et al. 2007). However, RepX possesses properties very similar to those of 
the other TubZs, since it forms polymers (in a guanosine triphosphate dependent 
manner – Anand et al. 2008; Akhtar et al. 2009), which are also implicated in plas-
mid replication, (Tang et  al. 2007; Ge et  al. 2014a). This plasmid-borne tubulin 
related protein is therefore also referred to as TubZ.

Type III plasmid segregation systems can be subdivided into two orthologous 
groups, of plasmid- or phage-borne TubZs. Bacteriophage encoded tubulin-like 
TubZ proteins named PhuZ are implicated to foster the lytic cycle of the bacterio-
phage by concentrating phage DNA and virions to the middle of cells (Kraemer 
et al. 2012). The following sections give summaries of TubZ biology and Type III 
segregation systems. First we describe structural studies and in vitro reconstitution 
experiments that have led to the current understanding of how plasmid-borne and 
phage-encoded TubZs form filaments and are regulated. Later the translocation 
mechanisms of plasmids or phage DNA by filaments are described.
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�Phylogeny of the TubZ Group of Tubulins

Genes encoding TubZs, and operons encoding TubZ systems, have been discovered 
in a wide variety of organisms and contexts, many of which are separated by a con-
siderable phylogenetic distance (Fig. 11.1). However, on consideration of the dispo-
sition of the first few proteins identified, an extremely clear pattern emerged. TubZs 
are predominantly encoded upon plasmids or on genomes of bacteriophages within 
eubacteria. Given the sequence diversity of TubZ-like proteins, assignment has 
therefore frequently been based upon the presence of a tubulin-like gene within a 
plasmid or bacteriophage. Successful identification of TubZs has in almost all cases 
been corroborated either by the identification of other proteins of the known TubZ 
systems, including TubR, TubX (winged helix DNA-binding regulators) or TubY 
(helix-turn-helix regulator), or by structural evidence supporting the formation of 
TubZ-type helical filaments.

Fig. 11.1  Distribution and genomic organisation of TubZ systems within plasmids and bacterio-
phages (a) A phylogenetic tree of TubZ systems (from Oliva et al. 2012). Plasmid encoded systems 
are shown in blue, phage-borne ones in red and related chromosomal genes in grey. (b) Schematics 
of the TubZ encoding partitioning loci. Arrows indicate the coding region for GTPases TubZ 
(magenta) and centromere-binding proteins TubR (blue); tubC centromere-like blocks of iterons 
are represented as short arrows (orange). Note TubZ and tubC have synonyms in other systems but 
for simplicity are here named after the pBtoxis nomenclature. (c) Diagram of TubZ operon regula-
tion combining the available information for the different operons from pBtoxis, bacteriophage 
c-st and pBsph. DNA-binding properties of TubR and TubX are indicated by dashed blue and 
brown lines respectively. Regulation of promoter activity is indicated by (+) enhancing or (−) 
repressing. Formation of a partitioning complex of TubR, tubC and TubZ is shown by magenta 
double arrow line. Modulation of the centromeric complex or filament by TubY represented by 
grey arrow

11  Tubulin-Like Proteins in Prokaryotic DNA Positioning



326

�Origins and Dispersion

The wide disposition of the TubZ family of proteins and their presence overwhelm-
ingly upon plasmids or bacteriophages (Fig. 11.1a) implies a mechanism for their 
dispersion, but also suggests that the question of determining their origin may well 
remain unanswered in perpetuity. The lateral separation of TubZ genes, and the lack 
of their presence in species phylogenetically intermediate, imply lateral transfer of 
the original TubZ-like tubulin into many separate eubacterial species. Their pres-
ence also in bacteriophage genomes suggests that a pseudolysogenic bacteriophage 
(i.e. one that is retained as a plasmid within the host bacterium) might have provided 
the transfer vector. Plasmids bearing TubZ genes or operons may then be interpreted 
as representing the, now symbiotic, remains of long-term pseudolysogens, whereas 
the chromosomal copies present within Clostridium species might constitute the 
equivalent residue of a truly lysogenic bacteriophage.

Given such a spread via lateral gene transfer, it is difficult to imagine a line of 
investigation that might resolve the question of the origin of the TubZ family within 
a particular trunk of the tree of life. We can only attempt to exclude branches with a 
low probability of having given rise to such an emigrant. It would appear highly 
unlikely, for instance, that the TubZs might have a eukaryotic origin given the sub-
stantial differences in both their protein and filament structure from those exhibited 
by eukaryotic tubulins, however it is important to note that proteins not overly dis-
similar in sequence and structure, the CetZ family of tubulins, are found in abun-
dance in many archaeal genomes.

�Organization of the TubZ Encoding Partitioning Loci

Virulence plasmids of Bacillus thuringiensis pBtoxis, Bacillus anthracis pXO1, 
Bacillus sphaericus pBsph and Bacillus cereus pBc23 carry operons encoding pro-
teins of the TubZ family (Fig. 11.1). The best investigated examples of the so-called 
tubZRC operons are from pBtoxis (Tang et al. 2006, 2007; Larsen et al. 2007) and 
pBsph (Ge et al. 2014a) plasmids. Bacteriophage c-st from Clostridium botulinum 
(Sakaguchi et  al. 2005), also existing as a circular bacteriophage carries another 
well-studied TubZRC operon (Oliva et al. 2012).

The tubZ gene encodes for the tubulin-like GTPase TubZ, furthermore the 
tubZRC operon contains the DNA binding protein TubR, and tubC DNA repeats, 
which are located directly upstream of the tubR and tubZ genes (Fig. 11.1b). Both 
coding sequences and the cis-acting DNA sequence tubC are required for plasmid 
maintenance. This has been directly demonstrated by deletion analysis and con-
struction of minireplicons of plasmids pBtoxis and pBsph. The requirement of the 
bacteriophage encoded TubZRC for segregating circular phages during host cell 
division remains to be shown.
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tubC contains multiple degenerate DNA repeats of 12 base pair length (iterons), 
which are organized into blocks, it is required for replication initiation and func-
tions as a centromere. For pBtoxis the seven centromeric iterons are spilt into two 
blocks of three and four, separated by 45 nucleotides (Aylett and Lowe 2012) 
whereas tubC of pBsph was found to consist of 11 iterons organized into three 
blocks (Ge et al. 2014a).

�Regulation of the tubZRC Operon

Plasmid pBsph contains an imperfect and inverted iteron in the first block of the 
tubC locus. This iteron is suggested to function as operator of the pBsph tubZRC 
operon since parts of the operon promoter are also located within tubC. Interestingly, 
TubR generally binds cooperatively to tubC and acts as a transcriptional repressor 
for the tubZRC operons. Thus, fine-tuning of cellular TubZ and TubR levels is 
important for plasmid maintenance. Deregulation through overexpression of TubR 
or TubZ in trans reduced the frequency of daughter cells containing plasmids 
(Larsen et al. 2007).

In addition to the operon, two new genes located in proximity to the tubZ and 
tubR genes have recently been identified. They regulate the TubZ system either 
transcriptionally or directly on the protein level.

Regulator protein TubX has been found as transcriptional activator in pBsph (Ge 
et al. 2014b), also binding to five 8 bp operator repeats and displacing TubR from 
the third block of tubC iterons. TubX stimulates transcription of tubZ and tubR, 
leading to increased expression and thus stability of the minireplicons without 
affecting their copy number. Whether displacement of TubR by TubX leads to dis-
sociation of a functional centromeric complex is unknown. TubX has so far only 
been described for pBsph. It remains to be seen whether functional homologues are 
present in other TubZ systems on plasmids or bacteriophages.

Another non-operon regulatory protein is TubY, first found in bacteriophage c-st 
(Oliva et  al. 2012). It contains a helix-turn-helix motif and a carboxy-terminal 
domain similar to the MerR family of transcriptional regulators, plus a short stretch 
of positively charged hydrophobic residues suggested to act as amphipathic helix. 
Biochemical and electron microscopy experiments found that TubY modulates fila-
ments directly rather than influencing expression. Interestingly, homologues of 
TubY proteins have been identified up and downstream of TubZRC operons in other 
species (Oliva et al. 2012). Whether this TubY plays a role in TubZ systems to parti-
tion plasmids or circular bacteriophages is unknown.

Further investigation is required to elucidate the specific roles of TubY and TubX 
proteins in modulating segregation and maintenance of other TubZ bearing 
plasmids.
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�Structural Insights into TubZ Biology

Structural studies by both crystallography and electron cryo-microscopy of multiple 
proteins, both from the plasmid partitioning sub-group and the bacteriophage virion 
centring sub-group of TubZ homologues (also referred to as PhuZs) allow the 
detailed consideration of the structural phylogeny of the group as a whole, while 
complete structures of both crystallographic protofilaments at high resolution and 
fully polymerised filaments at intermediate resolution by cryo-EM have revealed 
details of the polymerisation behaviour of both TubZ sub-groups.

Due to their interesting evolutionary history and key roles in the function of 
important virulence systems in known pathogens, the TubZ group of tubulin/FtsZ 
homologues have been subject to considerable structural investigation; fifteen struc-
tures are now available in the protein data bank, spanning five different proteins 
from two plasmids and three bacteriophages, allowing a detailed consideration of 
the structural phylogeny of the TubZ group without the great risk of errors entailed 
by extrapolation from only a few examples of an orthologous protein. Furthermore, 
the application of judicious mutations and biochemistry has allowed the majority of 
the important states of the most well-studied of these proteins to be captured, from 
apo-monomeric forms lacking the cognate guanosine nucleotide cofactor, through 
to complete filaments visualised at intermediate resolution by electron cryo-
microscopy and interpreted through the modification of higher resolution protofila-
ment crystal structures.

Two broad classes of TubZ genes, canonical TubZ orthologues involved in plas-
mid maintenance and a group of more distantly related TubZ homologues involved 
in bacteriophage virion centring (PhuZs), have been proposed based upon phylog-
eny, structural studies and biological activity. Given the many close functional par-
allels and structural similarities between these proteins, it remains unclear whether 
they represent different sub-groups within the TubZ homologues, or whether the 
studies carried out to date have simply examined in detail two relatively distant 
points within a spectrum of genes that bridge a broad swathe of roles and structural 
configurations. We therefore treat the two groups as sub-classes, providing a sepa-
rate prototypical structure for each; Bacillus thuringiensis subspecies israelensis 
TubZ, from pBtoxis, is cast in this role for the plasmid partitioning TubZs, having 
been the first discovered, first resolved and most extensively investigated of the 
TubZ group, whereas Pseudomonas chlororaphis bacteriophage 210Φ2-1 TubZ 
(also denoted PhuZ) provides its counterpart within the bacteriophage virion cen-
tring TubZ homologues. Structures representing crystallographic protofilaments 
and cryo-EM reconstructions of full filaments are available for both groups of pro-
teins, the crystal structures to high resolution, allowing clear interpretation and the 
production of an atomic structure, and the cryo-EM reconstructions to intermediate 
resolution, allowing the prior crystallographic protofilaments to be refitted unam-
biguously (Table 11.1).

While TubZ homologues share the absolutely conserved amino-terminal GTPase 
and carboxy-terminal activation domains that are the hallmark of tubulin/FtsZ-like 
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proteins, and which, when combined, provide the active site for GTP hydrolysis 
allowing eventual filament destabilisation, they are generally characterised by much 
greater structural heterogeneity than is typical in their more staid, chromosomal 
counterparts. Given such variability, and the phylogenetic distance between mem-
bers of the family mentioned earlier in the chapter, it might be possible to suppose 
that the group were simply a catchall for any non-FtsZ bacterial tubulin. Several 
absolutely conserved features that have so far defined TubZs of both bacteriophage 

Table 11.1  Resolved structures of TubZ homologues

Name Organism
PDB 
ID Resolution Notes Study

Plasmid partitioning
TubZ Bacillus 

thuringiensis
3M8K 2.3 Å Apo-monomer Ni et al. (2010)

TubZ Bacillus 
thuringiensis

3M89 2.0 Å GTPγS monomer Ni et al. (2010)

TubZ Bacillus 
thuringiensis

2XKA 3.0 Å GTPγS 
protofilament

Aylett et al. 
(2010)

TubZ Bacillus 
thuringiensis

2XKB 3.0 Å GDP 
protofilaments

Aylett et al. 
(2010)

TubZ Bacillus 
thuringiensis

3J4S 6.8 Å 4-stranded 
filaments

Montabana 
and Agard 
(2014)

TubZ Bacillus 
thuringiensis

3J4T 10.8 Å 2-stranded 
filaments

Montabana 
and Agard 
(2014)

RepX/TubZ Bacillus cereus 4EI7 1.9 Å GDP dimer Hoshino and 
Hayashi 
(2012)

RepX/TubZ Bacillus cereus 4EI8 2.1 Å Apo-monomer Hoshino and 
Hayashi 
(2012)

RepX/TubZ Bacillus cereus 4EI9 3.3 Å GTP dimer Hoshino and 
Hayashi 
(2012)

TubZ Bacteriophage 
C-ST

3V3T 2.3 Å Apo monomer Oliva et al. 
(2012)

Bacteriophage virion centring
PhuZ Bacteriophage 

210Φ2-1
3RB8 2.6 Å GDP 

protofilament
Kraemer et al. 
(2012)

PhuZ Bacteriophage 
210Φ2-1

3R4V 1.7 Å GDP 
protofilament

Kraemer et al. 
(2012)

PhuZ Bacteriophage 
210Φ2-1

3J5V 7.1 Å 3-stranded 
filaments

Zehr et al. 
(2014)

TubZ Bacteriophage 
ΦKZ

3ZBP 2.0 Å GDP monomer Aylett et al. 
(2013)

TubZ Bacteriophage 
ΦKZ

3ZBQ 1.7 Å GDP 
protofilament

Aylett et al. 
(2013)
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and plasmid origin belie this interpretation however; all have so far shared an elon-
gated helical carboxy-terminal extension essential for efficient polymerisation, 
which is intimately involved in the formation of the subunit-subunit interface, and 
polymerise to form substantially twisted protofilaments that therefore lead to helical 
filaments on their incorporation into a lattice. Other, subtler, commonalities will 
become apparent as we review the available structures below.

�Plasmid Partitioning TubZ Orthologues

Structural efforts began with, and have focused upon, the prototypical TubZ from 
Bacillus thuringiensis plasmid pBtoxis. Thus the plasmid partitioning TubZs are the 
much better described of the two groups, ten structures having been described that 
encompass all the available nucleotide and polymerisation states of these proteins. 
However, the structures of Bacillus cereus pXO1 TubZ and bacteriophage c-st TubZ 
from Clostridium botulinum are also known (Fig. 11.2).

�Bacillus thuringiensis TubZ

The first crystallographic study of the prototypical TubZ group member (Ni et al. 
2010) resolved two structures in a monomeric state without subunit-subunit interac-
tions within the lattice, however two crystal structures of protofilaments of the same 
protein, formed with the poorly hydrolysable GTP analogue GTPγS and with GDP 
respectively, swiftly followed (Aylett et al. 2010). Bacillus thuringiensis TubZ was 
carboxy-terminally truncated in both studies in order to remove the aforementioned 
characteristic “tail”, which affected crystallisation.

Bacillus thuringiensis TubZ exhibits both amino- and carboxy-terminal exten-
sions to the core fold; both are helical and have been denoted H0 (to retain the 
established secondary structure nomenclature (Lowe et al. 2001)) and H11 respec-
tively. The α-helical carboxy-terminus projects from the activation domain, making 
contact with the GTPase domain and then bracketing the side of the subunit-subunit 
interface. This “tail” has significant freedom of movement, having occupied a sig-
nificantly different conformation in every crystal structure resolved to date. Given 
that the TubZ “tail” has been implicated in binding to multimeric complexes formed 
by its cognate binding partner, the TubRC centromeric complex, this freedom of 
movement has been proposed to represent a means by which the radius of recruit-
ment and avidity of binding of a larger complex might be increased.

The role of α-helix H0 at the amino-terminus, is also extremely interesting; it lies 
within the hydrophobic core of the protein, intercalated between the GTPase and 
activation domains. These two domains are rotated outwards around this point to 
incorporate its intrusion, effecting a shift in their relative orientations. Loop T7, 
which provides the key water-activating carboxylic acid residues in all tubulin/FtsZ-
like proteins, bridges the core helix H7 and the subunit-interface surface of the 
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activation domain, and is concomitantly extended to account for the increased dis-
tance: both changes have significant affects on polymerisation as discussed in detail 
in section “Structure and architecture of TubZ filaments”.

�Bacillus cereus TubZ/RepX

A carboxy-terminal truncation of TubZ from Bacillus cereus (residues 1–389), was 
resolved crystallographically in apo-monomeric, and in both nucleotide states as a 
pseudo-protofilamentous dimer, in a study by Hoshino and Hayashi (Hoshino and 

Fig. 11.2  Crystal structures of TubZ proteins (a) The crystal structure of the prototypical TubZ 
(Bacillus thuringiensis TubZ; PDB ID 3M89) is shown with the secondary structural elements 
indicated according to the tubulin/FtsZ nomenclature (Lowe et al. 2001). The inset panels indicate; 
variation in α-helix H6 between homologues, activation loop T7, helix H2 and loop T3, and 
changes in the position of helix H11 from a viewpoint rotated 180° respectively. The prototypical 
structures of other proteins are shown in cartoon representation in panels (b) Bos taurus α-tubulin, 
(c) Methanocaldococcus jannaschii FtsZ, (d) Pseudomonas chlororaphis bacteriophage 210Φ2-1 
TubZ (e) Haloferax volcanii CetZ1. The structures are shown from the same viewpoint, with 
GTPase domains coloured green, activation domains coloured purple, the principal core helix H7 
linking these two elements coloured yellow and the remaining amino- and carboxy-terminal exten-
sions to the canonical fold coloured in reds and blues respectively
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Hayashi 2012). Despite very weak sequence conservation (23%) between this TubZ 
and that from Bacillus thuringiensis, the r.m.s.d between Cα atoms on superimposi-
tion of the two structures is only 2.3 Å. Both H0 and H11 are also conserved in 
composition and position between the two structures; however there are several 
smaller differences in the conformations of H9 and H10, and disorder in loops T2 
and T3, unaffected by the presence of soaked GTPγS, although it is most plausible 
that this is due to the inability of these regions to undergo conformational changes 
within the crystal lattice.

An area of considerable divergence between the two structures, on the other 
hand, was in nucleotide binding. Whereas the guanine base was sandwiched between 
aliphatic lysine residue side chains (K33 and K237) in B. thuringiensis, in B cereus 
TubZ this pocket is missing, resulting in a much more accessible and exchangeable 
nucleotide. One notable observation upon comparison of the apo- and GDP bound 
states of the molecule is the reorganisation of H5 on nucleotide binding. This has a 
large effect on H11, resulting in it moving it up and away from the inter-subunit 
interface. Given the previous observations of the weakened guanosine nucleotide-
binding pocket, this movement would prevent the transient incorporation of apo-
monomer into growing protofilaments of this particular TubZ; however, the 
concentrations of GTP and GDP in the cell make it unlikely that this mechanism 
would be of great importance as the active site would typically remain occupied.

�Clostridium botulinum Bacteriophage c-st TubZ

TubZ from bacteriophage c-st represents the only structure to date of a plasmid 
partitioning TubZ homologue found within a bacteriophage genome; in this case it 
is involved in partitioning the lysogenic phage, which persists as a circular plasmid 
within its host cell. The structure of the full-length, 358 residue, protein bearing a 
single point mutation (T100A) within characteristic tubulin loop T4 of the GTPase 
domain, has been resolved (Oliva et al. 2012). Given that T4 is involved in nucleo-
tide phosphate recognition, and that analogous mutations within other tubulin/FtsZ-
like proteins inhibit nucleotide binding, the lack of a guanine nucleotide within the 
crystal lattice is not an unexpected consequence. Notably, there is no evidence of the 
unravelling of H5 as visualised in Bacillus cereus TubZ, however flexibility in T2, 
H2 and T3, which bind the nucleotide phosphate moieties, persists.

Comparison of bacteriophage c-st TubZ with that from Bacillus thuringiensis 
reveals, however, that it is the most divergent of the three orthologues to be resolved. 
Although the superimposition of the GTPase and activation domains reveals that 
they remain very well conserved (2.2 Å Cα r.m.s.d) despite sequence divergence 
(16% identity), whereas the presence and position of H0 is conserved between both 
the Bacillus cereus and Bacillus thuringiensis TubZs, it is entirely absent in 
Clostridium botulinum bacteriophage c-st TubZ. The relative rotation of the GTPase 
and activation domains persists between the structures however, leaving a shallow 
groove in the surface of the protein, and implying that the role of H0 is replaced by 
bulkier side-chains and repacking of the inter-domain interface. Another very 
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important difference in this example of a TubZ is the truncation of H6, which lies at 
the subunit-subunit interface, to a single helical turn, a modification that might be 
expected to substantially decrease the available platform for the adjacent subunit. 
This notable modification to the core-fold persists into the bacteriophage virion-
centring class of TubZs.

�Bacteriophage Virion Centring TubZ Orthologues

The bacteriophage virion centring TubZ homologues remain comparatively poorly 
described in comparison to the plasmid partitioning TubZ homologues, although 
significant structural effort has also been expended despite less focus on their biol-
ogy to date. Five structures have so far been described, including high-resolution 
crystal structures of a monomeric state, two different protofilaments from different 
organisms, and a cryo-EM reconstruction of the complete filament of the prototypi-
cal member of the family at intermediate resolution.

There exists some ambiguity in the nomenclature surrounding this subclass of 
proteins; the initial description of the first virion centring TubZ from Pseudomonas 
chlororaphis bacteriophage 210Φ2-1 denoted the protein using a new nomenclature 
“PhuZ”, which was supported by several structural differences from the plasmid 
partitioning TubZs and the very different biological context within which these pro-
teins act, being involved in the movement of assembled bacteriophage virions 
within the cell. However, the opinion of other groups within the field that there was 
insufficient evidence to support a splitting of the TubZs prevented this nomenclature 
being adopted for Pseudomonas aeruginosa bacteriophage ΦKZ, despite initial 
attempts to conform in order to prevent confusion. Within this chapter we resolve 
this ambiguity by referring to the proteins forming this class as a sub-group of the 
TubZ homologues, but retaining them within the wider TubZ group for further con-
sideration. This interpretation is supported structurally by the presence of conserved 
structural elements in both TubZ sub-groups (Fig. 11.2).

�Pseudomonas chlororaphis Bacteriophage 210Φ2-1 TubZ/PhuZ

The first structure of the prototypical TubZ from Pseudomonas chlororaphis bacte-
riophage 210Φ2-1 (PhuZ) was initially resolved using crystallography by Kraemer 
and colleagues in 2012 (Kraemer et al. 2012). The full-length protein crystallised in 
a GDP-occupied state in which crystallographic symmetry generated a weakly 
linked protofilament. The structure exhibits a number of parallels with TubZ from 
Clostridium botulinum bacteriophage c-st in particular; H0 is also entirely absent, 
whereas H11 is retained in both cases and occupies a very similar orientation to that 
in all TubZ proteins. Whereas a single turn of conserved secondary structural ele-
ment α-helix H6 had been retained in the bacteriophage c-st TubZ homologue, it is 
completely absent in bacteriophage 210Φ2-1 TubZ. A further compaction of the 
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core fold occurs through the reduction of H10 to a single helical turn. The most 
notable feature of the structure is the resolution of the extended C-terminus, ordered 
against the adjacent subunit (see section “Structure and architecture of TubZ fila-
ments”); a feature that remains as of yet unresolved to high resolution in any of the 
plasmid partitioning TubZ proteins, probably due to the much longer H11 exten-
sions within these proteins, and the fact that they have typically been truncated in 
the higher resolution crystal structures to facilitate lattice formation.

�Pseudomonas aeruginosa Bacteriophage ΦKZ TubZ

The closely related TubZ from Pseudomonas aeruginosa bacteriophage ΦKZ has 
also been resolved, through the application of crystallography, in two states, one 
monomeric and the other polymeric, both containing GDP, by Aylett and colleagues 
(Aylett et al. 2013). The conformations of the protein and the features observed are 
very similar between the bacteriophage 210Φ2-1 and bacteriophage ΦKZ TubZ 
orthologues, encouraging direct extrapolation of the features of one homologue 
onto the other, an approach that has been of considerable use in advancing our 
understanding of the polymerisation-depolymerisation cycle.

�Structural Comparisons to Other Groups of Tubulin/FtsZ 
Homologues

Given the extreme divergence within the TubZ group of tubulin/FtsZ homologues, 
it has proven difficult to place them evolutionarily further or nearer towards any 
particular group. Certain features are held in common between TubZs and both 
FtsZs and canonical tubulins as well as the newly discovered archaeal CetZs. A 
comparison to prototypical FtsZ and tubulin structures (we use the crystal structure 
of the FtsZ protofilament from Staphylococcus aureus (Tan et al. 2012) (PDB ID 
4DXD) as an exemplar for the eubacterial FtsZs, Bos taurus tubulin (Lowe et al. 
2001) (PDB ID 1JFF) as the prototype for the eukaryotic tubulins and Haloferax 
volcanii CetZ1 as the prototypical archaeal CetZ (Duggin et al. 2015)) reveals a 
series of intriguing parallels with each, but also divergence from any, of these 
groups. The CetZs, in particular, exhibit many of the structural features of TubZs, 
however too few structures of this novel group are available to definitively establish 
commonalities (Fig. 11.2).

The FtsZ group of tubulin/FtsZ homologues are involved in cell division in the 
eubacteria and many archaea. They typically exhibit the canonical amino-terminal 
GTPase and carboxy-terminal activation domain structure, without any significant 
modifications to the secondary structure or conformation of these two domains. The 
two-domain fold commonly possesses both amino- and carboxy-terminal exten-
sions; helix H0 is an amino-terminal extension found in many FtsZ structures, 
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which is mobile relative to the core fold, whereas the typical carboxy-terminal 
extension of FtsZ is a β-hairpin, comprising strands S11 and S12, beyond which the 
protein is typically extended coil without any known secondary structural elements. 
FtsZs assemble into straight, essentially untwisted, protofilaments, which appear to 
condense into double- or multi-stranded filaments to form the eubacterial “Z-ring” 
(Chaps. 5 and 7; Szwedziak et al. 2014, Tan et al. 2012).

�Parallels with the Cell Division FtsZs

Although they form a distinct group, TubZs typically exhibit a higher degree of 
structural homology to FtsZs than to the eukaryotic tubulins; the r.m.s.d on Cα 
superimposition of Bacillus thuringiensis TubZ and FtsZ is 3.7 Å, whereas the same 
figure for α-tubulin is 5.5 Å. While the amino-terminal extension, H0, is not univer-
sally conserved between TubZs, this in fact exactly parallels the situation in FtsZs, 
although the role of the extension appears very different between the groups. A 
further structural commonality with the FtsZs is the absence in TubZs of any large 
surface extensions, such as the tubulin M and N-loops, involved in lateral interac-
tions between protofilaments. This parallel relates to the greater simplicity of the 
filaments formed.

While the TubZ GTPase active site is typically divergent from that in both FtsZs 
and tubulins, the key residues involved in γ-phosphate hydrolysis are more closely 
related to those present in FtsZs in both the plasmid partitioning and virion centring 
TubZ sub-groups. Whereas the canonical eukaryotic tubulins rely upon a conserved 
glutamate residue, all TubZs resolved to date appear to utilise an aspartate to acti-
vate the attacking water molecule, as do the FtsZs, although two further glutamates 
are present in the immediate vicinity of the conserved residues in bacteriophage c-st 
TubZ, meaning that this cannot be stated unequivocally.

�Parallels with the Eukaryotic Tubulins

The role of eukaryotic tubulins in chromosome segregation is analogous to the task 
performed by the plasmid partitioning TubZ proteins. The polymerising tubulin unit 
includes two different monomers, α- and β-tubulin, which are pre-assembled around 
a molecule of GTP bound within a catalytically incompetent subunit-subunit inter-
face. In addition to the canonical amino-terminal GTPase and carboxy-terminal 
activation domain structure, all tubulins incorporate a carboxy-terminal extension 
comprising a helical hairpin (H11 and H12), which provides the binding platform 
for processive motor proteins, and several notable surface loops (H1-S2, H2-S3, 
M- and N-loops). These stabilise the lateral interactions between the thirteen straight 
protofilaments incorporated into a cylindrical microtubule (Lowe et al. 2001).

The characteristic α-helical carboxy-terminal extension of tubulins is more simi-
lar to H11 of TubZs than the β-hairpin of the FtsZs, and furthermore this region has 
been proposed to occupy a similar role in the TubZs and tubulins, providing a 
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binding platform for the cognate cofactor TubR in the case of the plasmid partition-
ing TubZs. It is also worth noting that helix H11 occupies similar space in both 
cases, although H12 is absent in the TubZs.

The active site residues involved in forming the interface with loop T7 of the 
adjacent subunit are also partially conserved between these proteins. Within the 
conserved loop T1, whereas FtsZs retain a glycine residue that cannot contact the 
adjacent loop T7, both the eukaryotic tubulins and the plasmid partitioning TubZs 
exhibit a glutamine that makes contacts with the backbone of the adjacent loop T7. 
The bacteriophage virion-centring TubZs, on the other hand, adopt a glycine in this 
position in the same manner as the eubacterial FtsZs.

The recognition of the guanosine base, and the binding the guanosine nucleotide 
within the GTPase domain, are carried out similarly in TubZs and tubulins. Whereas 
in the FtsZs, recognition of the guanine base is accomplished by an asparagine and 
an aspartate residue, which complement the N2/N3 and N1/O6 positions respec-
tively, in tubulins the second aspartate is replaced by an asparagine. In both sub-
groups of the TubZs, this arrangement is conserved, despite the considerable 
variation in other aspects of base recognition.

�Parallels with the Archaeal CetZs

The CetZs represent the newest and currently least well understood of the tubulin/
FtsZ-like groups of proteins. Multiple copies of CetZ genes are found within the 
genomes of many archaea, however to date only a single role has been ascribed to 
one them, governing cell shape and motility in Haloferax volcanii. Little is known 
about their dynamics, or the type of filaments that they might form, however three 
crystal structures are available, including a crystallographic protofilament retaining 
GTPγS (Chap. 12; Duggin et al. 2015). Although it is too early to draw definitive 
conclusions about fundamental similarities to or dissimilarities from this group, 
they already exhibit several parallels. Most notably, the CetZs exhibit the carboxy-
terminal extension, H11, in a remarkably similar conformation and position to that 
observed within TubZ and its homologues. Features that are less informative at 
present include helix H6, an element conserved in both eukaryotic tubulins and 
eubacterial FtsZs, though relatively extended in tubulin (see Fig. 11.2); H6s seen in 
all plasmid-encoded TubZs resemble those in FtsZs and in all CetZ structures 
resolved to date but H6 is drastically reduced in all three bacteriophage-encoded 
TubZ homologues. Filament twist is another uncertain feature, the only observation 
of a CetZ in a polymeric form to date being of untwisted crystallographic protofila-
ments. We note that both bacteriophage virion-centring TubZs also exhibit untwisted 
protofilaments within crystal structures, while cryo-EM studies reveal that these 
proteins form helical filaments when released from the confines of crystallographic 
symmetry.
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�Structure and Architecture of TubZ Filaments

�TubZ Protofilaments

Careful protein engineering, the application of poorly hydrolysable nucleotide ana-
logues and fortuitous crystal lattice formation have allowed protofilaments of both 
sub-groups of the TubZ homologues to be resolved to high resolution within the 
confines of crystal lattices. This has proven extremely important for our understand-
ing of the mechanisms of GTP mediated protofilament formation, of concomitant 
hydrolysis and phosphate release, and of eventual depolymerisation. The observa-
tion of subunit interactions in crystals has revealed details of the destabilisation of 
the active site, which is formed by the subunit-subunit interface in tubulin/FtsZ-like 
proteins through juxtaposition of the GTPase and activation domains of adjacent 
subunits. The intermediate resolution structures so far available of intact filaments 
by cryo-EM are of insufficient resolution to visualise directly, but confirm these 
features (Fig. 11.3).

�Plasmid Partitioning TubZ Protofilaments

No significant reconfiguration of the monomeric subunit beyond the recruitment of 
GTP and concomitant ordering of the subunit-interface of the GTPase domain is 
required for TubZ polymerisation. Bacillus thuringiensis TubZ polymerises in the 
presence of GTP or its analogues to form helical protofilaments with a 44 Å repeat 
(Aylett et  al. 2010). This occurs despite the conservation of the subunit-subunit 
interface from the straight protofilaments of FtsZ and tubulin necessary within the 
tubulin/FtsZ protein family to couple polymerisation to nucleotide hydrolysis; in 
Bacillus thuringiensis TubZ protofilaments, aspartate residues 266 and 269 are 
poised within the active site to activate a water molecule, catalysing the release of 
the γ-phosphate. The twisted protofilaments characteristic of the TubZs arise from 
the rotation of activation domain relative to the GTPase domain, applying an excess 
rotation within the subunit rather than across the subunit-subunit interface, which 
would require reconfiguration of the active site. A slight tilt across the subunit inter-
face redirects the vector of polymerisation to add superhelicity to the protofilament, 
ensuring that it polymerises along a relatively linear path rather than describing 
wide loops. The reduced subunit interface entailed by this difference is offset by 
substantial contacts formed between H11 and the adjacent subunit.

Within the Bacillus thuringiensis TubZ protofilament guanine nucleotide 
exchange would appear to be impossible without significant rearrangement of the 
protein, whereas release of the hydrolysed γ-phosphate and associated Mg2+ ion is 
quite possible through either breathing of T3 or through a channel towards the acti-
vation domain of the adjacent subunit. This asymmetry of exchange will swiftly 
lead to a predominantly GDP-occupied state of the protofilament. Whereas initial 
crystallographic studies suggested that no significant changes might be expected on 
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Fig. 11.3  Filaments types of TubZ proteins (a) The cryo-EM structure of the two-stranded 
GTPγS-form Bacillus thuringiensis TubZ filament, the inset panel shows the increase in the rela-
tive rotation of the adjacent subunit after phosphate and Mg2+ release. (b) The cryo-EM structure 
of the four-stranded Bacillus thuringiensis TubZ filament; the inset panels show the relaxation of 
the active site on phosphate and Mg2+ release. (c) The cryo-EM structure of the three-stranded 
Pseudomonas chlororaphis bacteriophage 210Φ2-1 TubZ filament; the inset panel showing the 
interaction site of the carboxy-terminus of a crystallographically related molecule in the protofila-
ment crystal structure. Protofilaments of tubulin (d), FtsZ (e) and Haloferax volcanii CetZ (f) are 
shown for the purposes of comparison. The structures are shown according to an identical colour 
scheme and representation as those in Fig. 11.2; however, in order to facilitate interpretation, in 
a–c only one protofilament within each structure has been shown in colour, while the others are 
shown in shades of grey
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nucleotide exchange (Ni et al.), these relied on soaking Mg-GTPγS into pre-formed 
crystals stabilised through lattice interactions in an apo-state. In fact, release of 
phosphate and Mg2+ is strongly coupled to destabilisation of the TubZ subunit-
subunit interface. Arginine residue 87, which complements the charge of the 
γ-phosphate at the tip of loop T3, and aspartate residue 64 within helix H2, are both 
release upon the transition to GDP, resulting in relaxation of loop T3 and H3 beyond 
it to a poorly ordered state and of helix H2 away from loop T7 of the adjacent sub-
unit, disrupting the subunit-subunit interface.

In addition to potentiating the release of subunits from the protofilament through 
disruption of a large part of the subunit-subunit interaction surface, the disruption of 
the active site results in a difference in the degree of rotation tolerated between the 
Mg-GTP and GDP states of Bacillus thuringiensis TubZ protofilaments. This rota-
tion manifested itself within the crystal structure through the completion of a unit 
cell within twelve rather than fourteen subunits, however it has even more pro-
nounced effects upon the morphology of the filament lattice itself as discussed in 
section “Filament structure” and in Montanaba and Agard (2014).

�Bacteriophage Virion Centring TubZ Protofilaments

Whereas the twisted protofilaments necessary to form a helical filament have been 
resolved crystallographically in the case of the plasmid partitioning TubZ sub-
group, this has not, to date, proved possible in the case of the bacteriophage virion 
centring TubZs. In the monomeric GDP state, bacteriophage virion centring TubZ 
subunits do not appear to be competent to polymerise, two secondary structural ele-
ments that are inimical to polymerisation form on either side of the subunit; both T3 
and S9-H10 adopt α-helical conformations, while H11 projects over the top of the 
subunit, obscuring the entry of an incoming protein. Unfortunately a monomeric 
GTP-equivalent state is not yet available for comparison, so it remains impossible 
to tell whether these conformations are transient and relax on subunit formation, or 
whether the presence of γ-phosphate disfavours them, a likely hypothesis in particu-
lar in the case of the T3 helix as the tip of T3 directly contacts the nucleotide 
γ-phosphate.

Two states of bacteriophage virion centring TubZ protofilaments are known; one 
in which the active site is properly formed from ΦKZ TubZ, with a 43.5 Å subunit 
repeat, and another from 210Φ2-1 TubZ with a 47 Å subunit repeat, in which the 
subunit-subunit interface is solvent accessible. In both cases H11 and the carboxy-
terminal extension to the canonical tubulin/FtsZ-like fold are resolved completely, 
revealing that the acidic region at the extremity of the tail becomes completely 
ordered upon the adjacent subunit, forming a short β-hairpin. This “knuckle” binds 
across conserved α-helices H3, H4 and H5 of the GTPase core fold, burying 
1′226 Å2 of exposed surface on each subunit, and implying a further source of sta-
bilisation of the subunit-subunit interaction in addition to the contacts made by H11 
buttressing the base of the adjacent subunit, and possibly a sensor for nucleotide 
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state within the active site, given the relaxation of H3 on hydrolysis in the plasmid 
partitioning TubZ homologues. Unfortunately both states of the protofilaments were 
resolved with GDP bound, despite the inclusion of non-hydrolysable analogues, 
preventing one from determining whether or not any differences exist between sub-
groups in the GTPase cycle and the means by which it is coupled to 
depolymerisation.

Although the formation of a canonical active site, akin to that in the ΦKZ TubZ 
structure, within the filament is almost certain, it remains quite possible that the 
relaxed state of the subunit-subunit interface from 210Φ2-1 TubZ represents an 
arrival/departure complex which has been stabilised by this secondary interaction. 
This possibility implies a regulatory role during polymerisation and depolymerisa-
tion for the TubZ carboxy-terminal extensions, most likely in both sub-groups, in 
addition to the previously established role in cargo recruitment.

�Filament Structure

Whereas the protofilaments of both sub-groups of the TubZ proteins exhibit a series 
of commonalities, the structures of the different filaments formed on polymerisation 
contrast with one another. Major differences in morphology occur, even for a single 
protein, such as for plasmid partitioning TubZ filaments at different stages in the 
polymerisation pathway. Intermediate resolution structures of these filaments by 
cryo-EM have been interpreted with the aid of the crystallographic protofilament 
structures, providing pseudo-atomic models for all three filament morphologies 
established to date (Fig. 11.3).

�Plasmid Partitioning TubZ Filaments

Initial negatively stained studies of TubZ filaments identified two- and four-stranded, 
right-handed helical filaments, but were of too low a resolution to generate a reliable 
model of the filament (Aylett et al. 2010). Cryo-EM studies by Montabana and col-
leagues resolved both types of TubZ filament at intermediate resolution and allowed 
their interpretation through the use of the prior protofilament crystal structures to 
provide molecular models of each filamentous state (Montabana and Agard 2014). 
Two-stranded Bacillus thuringiensis filaments form helical filaments ~100 Å across 
with a 44 Å subunit repeat and a half subunit offset between the parallel protofila-
ments. The four-stranded filaments, on the other hand, form a structure ~120  Å 
across with a ~ 20 Å central lumen and a shorter, 43.5 Å, subunit repeat, associated 
with increased twist, but without any offset between the parallel protofilaments.

Bacillus thuringiensis TubZ was observed to form predominately two-stranded 
filaments in the artificially stabilised GTPγS polymerised state, however four-
stranded filaments came to predominate when the protein was polymerised in 
GTP. The observation of weak T3 density, and H2 movement in the four-stranded 
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filament, both of which were visible in the GDP state of crystallographic protofila-
ments, support an interpretation in which phosphate release is coupled to this transi-
tion, while the greater twist (~32° versus ~24°) entailed by the transition to 
four-stranded filaments is also in agreement with this hypothesis. The transition has 
been proposed to occur through the growth of single protofilaments along the sides 
of a two-stranded filament, filling in the extra strands as the initial two-stranded fila-
ment hydrolyses GTP and releases phosphate and Mg2+.

An extremely important observation made for the two-stranded structure was 
excess density corresponding to carboxy-terminal-tail interactions at the base of H3 
of the adjacent subunit. This implies the conservation of “knuckle” contacts through-
out the TubZ group of proteins. It appears probable that exposure of the knuckle at 
only one end of the filament may impose directionality upon binding of the cognate 
TubRC centromeric complex to the Bacillus thuringiensis TubZ filament.

�Bacteriophage Virion Centring TubZ Filaments

The structure of filaments of Pseudomonas chlororaphis bacteriophage 210Φ2-1 
TubZ has also been resolved to intermediate resolution, through the use of cryo-
EM, by Zehr and colleagues (Zehr et al. 2014). In contrast to the situation for the 
Bacillus thuringiensis TubZs, the bacteriophage TubZ forms three-stranded, right-
handed helical filaments with a subunit repeat of 43.2 Å. Within the filaments, a 
canonical “tight”, GTPase competent interaction is observed at the subunit-subunit 
interface, comparable to that in bacteriophage ΦKZ TubZ protofilaments. Given 
that polymerisation was accomplished in the presence of a non-hydrolysable ana-
logue of GTP, it remains impossible to identify any conformational changes that 
may take place upon hydrolysis in this subgroup of the TubZ proteins. The protofila-
ments making up the filament are parallel, but each is successively offset by one-
third of a subunit (leading to a one-start left handed topology for the helical 
symmetry of the filament itself, disregarding the protofilaments).

The topology of bacteriophage 210Φ2-1 TubZ filaments is extremely interesting 
and was quite unexpected. The carboxy-terminus, including H11 and the knuckle 
that makes contact with the adjacent GTPase domain, is located on the interior of 
the filaments, a topology that has not been observed for any other tubulin/FtsZ-like 
protein, and one that is inimical to the means by which tubulin/FtsZ-like proteins 
are typically thought to undergo depolymerisation, subunits “peeling” away from 
the GDP-occupied side of the active site on relaxation of this part of the subunit-
subunit interface following phosphate release. The lateral interactions observed 
within the centre of the filament heavily involve both the activation domain and 
H11, however it remains unclear how hydrolysis might affect this lattice, and new 
studies will be necessary to address this important open question.
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�Towards a Fuller Structural Understanding of TubZ Polymers

The TubZ field has begun to enter a state of relative maturity with the intermediate-
resolution structures of the filaments of both well-studied sub-groups. TubZ proto-
filaments in both sub-groups appear to behave in very similar fashions, however 
filament diversity may well be a unifying theme of future studies. Given recent 
advances in the resolution attainable by cryo-EM, it is not unreasonable to expect 
great strides in the resolution of new protein filaments in the coming years, and 
many more surprises may yet lie just over the horizon.

�Increasing Similarity of Protofilament Interactions

The observation of twisted protofilaments for both subgroups of the TubZs, in addi-
tion to release and increased freedom within the active site on nucleotide hydrolysis, 
implies a unified polymerisation and depolymerisation mechanism that is likely to 
be conserved throughout the TubZ group. An important observation within this con-
text was that of the carboxy-terminal “knuckle” interactions within the two-stranded 
filaments of Bacillus thuringiensis TubZ. It appears highly likely that communica-
tion between subunits might generally be achieved by such a mechanism, while the 
relaxation of T3 on γ-phosphate release, if conserved into the bacteriophage virion 
centring TubZs, could provide a means by which nucleotide state might be com-
municated to the knuckle, T3 undergoing a significant relaxation on plasmid-
partitioning TubZ phosphate and Mg2+ release.

�Increasing Diversity in Filament Interactions

The observation of such different filament topologies for related proteins implies 
the possibility of substantial diversity within the eubacterial TubZs. Given that fila-
ment structures have thus far been established for only two TubZ group members, it 
does not appear improbable that known TubZs might even exhibit different filament 
lattices, particularly when one considers that the phage group-members, such as 
Clostridium botulinum bacteriophage c-st TubZ appear structurally intermediate 
between those found within Bacillus species and those in Pseudomonas. The future 
investigation of further TubZ filaments will be necessary not only to establish any 
lines of division within the group, but may also perhaps yield new and interesting 
dividends in its own right.
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�Nucleation and Controlled Polymerisation/Depolymerisation

The mechanisms by which TubZ filaments are nucleated, and their polymerisation 
controlled by their cognate cargo complexes, have only just begun to be investi-
gated. The two- to four-stranded transition engendered by nucleotide hydrolysis in 
Bacillus thuringiensis TubZ remains a subject of great structural interest, while 
depolymerisation of these filaments has yet to be approached systematically at all. 
While the extension of the discovery of the role of the carboxy-terminus in the bac-
teriophage virion centring TubZs into the plasmid centring TubZs provides immedi-
ate indications of a means by which control might be exerted given the overlapping 
binding sites proposed for this region, how this might function at a structural level 
remains a subject of great interest for future studies.

�Cytomotive TubZ Filaments

Generally, filaments performing work through nucleotide hydrolysis are able to 
transport cargo and hence are cytomotive. Structural investigation suggests that 
TubZs form dynamic filaments due to the distinct conformational states seen when 
bound to different nucleotides. Thus TubZ filaments are principally able to conduct 
mechanical work driven by the nucleotide hydrolysis dependent polymerisation and 
depolymerisation. Transduction of chemical energy by hydrolysis of guanosine tri-
phosphate (GTP) stored in the filament lattice leads to a conformational change that 
destabilises subunit interactions within the polymer thus fostering disassembly and 
subsequently drives filament turnover. As a result, filaments can be dynamically 
unstable, that is stochastically alternating between cycles of growth and shrinkage, 
the hallmark of eukaryotic microtubules. Alternatively, dynamic filaments can 
treadmill, growing exclusively from one end only, whilst subunits are lost from the 
opposing end, as first described for filamentous actin. Growing filaments would be 
able to push, or shrinking filaments pull, through the cytosol, any DNA coupled to 
the filament ends.

�Plasmid-Borne TubZ Filaments of Type III Segregation Systems

For the tubZRC operons interdependent roles in replication and plasmid segregation 
are described. It is until now not resolved whether TubZ filaments contribute to 
replication or segregation, or possibly both. Significant evidence provided by differ-
ent studies shows that the GTP dependent polymerization activity and disassembly 
of TubZ is essential for plasmid stability. This has been independently and exten-
sively demonstrated for plasmids pBtoxis and pBsph. Both plasmids were lost in 
populations in which GTP hydrolysis mutants of TubZ were expressed. In line with 
this argument, mutations predicted to interfere with the assembly of the filament 
also caused severe loss of plasmids (Larsen et al. 2007; Ge et al. 2014a).
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�Cell Biology of TubZ Filaments

Indeed TubZ proteins have been shown to form dynamic filaments in cells. In 
Bacillus thuringiensis hosting pBtoxis plasmids that express TubZ-GFP (green flu-
orescent protein) fusion proteins uniform green filaments were observed (Larsen 
et al. 2007). Other TubZ proteins fused to GFP such as RepX of pXO1 in B. anthra-
cis or TubZ from pBsph in B. sphaericus also confirmed cellular filaments (Akhtar 
et al. 2009; Srinivasan et al. 2011; Ge et al. 2014a). Formation of cellular TubZ fila-
ments depends on TubZ protein levels, which is expected for polymer forming pro-
teins. They only formed once the cellular TubZ protein levels passed the critical 
concentration threshold. In cells bearing the natural TubZ-encoding plasmids or 
cells expressing recombinant TubZ, one or more filaments are seen to span through 
the entire cell from pole to pole.

Larsen and colleagues studying pBtoxis carrying B. thuringiensis cells per-
formed the first and only description of cellular GFP-labelled TubZ filament dynam-
ics. Filaments are mobile and translocate within cells, bending around the cell poles 
(Fig. 11.4). This motion is dependent on filament disassembly because GTP hydro-
lysis deficient TubZ mutants form stable and static cellular filaments. TubZ fila-
ments lengthen from a distinct end whereas they retract and shorten from the 
opposing one thus exhibiting a clear polar behaviour. The addition and subtraction 

Fig. 11.4  Dynamics of TubZ filaments in vivo and in vitro (a) Still image of TubZ-GFP fusion 
forming filaments in B. thuringiensis cells. Filaments span through the cell from pole to pole 
(taken form Larsen et al. 2007). Right image sequence of a cellular TubZ filament growing from 
left to the right (+). The filament displays a clear behavioural polarity. At about 60s the filament 
retracts from the opposing end (−) while continuing growing. TubZ move through the cytosol via 
treadmilling and bend at the cell ends. (b) Schematics of treadmilling TubZ filament. Dual colour 
filament labelled sparsely with green monomers. While addition of GTP bound TubZ monomers 
occurs at the right end GDP bound subunits are lost at the left. Thus the green monomer islands 
within the filament are stationary, while the filament appears to translocate from left to the right. 
Next to it are dual colour fluorescent kymographs of a speckled TubZ filament (showing the spatial 
position of a filament within a region of a time-lapse acquisition over time) treadmilling across a 
glass slide in vitro in the presence of GTP, imaged by TIRF (total internal reflection fluorescence) 
microscopy (Y-axis represents time and the X-axis distance). Images taken from Fink and Löwe 
2015 (Note that TubZ filaments do not display dynamic instability unlike eukaryotic microtubules 
or PhuZ (described later), although it is a tubulin. Also worth mentioning is that unlike bacterial-
actin ParM TubZ filaments alone elongate in a polar fashion)
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of subunits is observed almost exclusively at the filament ends. This is a clear indi-
cation that multi-stranded TubZ filaments or parallel bundles occur in cells, because 
filaments built out of only single protofilaments would undergo fragmentation into 
smaller pieces. The observation of dark speckles, introduced in cellular filament 
structures using fluorescence recovery after photobleaching (FRAP), revealed that 
treadmilling causes the intracellular translocation. Treadmilling as cause for rapid 
turnover of TubZ subunits was further visualized by fusing GFP to TubZ expressed 
in Escherichia coli, which hints that no other plasmid-borne factors are required for 
this filament behaviour. Because immobile non-dynamic filaments lead to plasmid 
loss, the described treadmilling and resulting motion of filaments trough the cytosol 
seems to be inevitably crucial for plasmid segregation and stability (Larsen et al. 
2007).

The dynamics of other filament-forming TubZs such as RepX remains to be 
characterised in a cellular context in plasmid-bearing host cells. Whether they will 
display treadmilling or dynamic instability is unclear, although given homology and 
in vitro results of pBtoxis TubZ or phage-encoded PhuZ (described in detail later) 
they are likely to show some form of treadmilling, at least outside the cellular envi-
ronment. In all cases where filament assembly has been confirmed in cells, their 
dynamic behaviour is critical for the stability of the plasmid. Also, for phage 
encoded PhuZ, the dynamic behaviour of filaments is crucial for its cellular role in 
positioning virions to the cell centre, a process described in more detail below.

�In vitro Properties of TubZ Filaments

The assembly and dynamic behaviour of TubZ filaments has been described in best 
detail in the cytoplasm of B. thuringiensis or E. coli cells as outlined above. 
Independent of the cell biological description, in vitro reconstitution of filament 
assembly assures that the intrinsic filament characteristics are not fundamentally 
influenced by cytosolic factors. Additionally, reconstitution experiments which 
allow observation of individual filaments using single molecule total internal reflec-
tion microscopy (TIRF) also allow for analysis of the function of filament-binding 
proteins and their effect on filaments dynamics (Fig. 11.4). Most of the information 
of TubZ filament assembly and dynamics comes from studies of the TubZ system 
from plasmid pBtoxis in vitro but TubZs of B. cereus, B. anthracis and circular 
bacteriophage c-st are also fairly well biochemically investigated (Anand et  al. 
2008; Chen and Erickson 2008; Hoshino and Hayashi 2012; Oliva et al. 2012; Fink 
and Lowe 2015).

Purified TubZ proteins assemble into filaments upon supplementing with GTP 
and magnesium salts. Compared to the other bacterial tubulin homologue FtsZ, 
hydrolysis from GTP to GDP + Pi occurs faster and in a cooperative manner. Bulk 
biochemical assays such as light scattering or polymer-pelleting assays indicated 
that monomeric TubZs assemble into higher order filamentous structures upon GTP 
binding that disappear when GTP has been consumed. This has further been con-
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firmed using negative stain transmission electron microscopy. As for all multi-
stranded polymers, TubZ filaments assemble only above a critical concentration of 
available monomers (0.8–2 μM). The specific value varies for different TubZs and 
depends on the methodology used for determination. Doping filaments with small 
amounts of non-hydrolysable GTP nucleotide analogues leads to a dramatic increase 
in polymers suggesting that a cap consisting of several GTP bound TubZ subunits at 
the growing end is sufficient to prevent the filament from disassembling. This cap 
has been interpreted as analogous to the elongation of microtubules (Chen and 
Erickson 2008) that grow robustly from their ends until the GTP cap vanishes intro-
ducing the switch to catastrophic depolymerisation, related to dynamic instability.

�Microscopic Dynamics of de novo Assembled TubZ Filaments of pBtoxis

TubZ filaments treadmill in cells, which has lead to the idea that they either pull or 
push plasmids through the cytosol (Barilla 2010). In agreement with the cellular 
treadmilling of TubZ filaments, filaments in vitro displayed this exact treadmilling 
action when isolated and characterised by means of fluorescent single molecule 
microscopy as recently demonstrated by Fink and Löwe (Fink and Lowe 2015) 
(Fig. 11.4). Growth never occurred from both ends simultaneously nor were previ-
ously shrinking ends seen to switch to growth or vice versa. Surprisingly, although 
belonging to the tubulin family of proteins, these filaments were never observed to 
exhibit dynamic instability, which is to switch stochastically between growth and 
shrinkage. The microscopy studies clearly demonstrated the polar nature of the fila-
ments: with disassembly from one end only, referred to as the minus end. The previ-
ously mentioned stabilisation through a “GTP-TubZ” cap introduced by 
non-hydrolysable nucleotide analogues preventing TubZ subunit loss occurs at the 
minus end. It also confirms the idea formed by cellular observations that filaments 
consist of more than one protofilament, since the GDP lattice along the filament 
length does not lead to lateral breakage and consequent disassembly. TubZ filament 
growth at the plus end depends, as expected for filaments, on the accessible mono-
mer concentration whereas shrinkage from the minus end is independent and there-
fore a zero order reaction. As TubZ filaments assemble and increase length when 
growth rates exceed the disassembly rate, they are highly prone to form bundles. 
Such bundles represent higher order structures and can be hundreds of micrometres 
long, forming a network. Due to the individual filament dynamics they separate 
again, dependent on the filament orientation within bundles. The structural nature of 
the growing plus end as compared to the shrinking minus end has so far not been 
identified and can only be speculated about. Due to recent structural data described 
in detail in section “Structure and architecture of TubZ filaments”, it appears pos-
sible that one of the ends of four-stranded TubZ filaments has the carboxy-terminal 
extension of TubZ subunits exposed (Montabana and Agard 2014). This suggests 
the existence of structural features additional to the nucleotide state of TubZ within 
the lattice (GTP vs. GDP) specifying growing and shrinking ends.
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�The TubZ Carboxyterminal Extension After Helix 11

TubZ proteins require their carboxy-terminal extension for efficient polymerisation. 
Indications for these interesting observations came from labs noticing that carboxy-
terminal tagged TubZ polymerises poorly compared to wildtype TubZ (Hoshino and 
Hayashi 2012; Montabana and Agard 2014). Carboxy-terminal TubZ mutants from 
plasmids pBtoxis or pXO1 revealed that deletion of only few residues impairs activ-
ity and completely abolishes it if all residues are cleaved after helix 11. Tail-
dependent polymerisation is probably a common characteristic of TubZ proteins. 
Several possibilities can explain the observed inability to polymerize and subse-
quent deficient GTPase activity. It seems that the tail is either competent to stabilise 
the filament lattice preventing it from breaking up, reduces the rate of subunit loss 
from the minus end or increases the growth rate. Alternatively the tails of multiple 
TubZs may be required for the formation of a stable, nucleation-competent filament, 
seed.

�The Centromeric TubRC Complex

In order to be separated and transported into daughter cells genetic material must be 
attached to its segregation machinery. Specialized structures composed of specific 
DNA sequence repeats that are recognized by distinct DNA binding proteins form 
this linkage, and constitute the centromeric complex. The function of the centro-
meric complex is to link the plasmid or circular bacteriophage to the cytomotive 
filaments. In TubZ systems, besides its role as transcriptional repressor, the DNA 
binding protein TubR (found upstream of the tubZ gene in the tubZRC operon), with 
centromeric tubC iterons, constitute the nucleoprotein adaptor (referred as “TubRC”) 
that physically links the plasmid to TubZ filaments (Fig. 11.1).

�The DNA Binding Adaptor Protein TubR

TubR from several systems (such as pBtoxis, pBsph and bacteriophage c-st), was 
shown to specifically bind tubC DNA by electrophoretic mobility gel shift assays 
and other biophysical techniques (Tang et al. 2007; Ni et al. 2010; Aylett and Lowe 
2012; Oliva et al. 2012; Fink and Lowe 2015). The consensus DNA binding sites 
have been mapped in detail for a full tubC region in plasmids pBtoxis and pBsph 
using microarray hybridization analysis or DNA footprinting (Aylett and Lowe 
2012; Ge et al. 2014a). For other plasmid and bacteriophage TubZ systems only the 
tubC region is known without knowledge of the exact number of iterons or the spe-
cific nucleotide sequences recognized by TubR. TubR of pBtoxis contains a winged 
helix-turn-helix (HTH) motif typical of DNA binding proteins. It was shown via 
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using X-ray crystallography that TubR functions as a dimer, each pair binding to 
one tubC iteron (Ni et al. 2010; Aylett and Lowe 2012). TubR uses a non-canonical 
DNA binding mechanism to bind DNA compared to other HTH DNA binding pro-
teins. Instead of forming a DNA-protein interaction the HTH motif is required for 
TubR dimerization. Interestingly, the amino-terminal ends of the paired recognition 
helices within one dimer together contribute DNA binding activity inserting into the 
same major groove. Together they produce the major contact with DNA. Beta hair-
pins within the “wings” of the dimer contact the adjacent minor grooves thus intro-
ducing a cleft between the paired recognition helices. The two clefts have positively 
charged amino acids exposed on the surface, further facilitating DNA binding activ-
ity. The structure of another homologue (Bacillus megaterium) is known, revealing 
the same protein architecture for recognition of the centromeric DNA (Aylett and 
Lowe 2012). Its analysis revealed a very similar binding mode and surface as for 
TubR from Bacillus thuringiensis. In contrast to both known structures, the TubR 
from the circular bacteriophage c-st seems to be monomeric, as suggested by ana-
lytical ultracentrifugation, and the mode of DNA binding is unresolved. Another 
apparent difference is revealed by titration experiments for c-st TubR suggesting 
that each of the four identified tubC (synonym tubS) sites in c-st recruit only one 
TubR molecule (Oliva et al. 2012).

�Structure of the Centromeric Adaptor Complex

Aylett and Löwe took electron micrographs of tubC with all seven iterons in com-
plex with adaptor TubRs that revealed a flexible DNA protein filament (Fig. 11.5), 
without a particular preference in shape or conformation (Aylett and Lowe 2012). 
Interestingly, this flexible nucleoprotein filament is able to interact with un-
polymerised TubZ subunits, as has been shown for several TubZ systems using 
EMSA (electrophoretic mobility shift assays) and anisotropy measurements (Tang 
et al. 2007; Ni et al. 2010; Fink and Lowe 2015).

Similarly, micrographs showing TubR from plasmid pBM400 of B. megaterium 
in complex with the corresponding intragenic tubZRC operon DNA also revealed 
relatively flexible protein DNA filaments, although these favoured a more curved, 
open ring-like structure. In line with an open ring-like, helical protein DNA filament 
B. megaterium TubR crystalized in the absence of DNA in open helical filaments. 
Interestingly, these helical filaments expose positively charged residues at the exte-
rior of the helix. In contrast, negatively charged residues locate to the inner face of 
the helix. This conformation is also seen when complexed with tubC DNA. Electron 
micrographs and crystallization of helical TubR filaments suggest that tubC DNA 
wraps around this open helix. The dimensions of a single open helix would allow 
winding of a single tubC DNA locus (with a contour length of 50 nm) around the 
helix outer circumference (Aylett and Lowe 2012).

The structural nature of TubR, when bound to tubC acting as repressor of the 
tubZRC operon, or as functional fully assembled centromeric complex is so far 
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enigmatic. The extended TubR filaments winding around DNA obtained for pBtoxis 
TubR when crystalized with two tubC iterons could represent the repressor state 
whilst the adaptor helix is the functional TubZ filament binding conformation. This 
second structure is reminiscent of the active centromeric complex forming an adap-
tor helix at growing filament ends described for the centromeric adaptor complex of 
actin-like ParMRC segregation system.

This comparison suggests the possibility that upon binding to the filament, or 
individual TubZ subunits, the centromeric complex of pBtoxis undergoes a confor-
mational change suitable to capture TubZ filaments, whereas TubR from pBM400 
may already favour an adaptor helix as conformation (Aylett and Lowe 2012) 
(Fig. 11.5).

Centromeric complexes of TubZ systems have so far been characterised for plas-
mids and for only one bacteriophage, c-st. Other Pseudomonas bacteriophages have 
putative homologues of TubR potentially fulfilling similar roles to known plasmid 
encoded TubR proteins. These are yet to be resolved.

Fig. 11.5  Structure and TubZ filament binding of the centromeric complex composed of tubC and 
TubR (referred as “TubRC”) TubRC. (a) TubRC complexes, schematics showing TubR dimers 
(grey) bound to tubC (green) forming a flexible DNA protein filament. Below: Electron micros-
copy images of rotary shadowed TubR from B. thuringiensis bound to all seven tubC iterons (mod-
ified from Aylett 2012) illustrating the flexibility. Right: The proposed conformational change 
occurring upon TubZ monomers or filament interaction, as deduced from structures form B. mega-
terium and B. thuringiensis TubRC complexes. Shown are crystal structures form TubRC com-
plexes of both species. Protein is presented as ribbon, blue at N terminus and red at C terminus 
DNA sticks. (b) Schematics presenting minus end binding of TubRC (green) and polar growth of 
TubZ filaments from seeds (magenta) after the addition of differently labelled monomer (cyan). 
TubRC does not induce polymerisation at- nor does it track the growing plus end of TubZ fila-
ments. Below: TIRF (total internal reflection fluorescence) microscopy micrographs showing sin-
gle, labelled, tubC molecules (green) occupied by unlabelled TubR, binding to the minus ends of 
(magenta) labelled TubZ filament seeds from which TubZ extensions (cyan) grow. Growth occurs 
at the opposite end to TubRC binding. (c) Dual colour kymograph displaying minus end tracking 
of labelled TubRC complexes on treadmilling TubZ filaments. TubRC processively tracks depoly-
merising minus ends
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Besides linking the plasmid to the cytomotive TubZ filament, TubR seems to also 
play a role in the initiation of plasmid replication (Tang et al. 2007). But this pos-
sibility and the exact contribution of TubR in replication is a matter of current 
research.

�TubRC Interaction with TubZ Filaments

For tubulin-like proteins the carboxy-terminal tail presents a platform able to medi-
ate interactions with proteins that modulate filament behaviour directly or anchor-
age to other cytosolic structures as described for FtsZs (Vaughan et al. 2004). This 
situation is also apparent for TubZs where the extended carboxy-terminus is bi-
functional. The centromeric complex of plasmid borne TubZ systems from B.cereus 
or B. thuringiensis as well as bacterionphage c-st initiates filament assembly by 
recruiting monomeric TubZ subunits as revealed by co-sedimentation, light scatter-
ing and single molecule experiments conducted by several groups (Aylett and Lowe 
2012; Hoshino and Hayashi 2012; Oliva et  al. 2012; Fink and Lowe 2015). The 
TubZ carboxy-terminal tail is crucial for the formation of the tripartite complex 
consisting of tubC DNA, TubR and TubZ subunits. The interaction is mainly facili-
tated by the carboxy-terminal extension of TubZ monomers with the last about 20 
amino acids having the greatest role in TubR binding activity. Interestingly, these 
residues are positively charged (basic) and could potentially bind to the partially 
negatively charged (acidic) TubR surface exposed opposite to its tubC-binding 
interface (Ni et al. 2010; Hoshino and Hayashi 2012). It is not clear whether the tails 
are also required for the TubRC interaction with assembled filaments, because fila-
ment formation is effected. However, this seems likely, given that for FtsZ protein 
filaments proteins the carboxy-terminal tail plays an important role in targeting 
interacting partners.

In vitro reconstitution experiments addressed the dynamic nature of the interac-
tion of TubRC complexes with TubZ filaments using B. thuringiensis pBtoxis 
TubZRC system (Fink and Lowe 2015). These experiments found that the TubRC 
centromeric complexes do not target growing plus ends of treadmilling filaments, 
promoting TubZ subunit incorporation at growing ends. Instead the complex pro-
cessively tracks the shrinking minus end, while still allowing the TubZ filament to 
treadmill reducing depolymerisation rates in vitro. The conducted experiments lead 
to the picture that TubRC centromeric complexes promote the formation of TubZ 
filaments by recruiting single TubZ monomers forming a stable growth competent 
seed (Fig. 11.5). Clearly, TubRC centromeric complexes are not filament polymer-
ases incorporating subunits at the growing ends (as the centromeric counterparts 
from actin-like segregation systems) nor do they increase nucleotide turnover or 
asymmetric polar growth of filaments. What makes TubRC bind preferentially to 
shrinking filament ends? An obvious possibility is that TubR hangs on to the 
carboxy-terminal tails and that these are fully exposed at only one end of the TubZ 
filament, a prediction that can be made from filament structures resolved by electron 
microscopy (Montabana and Agard 2014). This explains the distinct end binding 
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behaviour but also the transient lateral interactions of TubRC observed by Fink and 
Löwe (Fink and Lowe 2015). Biochemical reconstitution experiments leading to a 
structural picture of exactly how this complex is able to track-shrinking ends is mat-
ter of great interest in the field, revealing basic biophysical principles.

�TubZRC in Comparison to ParMRC Segregation System

It has been possible to constitute TubZ mediated DNA transport outside cells. The 
formation of a centromeric complex enriches the adapter protein locally on tubC 
DNA to facilitate filament minus end binding through higher avidity. Partial tubC 
sequences are proven to be less effective. TubRC formation controls the local for-
mation of filaments. Once TubZ filaments assemble in the presence of TubRC they 
extend from the centromeric complex. Because TubZ filaments are still capable of 
treadmilling they act as one-dimensional motors dragging the minus end bound 
TubRC centromeric complex through solution. For cargo movement to occur TubZ 
filaments must experience resistance to motion. Outside the cellular environment 
this resistance can be achieved through medium viscosity, non-specific surface 
binding or through inter-filament interaction. The ability to recognize and track 
shortening minus ends enables movement of the centromeric complex by treadmill-
ing TubZ filaments. Depolymerisation of TubZ filaments from shrinking minus 
ends creates the force leading to pulling of TubRC centromeric complexes.

The behaviour of TubRC is perhaps unexpected given its apparent architectural 
similarity to the actin-like partitioning systems (Aylett and Lowe 2012). The centro-
meric complex of the ParMRC actin-based segregation system accelerates growth 
of filaments by binding at the growing (barbed) end, catalysing insertion of polymer 
subunits. Furthermore ParMRC pushes DNA molecules apart through the formation 
of a bipolar spindle. This bipolar spindle forms by a self-selecting process, requiring 
the dynamic instable nature of the ParM filaments (Garner et  al. 2004, 2007; 
Gayathri et  al. 2012). (Monopolar spindles are unstable whereas antiparallel 
arrangements are stable.) The thoroughly investigated TubZRC system of pBtoxis 
displays neither characteristic. Monopolar filament attachments are stable because 
the lack of dynamic instability in TubZ filaments means no self-selection occurs for 
bipolar spindles. On the contrary, TubZRC cannot separate DNA molecules in this 
way, as it would cluster DNA when forming bipolar filament structures (Fink and 
Lowe 2015).

�Does TubZRC Segregate Plasmids?

It has been speculated that once TubZ filaments are anchored to the plasmid the 
dynamic properties change, switching from treadmilling to dynamic instability, in 
analogy to microtubule systems that exhibit dynamic instability. When the minus 
ends of microtubules are tightly anchored to centrosomes or microtubule organizing 
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centres, only plus ends exchange subunits. Whereas, free microtubules have also 
been shown to treadmill in cells as well. Since TubZRC behaves so differently to 
known segregation systems it is likely that treadmilling TubZ filaments in the pres-
ence of the centromeric complex constitute a third mechanism in prokaryotic plas-
mid segregation.

A pulling mechanism by treadmilling TubZ filaments, rather than one pushing by 
formation of bipolar structures, is supported by observations that in Bacillus cell 
filaments treadmill and bend around cell poles. However, it is still unresolved how 
cells employ this end-tracking activity and whether it is only a part of a much more 
complex mechanism.

Complex mechanisms might involve the capturing and attachment of the grow-
ing plus end to a cellular structure, which then anchors the filament during minus 
end disassembly driving the translocation of DNA. Additional filament organizing 
centres, similar to spindle poles that anchor filaments as suggested for the PhuZ-
based phage centring system, or other regulators may be required. A possible anchor 
could be the bacterial nucleoid and an additional Tub protein encoded by a gene, 
downstream or upstream of tubZRC operon, called tubY (Oliva et al. 2012). TubY 
might have DNA-binding activity and could therefore act as an anchor adaptor.

TubZ systems seem relatively unstable when creating synthetic minireplicons 
containing tubZRC loci. This particularity indicates the possibility that additional 
factors for proper plasmid segregation are required. The segregation of plasmids by 
TubZRC has so far not been monitored in living cells. Further cellular investigations 
of this special and important pathogenicity factor inheritance system are 
warranted.

�Cytomotive Bacteriophage-Borne TubZ Filaments

Some bacteriophages contain TubZ homologues within their genomes. The c-st 
encoded TubZ system seems to be required for the segregation of the circular bac-
teriophages during the pseudolysogenic cycle in Clostridium botulinum. This TubZ 
system has already been described and compared to the related plasmid-borne sys-
tems in the above sections due to its likely similar role in segregating circular DNA 
molecules. However, it remains to be shown that this system is in fact important for 
the bacteriophage life cycle, thus far only a single structural and biochemical study 
by Oliva and co-workers has shed light on this system.

More generally the phage-borne tubulin-like proteins comprise a subgroup to the 
plasmid-borne TubZs due to their structural divergence and are named thereafter 
PhuZ. To date there is only one PhuZ phage-borne system (phage 201Φ2-1) well 
characterised within host cells.
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�Cell Biology of PhuZ

This system functions in a different cell biological context to the plasmid segregat-
ing TubZ systems. Researchers from the Pogliano and Agard groups performed cell 
biological groundwork on this system, showing that cellular filaments (visualized 
by expressing PhuZ-GFP fusion proteins) nucleate throughout the cytosol and orga-
nize into filament bundles (Kraemer et al. 2012; Erb et al. 2014). In bacteriophage 
infected cells PhuZ filaments seem to grow from the ends (as observed for TubZ), 
but do not reveal treadmilling behaviour in cells. PhuZ filaments seem to be focused 
or anchored with one end at cell poles (Fig. 11.6). Thus, free filament ends point 
towards the cell centre from opposing poles. Compared to the filament ends focused 
at cell poles, those ends pointing towards mid-cell are dynamic. However, limita-
tions in light microscopy and the strong filament bundling prevented the observation 
and characterization of individual filament ends at cell poles. Non-focused ends do 
seem to undergo some kind of dynamic instability, when emanating from the cell 
poles (Erb et al. 2014). This prompted the suggestion that PhuZ filaments organize 
into a spindle-like structure, where cell pole focused and anchored filaments com-
prise a spindle half (Kraemer et al. 2012; Erb et al. 2014). This is in analogy to 
eukaryotic spindles, where microtubules focused and stabilised at each spindle pole 
emanate to the spindle equatorial complex of overlapping microtubules and 
microtubule-attached chromosomes.

Interestingly, DNA of the bacteriophage localised between the growing ends of 
PhuZ half-spindles during the lysogenic cycle. This centring is abrogated when 
expressing hydrolysis deficient mutants that alter the dynamics of the PhuZ fila-
ment. Centring activity through pushing by growing ends that attach to bacterio-
phage particles contributes to the efficient lysogenic cycle of the bacteriophage and 
is thus important for the phage’s life cycle (Kraemer et al. 2012).

�PhuZ Filament Dynamics

The notion of growing filaments pushing bacteriophage particles via dynamically 
unstable PhuZ filament plus ends was supported by in vitro analysis of purified 
PhuZ using TIRF microscopy (Erb et al. 2014). In contrast to the anticipated activity 
in cells, PhuZ filaments exhibited treadmilling. A better picture of PhuZ dynamics 
and the ability of plus ends to switch from growth to shrinkage was obtained by 
stabilising filament seeds (using non-hydrolysable GTP analogues) from which 
PhuZ was allowed to elongate. Filament extensions formed around the critical con-
centration (2 μM) in the presence of GTP were not stable. Periods of growth were 
interrupted by catastrophic disassembly of the extension followed by repeated elon-
gation from the seed (Fig. 11.6). In principle PhuZ, filaments could constantly push 
macromolecules and thus centre bacteriophage particles in cells when minus ends 
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are stabilised and anchored. As for TubZ, PhuZ requires a carboxy-terminal exten-
sion to form polymers efficiently, presumably by making additional contacts with 
the adjacent subunits of a three-stranded filament, as described in detail above in 
section “Structure and architecture of TubZ filaments”.

PhuZ filaments resemble other treadmilling TubZ filaments when both ends are 
free but they convert to dynamic instability when one end is stabilised. This con-
trasts with plasmid-borne TubZ filaments, which do not exhibit dynamic instability, 

Fig. 11.6  Dynamic PhuZ (phage TubZ) filaments of phage 210Φ2-1 in vivo and in vitro (a) 
Fluorescence images show PhuZ filaments (green) in Pseudomonas chlororaphis cells (red FM4-
64 stain or dotted line) and phage nucleoids by DAPI (blue). Left panel: Filaments extend from 
opposing poles to the cell centre with their free dynamic ends pointing to the middle whereas ends 
at the cell poles seem to be focused and stabilised. Right panel: Still image of PhuZ spindle, below 
a kymograph illustrating the dyanmic PhuZ ends at midcell of the cell above. Bottom panel pic-
tures: Left, a wildtype cell which has, in between opposing free PhuZ filament ends, centered 
phage nucleoid particles. Right: When the dynamics of filaments is disturbed by expressing a 
hydrolysis deficient mutant of PhuZ phage particles become displaced and are not centred any-
more. (b) Purified PhuZ assembles in vitro into filaments that crawl over the glass surface via 
treadmiling, reminiscent of filaments formed from purified TubZ. Depicted are image sequences of 
treadmilling filament that are visualised by TIRF microscopy. (c) Schematic representation of 
dynamic PhuZ filaments extensions (green) grown from a stabilised PhuZ filament seed (red). 
Filaments elongate only from one end when free subunits are added at concentrations close to the 
critical concentration. These extensions are not stabilised and stochastically depolymerise com-
pletely from the plus end. Dual colour kymographs and florescence TIRF images of PhuZ display-
ing catastrophic events of depolymerisation from the initially growing filament plus end. 
Depolymerisation occurs throughout the entire green elongation and stops at the stabilised red 
seed. (d) A model envisioning how phage nucleoids are centred by PhuZ filaments: PhuZ filaments 
are stabilised at minus ends pointing to opposing poles, so they grow with their plus ends towards 
the cell centre. Pushing by growing filaments plus ends positions attached phage particles at mid-
cell. This centring seems to be beneficial for the lytic cycle of phage 201Φ2-1 (a–d modified form 
Erb et al. 2014 and Kraemer et al. 2012)
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even when stabilised in vitro by the centromeric complex. Thus, the different fila-
ment structures described below may be responsible for mechanisms that specifi-
cally allow or prohibit dynamic instability in each system.

What links the phage to the growing ends of filaments, and how filaments are 
anchored to the cell poles remains mysterious and demands further investigation.
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Chapter 12
The Structure, Function and Roles 
of the Archaeal ESCRT Apparatus

Rachel Y. Samson, Megan J. Dobro, Grant J. Jensen, and Stephen D. Bell

Abstract  Although morphologically resembling bacteria, archaea constitute a dis-
tinct domain of life with a closer affiliation to eukaryotes than to bacteria. This simi-
larity is seen in the machineries for a number of essential cellular processes, 
including DNA replication and gene transcription. Perhaps surprisingly, given their 
prokaryotic morphology, some archaea also possess a core cell division apparatus 
that is related to that involved in the final stages of membrane abscission in verte-
brate cells, the ESCRT machinery.

Keywords  ESCRT-III • Vps4 • cdvA • cdvB • Cytokinetic ring • Archaeal cell 
constriction • Sulfolobus acidocaldarius • AAA+ protein • MIT domain • Electron 
cryotomography • Cryo-ET • STIV
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�The Diversity of Archaea

Since their discovery in the late 1970’s by Carl Woese, it has become apparent that 
archaea are abundant components of the biosphere (Woese and Fox 1977). Archaea 
have been isolated from a huge diversity of ecological niches, ranging from Antarctic 
surface waters to hydrothermal vent systems, where the organisms grow at tempera-
tures in excess of 100 °C. Although the extremophilic archaea are probably the best 
known, there are many archaeal species adapted to mesophilic environments. By 
way of example, ammonia-oxidizing archaea are abundant in soil samples and the 
human microbiome is populated by a number of archaeal species, most notably the 
gut methanogen Methanobrevibacter smithii (Stahl and de la Torre 2012; Bang and 
Schmitz 2015). Although no archaeal pathogens have yet been described, there are 
examples of archaeal-bacterial consortia, archaea existing in symbiosis with marine 
sponges and there have been some links proposed between archaeal abundance and 
human health (Bang and Schmitz 2015; Schink 1997; Preston et al. 1996).

With the ever-increasing taxonomic sampling of archaea, phylogenetic analyses 
have revealed that the archaeal domain of life can be split into two main groupings 
or “super-phyla” – the Euryarchaea and the “TACK” superphylum (Guy and Ettema 
2011). TACK comprises the Thaumarchaea, Aigarchaea, Crenarchaea and 
Korarchaea and has been proposed to be the closest grouping of archaea to the last 
common ancestor between Archaea and Eukaryotes (Guy and Ettema 2011). Indeed, 
recent work from Embley and colleagues has suggested that the divergence of 
Archaea and Eukaryotes occurred following the emergence of the Euryarchaeal lin-
eage (Williams et al. 2013). This proposal has profound implications for the evolu-
tion of life on Earth, not least of which is the revelation that there are two, not three, 
domains of life (Fig. 12.1).

Fig. 12.1  Alternative phylogenetic trees for the evolution of cellular organisms. The left hand 
image shows the classical tree proposed by Carl Woese revealing three domains of life. The right-
hand phylogenetic tree illustrates the recent proposal by Embley and colleagues that eukaryotes 
arose from within the archaeal lineage, following the divergence of the Euryarchaea. This topology 
is compatible with earlier proposals from the Lake laboratory (Rivera and Lake 2004; Williams 
et al. 2013; Woese and Fox 1977)
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Interestingly, examination of the limited data available on archaeal chromosome 
copy number and cell-cycle organization provides hints that these processes within 
TACK organisms bear closer resemblance to eukaryotes than do their counterparts 
in euryarchaea (Samson and Bell 2011). More specifically, TACK organisms have 
defined gap phases between DNA synthesis and cell division (Samson and Bell 
2011, 2014; Bernander 1998). Indeed, the eukaryotic cell cycle nomenclature of 
G1, S, G2 and M phase is commonly applied to archaeal cell cycle parameters. 
However, it is important to emphasize that, at the mechanistic level, archaeal 
M-phase is completely unrelated to eukaryotic mitosis. In contrast to the defined 
cell cycle phases seen in TACK species, the limited number of euryarchaea that 
have been studied reveal less obvious partitioning of the cell cycle. In fact, it appears 
that some species may have overlapping DNA replication and cell division phases. 
In agreement with this latter proposition, the members of the Euryarchaea generally 
have high chromosome copy numbers. For example, Haloferax volcanii has about 
15 copies of its chromosome during exponential growth (Zerulla and Soppa 2014; 
Breuert et al. 2006). The polyploidy of euryarchaea contrasts with the TACK super-
phylum organisms that have been characterized, all of which show a simple one to 
two chromosome copy number oscillation during their cell cycle (Lundgren et al. 
2008). Furthermore, studies of the crenarchaeon Sulfolobus solfataricus provided 
evidence for cohesion of sister chromatids following the completion of DNA repli-
cation (Robinson et al. 2007). Thus, at both phylogenetic and organizational levels, 
members of the TACK superphylum show remarkable similarities to eukaryotes.

�Cell Division Machineries

Initial studies published in 1996 of the euryarchaea Halobacterium salinarum and 
Pyrococcus woesei by the Jackson and Margolin labs, respectively, identified 
archaeal homologs of the central, and near universal, bacterial cell division protein 
FtsZ (Margolin et  al. 1996; Baumann and Jackson 1996). Subsequently, the 
Lutkenhaus laboratory revealed that the Haloferax volcanii FtsZ formed a ring-like 
structure at mid-cell, coincident with the site of membrane constriction during cell 
division (Wang and Lutkenhaus 1996). As complete archaeal genome sequences 
became available, all of euryarchaea initially, further FtsZ homologs were identi-
fied, revealing that this protein was found in many archaea as well as bacteria. 
Subsequent landmark structural studies by Lowe and Amos revealed the first crystal 
structure of FtsZ – using the protein from the euryarchaeon Methanocaldococcus 
jannaschii (Lowe and Amos 1998).

However, the apparent ubiquity of archaeal FtsZ was challenged by an analysis 
from the Doolittle laboratory of the first complete crenarchaeal genome, that of 
Aeropyrum pernix, in which it was recognized that there was no identifiable homo-
log of FtsZ (Faguy and Doolittle 1999; Kawarabayasi et al. 1999). The absence of 
FtsZ in other crenarchaea was confirmed with the elucidation of the genome 
sequences of Pyrobaculum aerophilum, and Sulfolobus tokodaii and Sulfolobus 
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solfataricus (Fitz-Gibbon et al. 2002; She et al. 2001; Kawarabayasi et al. 2001). As 
detailed elsewhere in this book, an actin homolog, termed crenactin, was identified 
in Pyrobaculum and other members of the Thermoproteales (Yutin et  al. 2009). 
Immunolocalization studies of crenactin were described as showing helical-like 
structures within the rod-shaped Pyrobaculum cells (Ettema et  al. 2011). These 
structures were interpreted as providing evidence for a cytoskeletal role for the cren-
actin. However, studies of bacterial MreB provide a cautionary note for this inter-
pretation. Initial work suggested that MreB formed a coherent helical cytoskeleton 
in rod-shaped bacteria (Jones et al. 2001). Immunolocalization and use of fluores-
cently tagged proteins supported this conclusion. More recently, however, it has 
been proposed that the helical structures may have arisen as a consequence of 
appending a fluorescent tag to the MreB protein (Swulius and Jensen 2012). Further, 
additional studies have led to the proposal that MreB forms dynamic circumferen-
tial bands around the cell, perpendicular to the long axis, and appears to play a key 
role in cell wall biosynthesis (Errington 2015; Garner et  al. 2011; Dominguez-
Escobar et al. 2011). With respect to the archaeal actin homolog, the current limited 
and low-resolution data derived from analyses of fixed cells cannot exclude the 
possibility that crenactin might play an analogous role in S-layer synthesis in the 
rod-shaped Thermoproteales. Despite the completion of the Sulfolobus solfataricus 
genome in 2001, it would be a further 6 years before candidates for the Sulfolobus 
cell division machinery were identified. Figure 12.2 summarizes the distribution of 
potential cytoskeletal and cell division proteins across the archaeal domain of life 
(Makarova et al. 2010).

�ESCRT Proteins

In 2007, the laboratory of Roger Williams at the LMB in Cambridge, studying the 
eukaryotic ESCRT (Endosomal Sorting Complex Required for Transport) appara-
tus, identified a Sulfolobus homolog of the ESCRT system component, Vps4. Their 
work revealed a striking structural relationship between the so-called MIT domain 
of the archaeal Vps4 with its counterpart in yeast Vps4 (Obita et  al. 2007). 
Furthermore, they identified Sulfolobus homologs of the eukaryotic ESCRT-III pro-
teins. As that initial study used the eukaryotic names for the archaeal homologs, we 
will retain that convention in this chapter. The eukaryotic ESCRT machinery has 
been comprehensively dissected at the molecular level and there are a number of 
excellent reviews that describe that work (Hurley 2015; Henne et  al. 2013; 
McCullough et al. 2013). Accordingly, we will give an extremely brief and simplis-
tic summary of the roles of ESCRT in eukaryotes.

First identified by virtue of its role in endosome sorting, the ESCRT pathway 
directs the invagination and scission of membranes. A series of elegant in vitro 
reconstitution studies revealed that the ESCRT-III proteins form filaments and are 

R.Y. Samson et al.



361

necessary and sufficient to drive membrane constriction and scission in a system 
reconstituted with giant unilameller vesicles. Vps4 is an AAA+ ATPase that can 
interact with ESCRT-III, (see below for details). Dependent on its ability to hydro-
lyze ATP, Vps4 facilitates depolymerization and subsequent recycling of ESCRT-III 
to membranes. Delivery of ESCRT-III to its site of action in endosomal sorting is 
dependent on the sequential assembly of a protein scaffold composed of the 
ESCRT-0, ESCRT-I and ESCRT-II complexes. With the exception of one lineage, 
whose existence is inferred solely from metagenomic studies (Spang et al. 2015), 
these earlier ESCRT-III recruiting complexes are absent from archaea.

Following the discovery of ESCRT’s role in trafficking, subsequent studies have 
revealed that this apparatus plays pivotal roles in a number of other processes that 
involve membrane scission events. These include viral egress from infected cells, 
plasma membrane wound healing, nuclear membrane reformation following chro-
mosome segregation and membrane abscission – the final stage of cytokinesis in 
metazoan cells (Hurley 2015).

�The Sulfolobus ESCRT Machinery

In 2008, work by our laboratory (RYS and SDB) in collaboration with the Williams 
lab and an independent study by Bernander and colleagues provided evidence that 
the Sulfolobus ESCRT machinery played a role in archaeal cell division (Samson 
et al. 2008; Lindas et al. 2008).

In Sulfolobus, the vps4 gene is encoded adjacent to a gene for an ESCRT-III 
protein. An additional gene, called cdvA, is found immediately upstream of this 

Fig. 12.2  Distribution of candidate cytoskeletal and cell division proteins across the archaeal 
domain of life (Figure taken from Makarova et al. 2010 with permission). Filled-in circles indicate 
the presence of one or more genes encoding homologs of the indicated proteins
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operon (Fig. 12.3). As discussed below, cdvA is a distinct transcription unit from 
ESCRT-III and Vps4 genes (Samson et al. 2011; Wurtzel et al. 2010).

Sulfolobus possesses three other ESCRT-III genes. The four ESCRT-III paralogs 
are variable in length, with the gene beside vps4 encoding the longest open-reading 
frame. In addition to the core ESCRT-III α-helix-rich fold, this protein possesses a 
signature C-terminal winged-helix-like (wH-like) domain that is not found in the 
remaining paralogs (Fig. 12.3). A recent genetic study revealed that it was possible 
to individually delete the genes for the three shorter ESCRT-III paralogs and retain 
cell viability, albeit with reduced growth rate. In contrast, it was not possible to 
delete the gene for the wH domain-containing ESCRT-III protein, suggesting this 
protein is essential for viability (Yang and Driessen 2014).

Studies using synchronized Sulfolobus acidocaldarius cells revealed that tran-
scripts for vps4 and its proximal ESCRT-III gene, which are expressed as a bi-
cistronic transcript, and the other orphan genes for the shorter ESCRT-III paralogs 
are maximally abundant in populations enriched with cells undergoing division 
(Samson et al. 2008). Similarly, the cdvA gene transcript showed cell cycle regula-
tion, although its levels peaked slightly before those for ESCRT-III and Vps4 
(Samson et al. 2011).

As well as being cell cycle regulated, transcript levels of the genes for CdvA, 
ESCRT-III and Vps4 are modulated in response to a number of insults to the cell, 
including UV-induced DNA damage, oxidative stress caused by hydrogen peroxide, 
viral infection and respiratory arrest caused by acetic acid treatment (Lindas et al. 
2008; Ortmann et al. 2008; Maaty et al. 2009; Gotz et al. 2007; Frols et al. 2007).

The timing of expression of the Sulfolobus ESCRT components is compatible 
with a role in cell division. Immunolocalization studies on fixed cells revealed that 
polyclonal antisera raised against the wH-containing ESCRT-III and Vps4 localized 

Fig. 12.3  The organization of the genes for the Sulfolobus acidocaldarius ESCRT-associated pro-
teins. Principal domains of the encoded proteins are indicated. The Saci_XXXX names are from 
the original genome annotation (Chen et al. 2005)
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to a belt between segregated nucleoids (Lindas et al. 2008; Samson et al. 2008). 
Furthermore, the location of the belt correlated with the site of membrane ingres-
sion in cells undergoing division. Dividing cells are very rare within asynchronous 
Sulfolobus populations, suggesting that cell division is a very rapid event. Similarly, 
very few cells are observed with segregated nucleoids, again suggesting that the 
process of chromosome segregation, the mechanism of which is entirely mysteri-
ous, is rapid and closely linked to the membrane ingression event. We note, how-
ever, that cells can be observed that have segregated nucleoids and contiguous 
ESCRT-III bands, and yet have no visible ingression of the membrane (Samson 
et al. 2008; Lindas et al. 2008). Thus, our working hypothesis is that nucleoid seg-
regation occurs prior to ESCRT-III assembly.

A causal role for the Sulfolobus ESCRT system in cell division was supported by 
the conditional expression of a trans-dominant negative allele of vps4 in Sulfolobus 
solfataricus cells (Samson et al. 2008). This allele, encoding an alanine substitution 
of the conserved glutamic acid residue in the so-called Walker B motif, allows ATP 
binding but prevents its hydrolysis. Previous work in mammalian cells revealed that 
expression of this and other ATPase-defective alleles impacts negatively on cell 
division (Carlton and Martin-Serrano 2007; Morita et al. 2007). Upon expression of 
this form of the protein in Sulfolobus, bloated cells up to four-times the usual diam-
eter and with elevated DNA content were observed. In addition, abundant small 
membranous structures that lacked discernable DNA content were seen. The gen-
eration of these bloated cells and ghosts is compatible with impaired cell division 
processes (Samson et al. 2008).

In eukaryotes, the ESCRT-III proteins bind directly to membranes but are 
recruited to their sites of actions by the prior assembly of ESCRT-I and ESCRT-II 
complexes (Wollert and Hurley 2010). In contrast, we have been unable to detect 
direct membrane interaction by the Sulfolobus ESCRT-III proteins. Indeed, they 
lack the charged patch that has been shown to be important for membrane interac-
tion by the eukaryotic proteins (Samson et al. 2011). Further, as discussed above, 
Sulfolobus lacks discernable homologs of the earlier ESCRT components.

The close linkage of the cdvA gene and its cell cycle regulated expression profile 
suggested it could be an early assembling component of the cell division machinery. 
In agreement with this, like ESCRT-III and Vps4, CdvA forms a ring-like structure 
at mid-cell that shrinks concomitant with division plane ingression. Intriguingly, 
mRNA levels for CdvA peak before those for ESCRT-III and Vps4, and CdvA 
structures can be detected prior to nucleoid segregation. Co-immunolocalization 
studies of late G2/early M-phase cells revealed that only a subset with CdvA 
structures were decorated with punctate foci of ESCRT-III. In contrast it was not 
possible to detect cells that were CdvA negative but ESCRT-III positive. In agree-
ment with these observations, in vitro binding assays demonstrated that, while 
ESCRT-III was unable to bind directly to purified membranes, CdvA could. 
Futhermore, CdvA was capable of recruiting ESCRT-III to liposomes with conse-
quential deformation of the membrane. Thus, taken together, these data indicate that 
CdvA forms a ring-like structure at mid-cell and serves as a platform for the subse-
quent recruitment of the ESCRT-III proteins (Samson et al. 2011).
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�Structures of Archaeal ESCRT Proteins

Structural studies of the ESCRT-machinery in eukaryotes and archaea have been 
aided by the strikingly modular nature of the proteins. As described below, this has 
allowed minimal interaction domains to be dissected and some highly informative 
structures of these domains with their partner peptides have been elucidated (Samson 
et al. 2008, 2011). In addition, the structures of the ATPase domain of Vps4 from 
Sulfolobus solfataricus (Sso) and Acidianus hospitalis (both crenarchaea of the 
order Sulfolobales) have been determined by the Sundquist lab using X-ray crystal-
lography (Monroe et al. 2014) (Fig. 12.4).

Sso Vps4 is a 372 amino acid protein; the first 75 residues constitute a MIT 
domain, the structure of which was solved by the Williams laboratory (Obita et al. 
2007). The MIT domain is separated from the AAA+ ATPase domain by a short and 
apparently flexible linker. As with many AAA+ proteins, Vps4 forms homo-
oligomers and the Sundquist laboratory revealed Sso Vps4 forms a homohexamer in 
the presence of ATP or ADP following heat treatment (Monroe et al. 2014). The Sso 
Vps4 AAA+ domain structure does not reveal how the protein forms hexamers but 
modeling based on superimposition of the Sso Vps4 monomer on the AAA+ domain 
of P97 allowed a model to be built. The model was verified by mutation of predicted 
interfacial residues, resulting in a destabilization of the hexamer and consequential 
reduction in ATPase activity. As with many other AAA+ proteins, the ATPase active 
site lies at the interface between two protomers, with residues from both subunits 

Fig. 12.4  (a) A modeled hexamer of human VPS4. The model was generated by superposition of 
the VPS4B monomer structure (PDB 1XWI) onto the symmetric hexamer structure of ClpX (PDB 
4I9K). Pore loop 1 and the eukaryotic-specific Vta1 interaction module are colored magenta and 
green respectively (b) Comparison of monomers of human and Sulfolobus Vps4 (PDB 4LGM). 3 
residues in the pore loop (magenta) of S. solfataricus Vps4 are disordered in the structure and 
indicated by a dashed line
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contributing to the active site (Erzberger and Berger 2006). The predicted hexamer 
is ring-shaped with a central pore into which loops project (Fig. 12.4). By analogy 
with other AAA+ proteins, including the ClpX protein-unfoldase and DNA heli-
cases, it is likely that these pore loops facilitate remodeling of Vps4’s ESCRT-III 
substrate. Indeed, mutation of these loops impact upon Vps4’s ability to function in 
human cells (Scott et al. 2005). Comparison of the structure of the AAA+ domain 
from Sso Vps4 with that of yeast Vps4p reveals a RMSD of 1.62 Å over 237 Cα 
atoms. The principal difference between the eukaryotic and archaeal structure lies 
in the absence or presence of a eukaryotic-specific 45-residue beta-strand-rich 
insertion in the smaller “lid” domain of the AAA+ module (green in Fig. 12.4). This 
serves as an interaction site for the eukaryotic-specific Vps4 activator protein Vta1 
(Scott et al. 2005).

The N-terminal 75 residues of Vps4 form a three-helix bundle termed a MIT 
(Microtubule Interacting and Trafficking) domain. This domain is a versatile 
protein-protein interaction module that, as its name implies, has been identified in a 
number of proteins involved in cytoskeletal processes and trafficking, including 
katanin, spastin, Vps4 and Vta1 (Fig. 12.5). Studies in yeast and mammal systems 
revealed that the Vps4 MIT domain interacted with specific sequence motifs in 

Fig. 12.5  Comparison of the structures of various MIT domains and their ESCRT-III interaction 
partners, demonstrating the distinct MIM1–5 binding modes. A schematic of the MIT domain is 
given in the top left and the color convention is adhered to in the subsequent images. The partner 
peptide is in blue. PDB codes are MIM1 – 2JQ9, Sulfolobus MIM2 – 2W2U, Human MIM2 – 
2K3W, MIM3 – 3EAB, MIM4 – 2XZE and MIM5 – 2LUH. The CHMP and Vps60 proteins are 
all ESCRT-III family members
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ESCRT-III proteins. Initial work identified a MIT-interacting motif (MIM) in yeast 
Vps2 and human CHMP1 and CHMP2B and revealed that they bound in the groove 
between the second and third helix of the MIT domain (Obita et al. 2007; Stuchell-
Brereton et al. 2007). Subsequent work revealed that the human ESCRT-III protein 
CHMP6 also interacted with the MIT domain but, remarkably, utilized an alternate 
MIM, termed MIM2, that interacted with the groove between the first and third 
helix of the Vps4 MIT domain (Kieffer et al. 2008). More recently three additional 
modes of interaction between MIT domains and partner proteins have been described 
(MIM3–5; Fig. 12.5) (Yang et al. 2008, 2012; Solomons et al. 2011).

Interaction studies revealed that Sulfolobus Vps4 interacted specifically with the 
wH-containing ESCRT-III protein. The interaction interface was mapped to resi-
dues 183–193, between the core ESCRT-III fold and the C-terminal wH-like domain 
(Samson et al. 2008). The X-ray crystal structure of the ESCRT-III peptide•MIT 
domain complex revealed that the peptide from the ESCRT-III protein bound along 
the groove between helices 1 and 3 of the Vps4 MIT domain, utilizing the MIM2 
mode of interaction (Fig.  12.5). Indeed, comparison of the archaeal and human 
MIM2•MIT domain interactions reveals clear conservation at the level of primary 
sequence (Samson et al. 2008; Kieffer et al. 2008). Thus, the ATPase Vps4 interacts 
with ESCRT-III subunits and ATP hydrolysis is required for Vps4 to fulfill its func-
tion. Recent work with yeast Vps4 and an artificial chimeric ESCRT-III substrate 
(Vps24–2) has revealed that Vps4 effects global unwinding of ESCRT-III while 
stripping protomers from a filament of the protein. In addition, the substrate passes 
through the central pore of the Vps4 during the unfolding reaction (Yang et  al. 
2015). While this mechanism has not yet been directly demonstrated for the archaeal 
proteins, given the conservation of the system and the demonstrated requirement for 
ATP hydrolysis by Sufolobus Vps4 for cell division, it seems likely that disassembly 
of the ESCRT-III structures seen at mid-cell will be similarly effected by Vps4.

As described above, there is currently no evidence for direct interactions of the 
archaeal ESCRT-III proteins with archaeal membranes. However, liposome-binding 
studies with Large Unilameller Vesicles (LUVs) reconstituted with purified 
Sulfolobus tetra-ether lipids revealed that the alpha-helical domain of CdvA bound 
directly to membranes (Samson et  al. 2011). Like ESCRT-III, CdvA forms fila-
ments, and negative stain electron microscopy provided evidence for a lattice-like 
structure forming on LUVs in the presence of CdvA. Strikingly, while ESCRT-III in 
isolation had no discernable effect on the LUVs, the addition of the wH-containing 
ESCRT-III to CdvA-coated LUVs resulted in dramatic deformation of the lipo-
somes (Samson et al. 2011).

CdvA has a tri-partite structure with a ~ 70 residue beta-strand rich N-terminal 
domain, predicted to form a PRC barrel (Anantharaman and Aravind 2002), fol-
lowed by an alpha-helix-rich region and finally a C-terminal domain that is poorly 
conserved in sequence apart from its final 10 amino-acids. The role of the PRC-
domain remains undetermined, however, the alpha-helical region of the protein has 
been shown to interact with archaeal membranes. The C-terminal tail binds to the 
wH-like domain of the ESCRT-III paralog with a Kd of 6 μM. Further, disruption of 
this interaction in vivo leads to cell division defects (Samson et al. 2011).
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The crystal structure of the ESCRT-III-Binding (E3B) peptide of CdvA (residues 
251–265) in complex with the wH-like domain of ESCRT-III (residues 210–259) 
was solved and revealed a novel mode of protein-protein interaction (Samson et al. 
2011). Classical wH domains possess a three helix bundle surmounted by a pair of 
antiparallel β-strands that are connected by a turn of variable length (Fig. 12.6). This 
latter feature is the eponymous wing. Remarkably, the wH-like domain of the 
ESCRT-III protein is truncated, with the C-terminal residue of the protein at the end 
of the first of the β-strands, leaving a cleft in the surface of the protein. CdvA 
interacts with this cleft, in essence donating a β-strand to heal the broken wing 
structure. Hydrophobic residues, mutation of which impairs the interaction, domi-
nate the inter-protein interface (Samson et al. 2011). A consequence of CdvA acting 
as a recruitment platform for ESCRT-III is that ESCRT-III could be spatially 
removed from the membrane by a distance equivalent to the depth of the CdvA lat-
tice. As discussed below, this might have facilitated detection of the ESCRT-III 
membrane ingression belt by electron cryotomography (Dobro et al. 2013).

Fig. 12.6  (a) The left-hand image shows an example of the classical winged helix topology with 
the β-hairpin wing element highlighted in purple. The example shown is from S. solfataricus 
MCM (PDB 2 M45) in which this domain serves as a protein-protein interaction module (Samson 
et al. 2016; Wiedemann et al. 2015). The image on the right is the structure of the “broken wing” 
domain from the S. solfataricus ESCRT-III protein (blue) in complex with the E3B peptide from 
CdvA (pink), PDB 2XVC (Samson et al. 2011). (b) Two views, related by a 90° rotation, of a 
surface model of the ESCRT-III broken wing domain in complex with a cartoon view of the CdvA 
E3B peptide. The side-chains of two valine residues (V259 and V261) that important for the inter-
action are shown in stick mode in the left hand image
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�Ultrastructural Analyses of the Archaeal ESCRT Machinery

In 2013, we used electron cryotomography to explore the archaeal ESCRT machin-
ery in Sulfolobus cells (Dobro et al. 2013). In electron cryotomography, samples are 
rapidly frozen, preserving them in a near-native, “frozen-hydrated” state. Samples 
are then imaged iteratively while being rotated around an axis to provide three-
dimensional information. While each cryotomogram elucidates the structures pres-
ent in a single moment, dynamic processes like cell division can be inferred by 
imaging different cells frozen at different stages of the process.

Previous images of purified eukaryotic ESCRT-III proteins had revealed that 
ESCRT-III proteins frequently polymerize into filaments, which then coil and spiral 
(Effantin et  al. 2013). Adding to this body of information, we saw that purified 
CHMP1B, a human member of the ESCRT-III family, polymerized into helical fila-
ments that formed 3-D bull’s-eye patterns and stacked cones (Fig.  12.7). These 
assemblies contained layers of varying radii and angles, revealing that the lateral 
bonds between ESCRT filaments are non-specific, an essential property for spirals 
and coils. The stacked cones further revealed that ESCRT-III filaments were capable 
of binding each other on multiple surfaces including the top, sides, and bottom.

Fig. 12.7  (a) Electron microscopy projections of purified CHMP1B assemblies. The left hand 
image shows a view down the axis of a CHMP1B tube (scale bar 200 Å). The right hand image 
shows a central slice of a large CHMP1B assembly revealing layers of varying angles and radii. 
This implies that lateral bonds between filaments are non-specific and capable of binding on mul-
tiple surfaces, including the top, sides, and bottom. Scale bar is 500 Å. (b) A dividing S. acido-
caldarius cell observed with electron cryotomography. The left hand images show a central slice 
of the tomogram with the division furrows magnified in the offset panels. The right hand image 
contains a model of that slice with the U-shaped protein coating on the division furrow colored in 
yellow. Scale bar is 200 nm (Figures adapted with permission from Dobro et al. 2013)
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Moving to the archaeal proteins, we imaged mixtures of purified CdvA and lipo-
somes made of Sulfolobus lipids. In this system, CdvA formed filaments of similar 
dimensions to ESCRT-III that wrapped around the liposomes. As described above, 
Sulfolobus ESCRT-III is recruited to membranes by CdvA. To observe these CdvA-
ESCRT-III complexes in their physiological context, synchronized Sulfolobus 
acidocaldarius cells were collected at the time of division and rapidly frozen. 
Tomograms revealed that every cell displaying any membrane ingression also con-
tained a thick, U-shaped protein belt around the constricting ring. The protein belt 
was also observed in cells with no visible constriction, indicating that the belt 
assembles before ingression begins (Dobro et al. 2013). This is unlike eukaryotic 
cells, which use ESCRT to divide only at the final scission stage when the diameter 
of the midbody site is approximately 100–200 nm (Elia et al. 2011; Agromayor and 
Martin-Serrano 2013).

By analogy to the properties of eukaryotic ESCRT-III’s in vitro (Effantin et al. 
2013; Dobro et al. 2013), the belts observed in dividing Sulfolobus cells were likely 
to be ESCRT-III filaments wrapped around the membrane in tight spirals. This is 
supported by comparing the dimensions of the belt to dimensions of known ESCRT 
crystal structures (Muziol et al. 2006; Bajorek et al. 2009). The belt appears dynamic 
in nature. During the process of constriction, the protein belt gets wider, yet the total 
surface area decreases. Importantly, the thickness remains the same. Together with 
all else that is known about the ESCRT machinery, this information supports a 
model we call the “hourglass” (Fig. 12.8). With mother and daughter cells stacked 
on top of each other, the protein belt around the middle forms an hourglass shape. 
This is similar to the proposed dome model for budding vesicles of eukaryotes, in 
which ESCRT-III forms dome-shaped spirals (Lata et al. 2008) but the symmetrical 
division septum forms two domes. In the hourglass model, two growing filaments 
(one on each side of the division plane) spiral towards each other into ever-smaller 
radii until the membranes are close enough for spontaneous scission (Video 12.1). 
While this hourglass model depends on ESCRT-III filaments being able to grow and 
bind each other along many surfaces as they progress from flat ribbons at the begin-
ning to deeply invaginated U-shapes at the end, the in vitro assemblies demonstrate 
these capabilities.

The location and dimensions of the belt point to ESCRT-III as the candidate 
protein but, as discussed earlier, CdvA is likely linking ESCRT-III to the membrane 
(Samson et al. 2011). The belt was spaced about 6 nm from the membrane, which 
would accommodate CdvA as an adaptor (Fig. 12.8). As the membrane constrictions 
grew deeper in the various tomograms, the belt got wider but its total surface area 
decreased, suggesting Vps4 is actively re-modelling the ESCRT-III filaments during 
the process by removing ESCRT-III protomers. Since the diameter of the cytoki-
netic ring is decreasing toward zero, if the protein complexes were not being 
depleted, the late stage belt would have been extremely wide. Instead the belt only 
slightly increased in width, always at the leading edge of the division furrow.

Our images of dividing Sulfolobus cells do not support other models proposed in 
the literature These include the “purse-string” model in which Vps4 disassembles a 
ring filament by ESCRT-III protomer removal and resealing of the ring and the 
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“whorl” model in which ESCRT-III filaments lie along the axis of a budding neck 
rather than spiraling around it (Saksena et al. 2009; Boura et al. 2012). Significantly, 
the data presented in the studies leading to those models also support the hourglass 
model. Filament growth in a spiraling pattern toward smaller radius may therefore 
drive constriction in cell division, as well as in vesicle and viral budding in 
eukaryotes.

�Additional Roles for the Archaeal ESCRT Proteins

As described in the introduction, eukaryotic ESCRT proteins are involved in a broad 
range of membrane manipulation processes, both intrinsic to normal cellular metab-
olism but also imposed upon the cell by infectious agents (Hurley 2015). In regard 
to the latter, a number of enveloped viruses co-opt ESCRT proteins, including 
important pathogens such as HIV, Ebola, Hepatitis C, Rabies virus and Hepatitis B 
virus - see (Votteler and Sundquist 2013) for review. It has become apparent that 
there is a remarkable diversity of viruses infecting archaea (Prangishvili 2013), and 

Fig. 12.8  (a) Interpretation of the protein belt as ESCRT helices. Left hand panels: central slices 
through opposing edges of the division furrow show the thick protein layer on the membrane. The 
right hand images show the same slices with the membrane (purple) and our model for how 
ESCRT (blue) filaments wrap helically (orange lines) around the cytokinetic ring to form the pro-
tein belt. The ESCRT filaments appear as circles because they are cut in cross section, but their 
diameter matches the width of the belt. CdvA filaments (yellow) link the membrane and ESCRT 
belt (Figures adapted with permission from Dobro et al. 2013). (b) Two spirals made of ESCRT 
monomers grow from the middle in opposite directions with a decreasing radius, pulling the mem-
brane inward. The larger image is a close-up of the inset image
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studies of one, Sulfolobus Turreted Icosahedral Virus (STIV) have implicated the 
archaeal ESCRT machinery as an important cellular facilitator of the viral life cycle 
(Snyder et al. 2013). STIV is a lytic virus and utilizes a remarkable mechanism of 
egress from infected cells (Brumfield et al. 2009). A single 92 amino acid viral gene 
product, C92, assembles seven-sided pyramid structures that project through the 
S-layer of the host cells. Eventually the facets of the pyramids separate from one 
another at the vertices, like petals opening in a flower, resulting in cell lysis and 
virus release. Remarkably, an otherwise completely unrelated rod-shaped Sulfolobus 
virus, also encodes a C92 ortholog and directs the assembly of analogous structures 
(Bize et al. 2009). No further viral proteins are required for pyramid assembly and 
it has been demonstrated that expression of the C92 ortholog in E. coli or budding 
yeast also results in formation of pyramids, although, intriguingly, those pyramids 
never open in these heterologous cells (Daum et al. 2014).

STIV virus particles assemble in the Sulfolobus cytosol. Initially, icosahedral 
particles assemble and package an internal host-derived lipid envelope structure. 
Subsequent embellishments to the capsids occur before viral genome packaging. 
Ultimately the mature virus particles are released through the open pyramid struc-
tures (Fu et al. 2010; Brumfield et al. 2009). The first hints of a role for the host 
ESCRT proteins in the STIV life cycle came from the observation that Sulfolobus 
ESCRT-III proteins were associated with purified viral particles. In addition, analy-
ses of the host transcriptional reprograming upon viral infection revealed up-
regulation of the ESCRT genes, including CdvA, ESCRT-III paralogs and Vps4 
(Ortmann et al. 2008).

Protein-protein interaction studies have revealed an interaction between one 
ESCRT-III paralog (SSO0619) and the major capsid protein of STIV, termed B345. 
While the functional significance of this interaction has not been resolved, it is 
tempting to speculate that it may be indicative of a role for the ESCRT machinery 
in the maturation of the lipid envelope within the viral particle (Snyder et al. 2013). 
Additionally, an interaction between the C92 pyramid protein and the wH-containing 
and Vps4-interacting ESCRT-III protein was detected. Immunolocalization epifluo-
rescence microscopy and electron microscopy coupled with immunogold staining 
revealed Vps4 recruitment to pyramid structures both in cells infected with STIV 
and cells expressing only the C92 protein from a plasmid. The importance of the 
integrity of the host ESCRT machinery for the viral life cycle was underscored by 
the observation that expression of the trans-dominant negative, ATP hydrolysis 
deficient, allele of Vps4 abrogated viral replication, while not impacting the ability 
of STIV to enter cells and execute viral gene expression (Snyder et al. 2013). While 
the molecular mechanisms of host ESCRT function in the STIV life-cycle remain to 
be resolved, it is possible that the ESCRT apparatus could act both at the level of 
initial particle assembly, conceivably in maturation of the inner capsid membrane, 
and possibly also at the level of viral egress (Snyder et al. 2013).

In contrast to the up-regulation of the ESCRT pathway in response to STIV 
infection, the host response to SIRV2 revealed down-regulation of the ESCRT 
apparatus (Okutan et al. 2013). More specifically, mRNA levels for CdvA, ESCRT-
III and Vps4 were all reduced three- to ten-fold. As described above, SIRV2 also 
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utilizes the unusual pyramid structures to effect cell lysis. With regard to ESCRT 
functions in the viral life cycle, there are two potentially important differences 
between STIV and SIRV2. First, STIV has an internal membrane structure, SIRV2 
does not. Second, the time course of infection is dramatically different for the two 
viruses. In the case of SIRV2 infection, pyramids appear between 6 and 9 h post-
infection. This contrasts with STIV infection in which pyramids do not appear until 
32 h post-infection. As SIRV2 infection leads to extensive host DNA degradation, it 
is possible that the down-regulation of ESCRT genes in response to SIRV2 could 
reflect a checkpoint-like response to inhibit cell division upon viral infection (Bize 
et al. 2009).

In addition to co-option by archaeal viruses, the Sulfolobus ESCRT apparatus 
may also play a role in the generation of extra-cellular vesicles. Sulfolobus cells 
secrete small vesicles during normal growth and in response to cellular stresses. 
Proteomic studies have demonstrated that these vesicles are associated with host 
ESCRT-III and Vps4 proteins (Ellen et al. 2009; Prangishvili et al. 2000). However, 
a causal linkage has yet to be established. As described above, a proteinaceous belt, 
presumed to be ESCRT-III, can be detected at mid-cell in dividing Sulfolobus. 
Intriguingly, the same tomograms reveal some cells extruding vesicles, yet exami-
nation of these structures does not provide evidence for an analogous belt-like fea-
ture at the vesicle necks (Dobro et al. 2013). Conceivably, the cell-division structure 
is discernable because of the role of CdvA as an adaptor between the membrane and 
ESCRT-III -assembly. If vesicle formation exploits a different adaptor protein, then 
an alternate morphology of the ESCRT-III at vesicle necks could exist. While this is 
complete speculation at this point, it is interesting to note that several of the 
Thermococcales, members of the euryarchaea, also produce extra-cellular vesicles 
and possess ESCRT-III and Vps4 homologs (Soler et al. 2008). However, they do 
not encode a detectable CdvA homolog and are thought to effect cell division using 
FtsZ (Fig. 12.2).

�Future Directions

Our understanding of the biology of the archaeal ESCRT system remains very rudi-
mentary at this time. While structural studies have illuminated the nature of the 
molecular handshakes that orchestrate assembly of the cytokinetic ring, how these 
events are appropriately coordinated in time and space remains largely unknown. 
The nature of the cell cycle oscillators that drive the regulated expression of the 
ESCRT genes is another key unresolved issue. Yet another lies in the coordinated 
assembly of CdvA at mid-cell. CdvA assembles prior to nucleoid segregation. Does 
CdvA, by polymerizing, define mid-cell and drive segregation away from its zone 
of assembly? Alternatively, are spatial cues established in the cell prior to CdvA 
assembly? What is the nature of the Sulfolobus DNA segregation machinery? 
Another utterly mysterious process lies in how S-layer assembly is coordinated with 
the division process. While key players in the assembly and glycosylation of S-layer 
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proteins have been identified, essentially nothing is known about how they are regu-
lated and localized in the cell. The tomograms of dividing cells show a dramatic 
restructuring of the presumptive ESCRT-III belt, from a planar to a U-shaped topog-
raphy. Is this due to a belt-intrinsic process, perhaps via differential incorporation of 
ESCRT-III paralogs, or is it mechanically driven by S-layer growth? It is anticipated 
that answers to many of these questions will be forthcoming over the next few years 
as advances in the genetic and cell biological analyses of archaea become ever more 
sophisticated.

References

Agromayor M, Martin-Serrano J (2013) Knowing when to but and run: mechanisms that control 
cytokinetic abscission. Trends Cell Biol 23:433–441

Anantharaman V, Aravind L (2002) The PRC-barrel: a widespread, conserved domain shared by 
photosynthetic reaction center subunits and proteins of RNA metabolism. Genome Biol 3, 
RESEARCH0061

Bajorek M, Schubert HL, Mccullough J, Langelier C, Eckert DM, Stubblefield WM, Uter NT, 
Myszka DG, Hill CP, Sundquist WI (2009) Structural basis for ESCRT-III protein autoinhibi-
tion. Nat Struct Mol Biol 16:754–762

Bang C, Schmitz RA (2015) Archaea associated with human surfaces: not to be underestimated. 
FEMS Microbiol Rev 39:631–648

Baumann P, Jackson SP (1996) An archaebacterial homologue of the essential eubacterial cell divi-
sion protein FtsZ. Proc Natl Acad Sci U S A 93:6726–6730

Bernander R (1998) Archaea and the cell cycle. Mol Microbiol 29:955–961
Bize A, Karlsson EA, Ekefjard K, Quax TE, Pina M, Prevost MC, Forterre P, Tenaillon O, 

Bernander R, Prangishvili D (2009) A unique virus release mechanism in the Archaea. Proc 
Natl Acad Sci U S A 106:11306–11311

Boura E, Rozycki B, Chung HS, Herrick DZ, Canagarajah B, Cafiso DS, Eaton WA, Hummer G, 
Hurley JH (2012) Solution structure of the ESCRT-I and -II supercomplex: implications for 
membrane budding and scission. Structure 20:874–886

Breuert S, Allers T, Spohn G, Soppa J (2006) Regulated polyploidy in halophilic archaea. PLoS 
One:1

Brumfield SK, Ortmann AC, Ruigrok V, Suci P, Douglas T, Young MJ (2009) Particle assembly and 
ultrastructural features associated with replication of the lytic archaeal virus sulfolobus turreted 
icosahedral virus. J Virol 83:5964–5970

Carlton JG, Martin-Serrano J (2007) Parallels between cytokinesis and retroviral budding: A role 
for the ESCRT machinery. Science 316:1908–1912

Chen L, Brugger K, Skovgaard M, Redder P, She Q, Torarinsson E, Greve B, Awayez M, Zibat A, 
Klenk HP, Garrett RA (2005) The genome of Sulfolobus acidocaldarius, a model organism of 
the Crenarchaeota. J Bacteriol 187:4992–4999

Daum B, Quax TEF, Sachse M, Mills DJ, Reimann J, Yildiz O, Hader S, Saveanu C, Forterre P, 
Albers SV, kuhlbrandt W, Prangishvili D (2014) Self-assembly of the general membrane-
remodeling protein PVAP into sevenfold virus-associated pyramids. Proc Natl Acad Sci U S A 
111:3829–3834

Dobro MJ, Samson RY, Yu Z, Mccullough J, Ding HJ, Chong PL, Bell SD, Jensen GJ (2013) 
Electron cryotomography of ESCRT assemblies and dividing Sulfolobus cells suggests that 
spiraling filaments are involved in membrane scission. Mol Biol Cell 24:2319–2327

Dominguez-Escobar J, Chastanet A, Crevenna AH, Fromion V, Wedlich-Soldner R, Carballido-
Lopez R (2011) Processive movement of MreB-associated cell wall biosynthetic complexes in 
bacteria. Science 333:225–228

12  The Structure, Function and Roles of the Archaeal ESCRT Apparatus



374

Effantin G, Dordor A, Sandrin V, Martinelli N, Sundquist WI, Schoehn G, Weissenhorn W (2013) 
ESCRT-III CHMP2A and CHMP3 form variable helical polymers in vitro and act synergisti-
cally during HIV-1 budding. Cell Microbiol 15:213–226

Elia N, Sougrat R, Spurlin TA, Hurley JH, Lippincott-Schwartz J (2011) Dynamics of endosomal 
sorting complex required for transport (ESCRT) machinery during cytokinesis and its role in 
abscission. Proc Natl Acad Sci U S A 108:4846–4851

Ellen AF, Albers SV, Huibers W, Pitcher A, Hobel CFV, Schwarz H, Folea M, Schouten S, Boekema 
EJ, Poolman B, Driessen AJM (2009) Proteomic analysis of secreted membrane vesicles of 
archaeal Sulfolobus species reveals the presence of endosome sorting complex components. 
Extremophiles 13:67–79

Errington J  (2015) Bacterial morphogenesis and the enigmatic MreB helix. Nat Rev Microbiol 
13:241–248

Erzberger JP, Berger JM (2006) Evolutionary relationships and structural mechanisms of AAA 
plus proteins. Annu Rev Biophys Biomol Struct 35:93–114

Ettema TJ, Lindas AC, Bernander R (2011) An actin-based cytoskeleton in archaea. Mol Microbiol 
80:1052–1061

Faguy DM, Doolittle WF (1999) Lessons from the Aeropyrum pernix genome. Curr Biol 
9:R883–R886

Fitz-Gibbon ST, Ladner H, Kim UJ, Stetter KO, Simon MI, Miller JH (2002) Genome sequence of 
the hyperthermophilic crenarchaeon Pyrobaculum aerophilum. Proc Natl Acad Sci U S A 
99:984–989

Frols S, Gordon PM, Panlilio MA, Duggin IG, Bell SD, Sensen CW, Schleper C (2007) Response 
of the hyperthermophilic archaeon Sulfolobus solfataricus to UV damage. J  Bacteriol 
189:8708–8718

Fu CY, Wang K, Gan L, Lanman J, Khayat R, Young MJ, Jensen GJ, Doerschuk PC, Johnson JE 
(2010) In vivo assembly of an archaeal virus studied with whole-cell electron cryotomography. 
Structure 18:1579–1586

Garner EC, Bernard R, Wang W, Zhuang X, Rudner DZ, Mitchison T (2011) Coupled, circumfer-
ential motions of the cell wall synthesis machinery and MreB filaments in B. subtilis. Science 
333:222–225

Gotz D, Paytubi S, Munro S, Lundgren M, Bernander R, White MF (2007) Responses of hyper-
thermophilic crenarchaea to UV irradiation. Genome Biol 8:R220

Guy L, Ettema TJ (2011) The archaeal ‘TACK’ superphylum and the origin of eukaryotes. Trends 
Microbiol 19:580–587

Henne WM, Stenmark H, Emr SD (2013) Molecular mechanisms of the membrane sculpting 
ESCRT pathway. Cold Spring Harb Perspect Biol 5

Hurley JH (2015) ESCRTs are everywhere. EMBO J 34:2398–2407
Jones LJ, Carballido-Lopez R, Errington J (2001) Control of cell shape in bacteria: helical, actin-

like filaments in Bacillus subtilis. Cell 104:913–922
Kawarabayasi Y, Hino Y, Horikawa H, Yamazaki S, Haikawa Y, Jin-No K, Takahashi M, Sekine M, 

Baba S, Ankai A, Kosugi H, Hosoyama A, Fukui S, Nagai Y, Nishijima K, Nakazawa H, 
Takamiya M, Masuda S, Funahashi T, Tanaka T, Kudoh Y, Yamazaki J, Kushida N, Oguchi A, 
Kikuchi H et al (1999) Complete genome sequence of an aerobic hyper-thermophilic crenar-
chaeon, Aeropyrum pernix K1. DNA Res 6(83–101):145–152

Kawarabayasi Y, Hino Y, Horikawa H, Jin-No K, Takahashi M, Sekine M, Baba S, Ankai A, Kosugi 
H, Hosoyama A, Fukui S, Nagai Y, Nishijima K, Otsuka R, Nakazawa H, Takamiya M, Kato Y, 
Yoshizawa T, Tanaka T, Kudoh Y, Yamazaki J, Kushida N, Oguchi A, Aoki K, Masuda S, 
Yanagii M, Nishimura M, Yamagishi A, Oshima T, Kikuchi H (2001) Complete genome 
sequence of an aerobic thermoacidophilic crenarchaeon, Sulfolobus tokodaii strain7. DNA Res 
8:123–140

Kieffer C, Skalicky JJ, Morita E, De Domenico I, Ward DM, Kaplan J, Sundquist WI (2008) Two 
distinct modes of ESCRT-III recognition are required for VPS4 functions in lysosomal protein 
targeting and HIV-1 budding. Dev Cell 15:62–73

R.Y. Samson et al.



375

Lata S, Schoehn G, Jain A, Pires R, Piehler J, Gottlinger HG, Weissenhorn W (2008) Helical struc-
tures of ESCRT-III are disassembled by VPS4. Science 321:1354–1357

Lindas AC, Karlsson EA, Lindgren MT, Ettema TJG, Bernander R (2008) A unique cell division 
machinery in the Archaea. Proc Natl Acad Sci U S A 105:18942–18946

Lowe J, Amos LA (1998) Crystal structure of the bacterial cell-division protein FtsZ.  Nature 
391:203–206

Lundgren M, Malandrin L, Eriksson S, Huber H, Bernander R (2008) Cell cycle characteristics of 
Crenarchaeota: Unity among diversity. J Bacteriol 190:5362–5367

Maaty WS, Wiedenheft B, Tarlykov P, Schaff N, heinemann J, Robison-Cox J, Valenzuela J, 
Dougherty A, Blum P, Lawrence CM, Douglas T, Young MJ, Bothner B (2009) Something old, 
something new, something borrowed; how the thermoacidophilic archaeon Sulfolobus solfa-
taricus responds to oxidative stress. PLoS One 4:e6964

Makarova KS, Yutin N, Bell SD, Koonin EV (2010) Evolution of diverse cell division and vesicle 
formation systems in Archaea. Nat Rev Microbiol 8:731–741

Margolin W, Wang R, Kumar M (1996) Isolation of an ftsZ homolog from the archaebacterium 
Halobacterium salinarium: implications for the evolution of FtsZ and tubulin. J  Bacteriol 
178:1320–1327

Mccullough J, Colf LA, Sundquist WI (2013) Membrane fission reactions of the mammalian 
ESCRT pathway. Annu Rev Biochem 82:663–692

Monroe N, Han H, Gonciarz MD, Eckert DM, Karren MA, Whitby FG, Sundquist WI, Hill CP 
(2014) The oligomeric state of the active Vps4 AAA ATPase. J Mol Biol 426:510–525

Morita E, Sandrin V, Chung HY, Morham SG, Gygi SP, Rodesch CK, Sundquist WI (2007) Human 
ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis. 
EMBO J 26:4215–4227

Muziol T, Pineda-Molina E, Ravelli RB, Zamborlini A, Usami Y, Gottlinger H, Weissenhorn W 
(2006) Structural basis for budding by the ESCRT-III factor CHMP3. Dev Cell 10:821–830

Obita T, Saksena S, Ghazi-Tabatabai S, Gill DJ, Perisic O, Emr SD, Williams RL (2007) Structural 
basis for selective recognition of ESCRT-III by the AAA ATPase Vps4. Nature 449:735–U11

Okutan E, Deng L, Mirlashari S, Uldahl K, Halim M, Liu C, Garrett RA, She QX, Peng X (2013) 
Novel insights into gene regulation of the rudivirus SIRV2 infecting Sulfolobus cells. RNA 
Biol 10:875–885

Ortmann AC, Brumfield SK, Walther J, Mcinnerney K, Brouns SJJ, Van De Werken HJG, Bothner 
B, Douglas T, Van De Oost J, Young MJ (2008) Transcriptome analysis of infection of the 
Archaeon Sulfolobus solfataricus with Sulfolobus turreted icosahedral virus. J  Virol 
82:4874–4883

Prangishvili D (2013) The wonderful world of archaeal viruses. Annu Rev Microbiol 67:565–585
Prangishvili D, Holz I, Stieger E, Nickell S, Kristjansson JK, Zillig W (2000) Sulfolobicins, spe-

cific proteinaceous toxins produced by strains of the extremely thermophilic archaeal genus 
Sulfolobus. J Bacteriol 182:2985–2988

Preston CM, Wu KY, Molinski TF, Delong EF (1996) A psychrophilic crenarchaeon inhabits a 
marine sponge: Cenarchaeum symbiosum gen. nov., sp. nov. Proc Natl Acad Sci U S A 
93:6241–6246

Rivera MC, Lake JA (2004) The ring of life provides evidence for a genome fusion origin of 
eukaryotes. Nature 431:152–155

Robinson NP, Blood KA, Mccallum SA, Edwards PAW, Bell SD (2007) Sister chromatid junctions 
in the hyperthermophilic archaeon Sulfolobus solfataricus. EMBO J 26:816–824

Saksena S, Wahlman J, Teis D, Johnson AE, Emr SD (2009) Functional reconstitution of ESCRT-
III assembly and disassembly. Cell 136:97–109

Samson RY, Bell SD (2011) Cell cycles and cell division in the archaea. Curr Opin Microbiol 
14:350–356

Samson RY, Bell SD (2014) Archaeal chromosome biology. J  Mol Microbiol Biotechnol 
24:420–427

Samson RY, Obita T, Freund SM, Williams RL, Bell SD (2008) A Role for the ESCRT System in 
Cell Division in Archaea. Science 322:1710–1713

12  The Structure, Function and Roles of the Archaeal ESCRT Apparatus



376

Samson RY, Obita T, Hodgson B, Shaw MK, Chong PL, Williams RL, Bell SD (2011) Molecular 
and structural basis of ESCRT-III recruitment to membranes during archaeal cell division. Mol 
Cell 41:186–196

Samson RY, Abeyrathne PD, Bell SD (2016) Mechanism of archaeal MCM helicase recruitment to 
DNA replication origins. Mol Cell 61:287–296

Schink B (1997) Energetics of syntrophic cooperation in methanogenic degradation. Microbiol 
Mol Biol Rev 61:262–280

Scott A, Chung HY, Gonciarz-Swiatek M, Hill GC, Whitby FG, Gaspar J, Holton JM, Viswanathan 
R, Ghaffarian S, Hill CP, Sundquist WI (2005) Structural and mechanistic studies of VPS4 
proteins. EMBO J 24:3658–3669

She Q, Singh RK, Confalonieri F, Zivanovic Y, Allard G, Awayez MJ, Chan-Weiher CCY, Clausen 
IG, Curtis BA, De Moors A, Erauso G, Fletcher C, Gordon PMK, Heikamp-De Jong I, Jeffries 
AC, Kozera CJ, Medina N, Peng X, Thi-Ngoc HP, Redder P, Schenk ME, Theriault C, Tolstrup 
N, Charlebois RL, Doolittle WF, Duguet M, Gaasterland T, Garrett RA, Ragan MA, Sensen 
CW, Van Der Oost J (2001) The complete genome of the crenarchaeon Sulfolobus solfataricus 
P2. Proc Natl Acad Sci U S A 98:7835–7840

Snyder JC, Samson RY, Brumfield SK, Bell SD, Young MJ (2013) Functional interplay between a 
virus and the ESCRT machinery in archaea. Proc Natl Acad Sci U S A 110:10783–10787

Soler N, Marguet E, Verbavatz JM, Forterre P (2008) Virus-like vesicles and extracellular DNA 
produced by hyperthermophilic archaea of the order Thermococcales. Res Microbiol 
159:390–399

Solomons J, Sabin C, Poudevigne E, Usami Y, Hulsik DL, Macheboeuf P, Hartlieb B, Gottlinger 
H, Weissenhorn W (2011) Structural basis for ESCRT-III CHMP3 recruitment of 
AMSH. Structure 19:1149–1159

Spang A, Saw JH, Jorgensen SL, Zaremba-Niedzwiedzka K, Martijn J, Lind AE, Van Eijk R, 
Schleper C, Guy L, Ettema TJG (2015) Complex archaea that bridge the gap between prokary-
otes and eukaryotes. Nature 521:173–179

Stahl DA, De La Torre JR (2012) Physiology and diversity of ammonia-oxidizing archaea. Annu 
Rev Microbiol 66:83–101

Stuchell-Brereton MD, Skalicky JJ, Kieffer C, Karren MA, Ghaffarian S, Sundquist WI (2007) 
ESCRT-III recognition by VPS4 ATPases. Nature 449:740–744

Swulius MT, Jensen GJ (2012) The helical MreB cytoskeleton in Escherichia coli MC1000/pLE7 
is an artifact of the N-Terminal yellow fluorescent protein tag. J Bacteriol 194:6382–6386

Votteler J, Sundquist WI (2013) Virus budding and the ESCRT pathway. Cell Host Microbe 
14:232–241

Wang X, Lutkenhaus J (1996) FtsZ ring: the eubacterial division apparatus conserved in archae-
bacteria. Mol Microbiol 21:313–319

Wiedemann C, Szambowska A, Hafner S, Ohlenschlager O, Guhrs KH, Gorlach M (2015) 
Structure and regulatory role of the C-terminal winged helix domain of the archaeal minichro-
mosome maintenance complex. Nucleic Acids Res 43:2958–2967

Williams TA, Foster PG, Cox CJ, Embley TM (2013) An archaeal origin of eukaryotes supports 
only two primary domains of life. Nature 504:231–236

Woese CR, Fox GE (1977) Phylogenetic structure of the prokaryotic domain: the primary king-
doms. Proc Natl Acad Sci U S A 74:5088–5090

Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body biogenesis by ESCRT 
complexes. Nature 464:864–U73

Wurtzel O, Sapra R, Chen F, Zhu YW, Simmons BA, Sorek R (2010) A single-base resolution map 
of an archaeal transcriptome. Genome Res 20:133–141

Yang N, Driessen AJ (2014) Deletion of cdvB paralogous genes of Sulfolobus acidocaldarius 
impairs cell division. Extremophiles 18:331–339

Yang D, Rismanchi N, Renvoise B, Lippincott-Schwartz J, Blackstone C, Hurley JH (2008) 
Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B.  Nat 
Struct Mol Biol 15:1278–1286

R.Y. Samson et al.



377

Yang Z, Vild C, Ju J, Zhang X, Liu J, Shen J, Zhao B, Lan W, Gong F, Liu M, Cao C, Xu Z (2012) 
Structural basis of molecular recognition between ESCRT-III-like protein Vps60 and AAA-
ATPase regulator Vta1 in the multivesicular body pathway. J Biol Chem 287:43899–43908

Yang B, Stjepanovic G, Shen Q, Martin A, Hurley JH (2015) Vps4 disassembles an ESCRT-III fila-
ment by global unfolding and processive translocation. Nat Struct Mol Biol 22:492–498

Yutin N, Wolf MY, Wolf YI, Koonin EV (2009) The origins of phagocytosis and eukaryogenesis. 
Biol Direct 4:9

Zerulla K, Soppa J (2014) Polyploidy in haloarchaea: advantages for growth and survival. Front 
Microbiol 5:274

12  The Structure, Function and Roles of the Archaeal ESCRT Apparatus



379© Springer International Publishing AG 2017 
J. Löwe, L.A. Amos (eds.), Prokaryotic Cytoskeletons, Subcellular 
Biochemistry 84, DOI 10.1007/978-3-319-53047-5_13

Chapter 13
Archaeal Actin-Family Filament Systems

Ann-Christin Lindås, Karin Valegård, and Thijs J.G. Ettema

Abstract  Actin represents one of the most abundant and conserved eukaryotic pro-
teins over time, and has an important role in many different cellular processes such 
as cell shape determination, motility, force generation, cytokinesis, amongst many 
others. Eukaryotic actin has been studied for decades and was for a long time con-
sidered a eukaryote-specific trait. However, in the early 2000s a bacterial actin 
homolog, MreB, was identified, characterized and found to have a cytoskeletal 
function and group within the superfamily of actin proteins. More recently, an actin 
cytoskeleton was also identified in archaea. The genome of the hyperthermophilic 
crenarchaeon Pyrobaculum calidifontis contains a five-gene cluster named Arcade 
encoding for an actin homolog, Crenactin, polymerizing into helical filaments span-
ning the whole length of the cell. Phylogenetic and structural studies place Crenactin 
closer to the eukaryotic actin than to the bacterial homologues. A significant differ-
ence, however, is that Crenactin can form single helical filaments in addition to  
filaments containing two intertwined proto filaments. The genome of the recently 
discovered Lokiarchaeota encodes several different actin homologues, termed 
Lokiactins, which are even more closely related to the eukaryotic actin than 
Crenactin. A primitive, dynamic actin-based cytoskeleton in archaea could have 
enabled the engulfment of the alphaproteobacterial progenitor of the mitochondria, 
a key-event in the evolution of eukaryotes.
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�Introduction

Actin is not only the most abundant protein in eukaryotic cells but also the most 
conserved protein over time. The amino acid sequence of actin from rabbit and yeast 
share 88% identity (Erickson 2007) and there are no changes in amino acid sequence 
between skeletal muscle actin from chicken compared to human (Hennessey et al. 
1993). In the eukaryotic cell, actin has a plethora of functions such as cell shape 
determination, motility, cytokinesis, cellular trafficking of organelles and vesicles 
etc. (Carlier et al. 2015; Davidson and Wood 2016; Köster and Mayor 2016; Pollard 
and Cooper 2009). These activities are possible due to the dynamic nature of the 
actin filament. Monomeric actin (G-actin) polymerizes into protofilaments, which in 
a parallel manner, form a right-handed double helical filament known as F-actin. 
Polymerization is regulated by the binding and hydrolysis of ATP bound to actin 
(Holmes et al. 1990; Kabsch et al. 1990; Fujii et al. 2010). Furthermore, the filament 
dynamics are modulated by different actin binding proteins (ABPs), e.g. profilin, 
formins, the Arp2/3 complex, which act on the polymerization rate and branching of 
the actin filament (Goodson and Hawse 2002; Vorobiev et al. 2003).

The eukaryotic actin cytoskeleton has been the subject of investigations for 
decades (Frixione 2000) whereas prokaryotic cells until recently were though to 
lack a cytoskeleton (Erickson 2007). In 2001 the bacterial actin homolog MreB was 
seen to form helical filaments spanning the whole cell and MreB was shown to have 
a role in cell shape determination (Jones et al. 2001). Later the same year, the three 
dimensional crystal structure was solved for MreB and confirmed the affiliation of 
MreB to the superfamily of actin proteins (van den Ent et al. 2001). A more compre-
hensive review of the bacterial actin cytoskeleton, including MreB, can be found in 
Chap. 8.

Cytoskeletal components of cells from the third domain of life – the Archaea – 
have not been studied until recently. Protein homologs of bacterial MreB (Ettema 
et al. 2011) as well as an actin homolog, Ta0583, with unknown function, have been 
identified (Roeben et al. 2006) but the first archaeal actin cytoskeleton identified and 
investigated was the Arcade system (actin-related cytoskeleton in Archaea involved 
in shape determination), from the hyperthermophilic crenarchaeon Pyrobaculum 
calidifontis (Ettema et al. 2011).

�An Archaeal Actin Homolog – Crenactin

Pyrobaculum calidifontis is a hyperthermophilic crenarchaeon of the order 
Thermoproteales. The cells are rod-shaped and grow heterotrophically at 90–95 °C 
and neutral pH (Amo et al. 2002). Its genome is approximately 2 Mbp and contains 
the Arcade cluster encompassing five genes, of which one encodes for an actin 
homolog named Crenactin (Ettema et  al. 2011). Phylogenetic analysis places 
Crenactin in a group of ATPases including eukaryotic actin, sugar kinases, heat 
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shock proteins and bacterial actin homologues (MreB, MamK, ParM) (Fig. 13.1). 
Crenactin shows the closest relationship with eukaryotic actin, whereas the bacterial 
actin homologues are more distantly related (Ettema et al. 2011).

�Crenactin Forms Spiral Structures Spanning the Cell

The size of the rod-shaped P. calidifontis is approximately 0.6 μm in diameter and 
up to 8 μm in length (Amo et al. 2002). The presence of Crenactin correlates with 
rod-shaped cell morphologies within the crenarchaeal order Thermoproteales and 
also with that of Ca. Korarchaeum cryptophilum, an unrelated archaeon belonging 
to the Korarchaeota (Elkins et  al. 2008). The cellular localization of Crenactin, 
determined with immunofluorescence microscopy, shows a similar structure as the 
bacterial MreB with spirals spanning the whole length of the cell (Fig. 13.2a) 
(Ettema et al. 2011).

In agreement with the position of Crenactin within the group of actin ATPases, 
Crenactin displays an NTP hydrolysis activity, with the highest activity against ATP 

Fig. 13.1  A phylogenetic tree based on Bayesian analysis of the actin family of ATPases. The 
HSP70 family of proteins was used as outgroup. Bacterial, eukaryotic and archaeal sequences are 
shown in black, green and blue, respectively (The figure is taken from Ettema et al. 2011)
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and GTP. In addition, Crenactin also displays a low activity against CTP, UTP and 
dNTPs, similar to bacterial MreB (van den Ent et  al. 2001), whereas eukaryotic 
actins only hydrolyse ATP (Pollard and Cooper 1986).

Exposure to Cytochalasins B or D, which inhibit polymerization of eukaryotic 
actin, has no effect on growing cells in terms of cell morphology in vivo or on 
ATPase activity in vitro (Ettema et al. 2011). Furthermore, the bacterial MreB inhib-
itor A22 (S-(3,4-dichlorobenzyl)isothiourea) did not result in any growth defects or 
loss of cell shape in vivo. However, elevated levels of A22 (in mM range, compared 
to μM-range for MreB) significantly decreased the ATPase activity of Crenactin in 
vitro. These results may indicate that the mechanism of filament formation for 
Crenactin is different compared to eukaryotic actin and bacterial MreB (Ettema 
et al. 2011), as will be further discussed in section “The Crenactin filament”.

Fig. 13.2  Cellular localization of Crenactin and respective Arcadin determined by immunofluo-
rescence microscopy. (a) The Crenactin protein arranged in spiral-shaped structures traversing the 
cell of P. calidifontis. (b) Arcadin-1, (c) Arcadin-3, (d) Arcadin-4, (e) Arcadin-2. Left panel: two 
segregated chromosomes stained with DAPI (blue); middle panel: Arcadin-2 stained with anti-
Arcadin-2 antibodies (green) and right panel: overlay of left and middle panel (The figure is 
adapted from Ettema et al. 2011)
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�The Structure of Crenactin

�The Crystal Structure of the Crenactin Monomer

Both structures of actin and MreB have been extensively investigated (Mishra et al. 
2014; Eun et  al. 2015 and references therein) and recently, also the structure of 
Crenactin was determined (Lindås et  al. 2014; Izoré et  al. 2014). Two different 
methods were applied for resolving the Crenactin structure: (i) single-wavelength 
anomalous dispersion (SAD) on selenomethionine-substituted protein (Lindås et al. 
2014) and (ii) molecular replacement using eukaryotic actin (PDB 1yvn) as a start-
ing model followed by multi-crystal averaging (Izoré et al. 2014). The structure was 
solved to 3.35 and 3.2 Å, respectively. In the study by Lindås et al., Crenactin crys-
tallized into an orthorhombic space group P212121 with the unit-cell dimensions 
a = 73.9, b = 88.2 and c = 421.6 Å, respectively. There are four Crenactin monomers 
in the asymmetric unit. The dimensions of a monomer are 56 × 56 × 38 Å, which is 
similar to actin and MreB. Crenactin shares less than 20% amino acid sequence 
identity with eukaryotic actin but the overall structure of Crenactin confirms its 
belonging to the actin protein family (Fig. 13.3) (Lindås et al. 2014; Izoré et al. 
2014).

Fig. 13.3  Crystal structures of the monomer of (a) Crenactin from P. calidifontis bound to ADP 
(PDB 4bql), (b) actin from S. cervisiae bound to ATP (PDB 1yag), (c) MreB from T. maritima 
bound to AMP-PNP (PDB 1jcg) and (d) Ta0583 from Thermoplasma acidophilum (PDB 2fsj). 
Four major differences between Crenactin and the other actin family members are indicated by 
arrows and numbers in the Crenactin structure (The figure is adapted from Lindås et al. 2014)
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The actin monomer consists of two domains, I and II, between which a cleft is 
formed providing a binding site for ATP and also the coordination of a divalent 
metal ion, Ca2+or Mg2+. The two domains are further divided into two subdomains 
(Ia, Ib, IIa and IIb, respectively) where the Ia and IIa fold into a five-stranded β-sheet 
flanked by α-helices, the hallmark of the actin family proteins. Subdomains Ib and 
IIb, on the other hand, vary more in size and structure. Subdomain Ib in Crenactin 
consists of three short helices while both actin and MreB contains a β-sheet (Fig. 
13.3). The N- and C-termini are both located in subdomain Ia of Crenactin as well 
as in actin, MreB and Ta0583 (Lindås et al. 2014; Roeben et al. 2006). Compared 
with actin, MreB and Ta0583, there are four major differences in the Crenactin 
structure highlighted in Fig. 13.3 and in the alignment (Fig. 13.4). The most signifi-
cant difference is a long insertion (residues 293–325) between subdomain IIa and 
IIb in Crenactin that is significantly shorter or absent in the other three (Fig. 13.3, 
Number 1) (Lindås et al. 2014; Izoré et al. 2014). The extension is called the ‘hydro-
phobic plug’ in actin and its function has been proposed in interactions between 
protofilaments in F-actin. The second difference is a loop at the top of subdomain 
Ib, present in Crenactin and actin but absent in MreB and Ta0583, responsible for 
the interaction between the monomers in the actin filament (Fig. 13.3, Number 2). 
Thirdly, the presence of an extra loop (residue 358–370) in Crenactin not present in 
actin, MreB or Ta0853 (Fig. 13.3, Number 3) and finally, the folding of the 
C-terminus of Crenactin (Fig. 13.3, Number 4) (Lindås et al. 2014).

In the bottom of the cleft, formed between domain I and II, there are three con-
served phosphate-binding loops (P-loops, P1, P2 and P3) that coordinate the bind-
ing of the nucleotide (Fig. 13.5).

The residues Gly353, Gly3554, Ala355, Trp358 and Arg239, in Crenactin, form 
a hydrophobic pocket that binds the purine base of the nucleotide and the ribose and 
phosphate make several interactions with residues in the active site. A comparison 
of the structure of the active site of Crenactin, actin and MreB show extensive simi-
larities with two conserved glycines, Gly353 and Gly354, and a stabilizing α-helix 
(Fig. 13.5) (Lindås et al. 2014).

�The Crenactin Filament

Crenactin monomers polymerize into right-handed helical filaments observed in the 
crystal (Fig. 13.6) (Lindås et al. Lindås et al. 2014; Izoré et al. 2014) but also in 
cryo-electron microscopy (cryo-EM) (Braun et al. 2015). It requires eight subunits 
in order to complete a full turn of the helix. Consequently, the longitudinal spacing 
between subunits is 53 Å (Lindås et al. 2014; Izoré et al. 2014), comparable to 55 Å 
and 51 Å in actin and MreB, respectively. The rotation, on the other hand, of the 
Crenactin filament is approximately 45° per monomer (Izoré et  al. 2014), as an 
average of several filaments, in contrast to F-actin which rotates 27° per monomer 
(Egelman et al. 1982).

The monomers form interactions at two sites (Fig. 13.6c). At the first site, subdo-
main IIa interacts with IIb of the next monomer and, at the second site, subdomain 
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IIb interacts with both subdomains IIa and Ia of the next monomer (Lindås et al. 
2014; Izoré et  al. 2014). The amino acid residues involved in the interactions 
between monomers are highly conserved comparing Crenactin and actin, even 
though the rotation of the monomers varies. A mutation of Val339 to Lysine in the 
interface between monomers of Crenactin abrogated the filament formation (Izoré 
et  al. 2014). The so-called “binding hot spots” (residues contributing to the free 
energy) in the interfaces between monomers are less conserved between Crenactin 

Fig. 13.4  A structure-based sequence alignment of Crenactin (P. calidifontis, PDB 4bql), actin (S. 
cerevisiae, PDB 1yag) and MreB (T. maritima, PDB 1jcg) using DALI (Holm and Rosenström 
2010). The major structure differences between Crenactin, actin and MreB are indicated with num-
bers 1–4, also shown in Fig. 13.3. The three conserved P-loops are also marked as well as the 
hydrophobic plug. Boxes indicate homologous regions, white letters on red background indicate 
identical amino acid residues and red letters indicate functionally equivalent amino acid residues. 
Residues interacting with ADP are shown on cyan background and residues interacting with 
A22 in MreB are marked with an asterisk (The figure is taken from Lindås et al. 2014)
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and actin (Braun et al. 2015). Furthermore, in these interfaces, Crenactin has 13–17 
hydrogen bonds but actin has only 5 and 8. The number of salt bridges, on the other 
hand, is high in actin whereas Crenactin has almost none. This difference in binding 
energies is the most probable reason for the Crenactin filament being stable at 90 °C 
in vivo and also in vitro. It also explains the ability of Crenactin to form single fila-
ments, seen both in the crystals and also with cryo-EM, and not requiring double 
filaments as in F-actin (Braun et al. 2015).

As mentioned earlier, Crenactin polymerization in vivo and ATPase hydrolysis in 
vitro were not affected by the actin polymerization inhibitors cytochalasin B and D 
and ATPase hydrolysis was affected by the MreB-polymerization-inhibitor A22 
only at elevated concentrations (Ettema et al. 2011). This may be explained by com-
paring the structure of Crenactin with those of actin and MreB. In actin, cytochala-
sin binds into a hydrophobic cleft between subdomain Ia and IIa (Cooper 1987), 
which is not conserved in Crenactin in terms of amino acid residues and charge 
(Lindås et al. 2014). In MreB, A22 has been shown to interact with the residues 
Glu131, Thr158 and Val315 in the nucleotide-binding site (Bean et al. 2009; van 
den Ent et al. 2014). Corresponding residues in Crenactin are Gln164, Asn186 and 
Val402, which may explain the decreased inhibitory effect of A22 on ATPase hydro-
lysis in Crenactin (Lindås et al. 2014).

�The Arcadins

As mentioned previously, the Crenactin gene, cren1, is part of an cluster encom-
passing four other genes, rkd-1, -2, -3 and -4, encoding the proteins Arcadin-1 to -4 
(Ettema et al. 2011; Bernander et al. 2011). Arcadin-4 shows similarity to archaeal 

Fig. 13.5  The crystal structure of Crenactin bound to ADP. (a) ADP and a divalent metal ion 
bound in the nucleotide binding site. (b) A close-up of the binding pocket with the three conserved 
P-loops highlighted, pink (P1), yellow (P2) and green (P3). A selection of conserved amino acid 
residues interacting with the nucleotide is also indicated (The figure is taken from Lindås et al. 
2014)
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and bacterial SMC (structural maintenance of chromosomes) proteins, whereas 
Arcadin-1, -2 and -3 are found only within the crenarchaeal order Thermoproteales, 
and show no homology to any protein with known function. Immunostaining and 
microscopy of Arcadins displayed a similar distribution of these proteins, except 
Arcadin-2, as for Crenactin (Fig. 13.2b–e) (Ettema et al. 2011). However, Arcadin-1, 
-3, -4 do not display any ATPase activity, and do not seem to polymerize on their 
own and, therefore, the most likely scenario is that these arcadins interact with the 

Fig. 13.6  Structure of the Crenactin filament. (a) A ribbon representation with subdomain Ia in 
blue, Ib in yellow, IIa in red and IIb in green. (b) A surface model with the subdomains coloured 
as in (a). (c) A close-up of the monomer-monomer interaction interface (The figure is taken from 
Lindås et al. 2014)
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Crenactin filament (Ettema et al. 2011). The function of the Arcadins is not known 
to date, but both eukaryotic actin and bacterial actin homologs are associated with 
actin binding proteins involved in modifying and regulating the dynamics of the 
respective cytoskeleton structures. Therefore, these are also potential functions of 
the Arcadins in terms of regulating Crenactin polymerization dynamics.

Arcadin-2 showed a different pattern, forming distinct foci and, in a subset of 
cells, located between segregated nucleoids, which may indicate a role in chromo-
some remodelling and/or cell division (Fig. 13.2e) (Ettema et al. 2011). The cell 
division machinery is still unknown for organisms belonging to the order 
Thermoproteales since they do not harbour genes for the Cdv system, found in other 
crenarchaeal species, or for FtsZ, found among the euryarchaeaota (Lindås et al. 
2008). It cannot be excluded that Crenactin and associated Arcadins play a role in 
cell division (Makarova et al. 2010). However, the presence of an FtsZ-encoding 
gene in the Ca. Korarchaeum cryptophilum genome would argue against this 
scenario.

�Actin Homologs Within the Phylum Euryarchaeota

�An Archaeal Homolog of the Bacterial MreB

Genes coding for the bacterial actin homolog MreB were first identified in rod-
shaped methanogens of the euryarchaeota phylum (Ettema et al. 2011). However, 
no further studies have been undertaken to investigate the function of this actin 
homolog, even though it is most probably a cytoskeleton function in cell-shape 
determination.

�Ta0583, an Actin Homolog in T. acidophilum

In 2006, Roeben et al. reported an actin homolog Ta0583  in Thermoplasma aci-
dophilum, a euryarchaeon of the order Thermoplasmatales which grows optimally 
at a temperature of 56 °C and at pH 2. Similar to actin, MreB and Crenactin, Ta0583 
displays ATPase activity but, like Crenactin, Ta0583 is also able to hydrolyse GTP, 
CTP and UTP, though at considerably lower activity compared to ATP hydrolysis 
(Roeben et al. 2006; Hara et al. 2007). The polymerization rate increases with tem-
perature, reaching a maximum at 65 °C (Hara et al. 2007). The MreB inhibitor A22 
is also a competitive inhibitor of Ta0583, but addition of A22 to T. acidophilum 
cultures does not affect the growth of the cells (Roeben et al. 2006). The crystal 
structure and phylogenetic analyses place Ta0583 closer, in particular, to the bacte-
rial plasmid segregation protein ParM than to actin (Ettema et al. 2011).
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�The Crystal Structure of Ta0583

The crystal structure of Ta0583 was determined to 2.1 Å resolution using SAD data 
collected on selenomethionine-substituted protein (Roeben et al. 2006) (Fig. 13.3d). 
Ta0583 crystallizes in the space group P212121 with unit-cell dimensions a = 51.3, 
b = 50.8 and c = 123.4 Å. Similar to actin, the Ta0583 monomer consists of two 
domains, referred to as lobe I and lobe II, with the overall monomer dimensions 
60 Å × 55 Å × 30 Å. Each lobe is further divided into two subdomains, Ia, Ib, IIa 
and IIb, respectively. Sequence comparison of Ta0583 with actin, MreB and the 
bacterial plasmid segregation protein ParM reveals a poor preservation with only 
four amino acid residues completely conserved between the four proteins. These 
residues are, however, all located in the nucleotide binding site. Ta0583 displays a 
simpler domain structure compared to the other actin family members, which impli-
cates a lack of regulatory mechanisms by, for example, actin binding proteins.

The crystal structure of Ta0583 bound to ADP was also determined to 2.9 Å  
resolution (Roeben et al. 2006). The structure showed that upon binding of ADP, 
lobe II undergoes an extensive rotation, facilitating interaction with the nucleotide. 
This major conformational change is also seen for ParM upon nucleotide binding 
but not for MreB, actin or Crenactin.

Two parallel protofilaments of Ta0583 interact to form filaments similar to MreB 
in T. maritima. The two parallel protofilaments only make contacts with one atom 
per monomer but considerably stronger contacts are made with neighbouring  
anti-parallel filaments, resulting in the formation of crystalline sheets (Roeben 
et al. 2006).

The cellular abundance of Ta0583, approximately 0.04% of total protein content 
in the cell compared with 8% actin in unicellular eukaryotes, is considered too low 
to provide a cytoskeletal function (Roeben et  al. 2006). However, Ta0583 is up-
regulated during certain conditions in the cell, suggesting a role in segregation of 
cell components during fission or in maintaining cell organization.

�Evolution of the Actin Cytoskeleton

The initial identification of a Crenactin-based cytoskeleton in archaea belonging to 
the TACK (Thaumarchaeota, Aigarchaeota, Crenarchaeota, Korarhaeota) superphy-
lum (Guy and Ettema 2011) suggests that the actin-based cytoskeleton present in 
eukaryotic cells was already established before the split of Archaea and Eukarya 
(Ettema et  al. 2011). This idea was reinforced with the recent discovery of the 
Lokiarchaeota (Spang et al. 2015). Analysis of the lokiarchaeal composite genome 
resulted in the identification of several different actin homologues, which, based on 
phylogenetic analysis, turned out to be more closely related to eukaryotic actin and 
actin-like proteins than the previously identified Crenactins (Fig. 13.7). In addition, 
the composite genome was also found to encode genes for short proteins containing 
Gelsolin-like domains. In eukaryotes these domains are found in various Actin 
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Binding Proteins of the villin/gelsolin protein family, which are involved in regula-
tion of actin filament assembly and disassembly. Despite that these domains have 
previously not been identified in prokaryotes, and that the function of the proteins 
in Lokiarchaeota is still unknown, this suggests that Lokiarchaeota may, like eukary-
otes, have a dynamic actin cytoskeleton (Spang et al. 2015). The presence of an 
actin-based cytoskeleton in the archaeal ancestor of eukaryotes holds relevance for 
the mechanism via which the eukaryotic cell might have evolved. The evolution of 
phagocytosis is believed to have played a key role in eukaryogenesis. The presence 
of a dynamic actin-based cytoskeleton could have provided the archaeal ancestor of 
eukaryotes with primitive phagocytic capabilities, which could have enabled the 
engulfment of the alphaproteobacterial progenitor of the mitochondria, a key-event 
in the evolution of eukaryotes.
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Chapter 14
The Tubulin Superfamily in Archaea

Christopher H.S. Aylett and Iain G. Duggin

Abstract  In comparison with bacteria and eukaryotes, the large and diverse group 
of microorganisms known as archaea possess a great diversity of cytoskeletal pro-
teins, including members of the tubulin superfamily. Many species contain FtsZ, 
CetZ and even possible tubulins; however, some major taxonomic groups do not 
contain any member of the tubulin superfamily. Studies using the model archaeon, 
Halferax volcanii have recently been instrumental in defining the fundamental roles 
of FtsZ and CetZ in archaeal cell division and cell shape regulation. Structural stud-
ies of archaeal tubulin superfamily proteins provide a definitive contribution to the 
cytoskeletal field, showing which protein-types must have developed prior to the 
divergence of archaea and eukaryotes. Several regions of the globular core domain – 
the “signature” motifs – combine in the 3D structure of the common molecular fold 
to form the GTP-binding site. They are the most conserved sequence elements and 
provide the primary basis for identification of new superfamily members through 
homology searches. The currently well-characterised proteins also all share a com-
mon mechanism of GTP-dependent polymerisation, in which GTP molecules are 
sandwiched between successive subunits that are arranged in a head-to-tail manner. 
However, some poorly-characterised archaeal protein families retain only some of 
the signature motifs and are unlikely to be capable of dynamic polymerisation, since 
the promotion of depolymerisation by hydrolysis to GDP depends on contributions 
from both subunits that sandwich the nucleotide in the polymer.
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�Introduction

Archaea are a large and diverse group of microorganisms known for their remark-
able metabolic diversity and capacity to thrive in harsh environments. They repre-
sent one of the three domains (or superkingdoms) of life, and have distinct 
relationships with eukaryotes and bacteria. They share a closer phylogenetic rela-
tionship to eukaryotes than bacteria, because the primary biosynthetic machineries 
needed in all cells/for DNA, RNA and protein synthesis – are relatively closely-
related in eukaryotes and archaea compared to the distantly related machineries 
found in bacteria. On the other hand, archaea and bacteria share a similar prokary-
otic cellular organisation, lacking the membrane-bound organelles and nucleus of 
the larger and more complex eukaryotic cells. Archaea also have unique and inter-
esting characteristics, including alternative metabolic pathways, different mem-
brane lipid and cell envelope structures, and archaea-specific families of cytoskeletal 
proteins. These organisms offer great potential to reveal new insights into the func-
tions, evolution and diversity of cytoskeletal systems. Archaea encode a great diver-
sity of proteins homologous to the well-known eukaryotic and bacterial cytoskeletal 
proteins, as well as families specific for archaea.

Whereas some proteins relating to basic cellular structure and function have been 
conserved in most prokaryotes since the early divergence of the archaeal and bacte-
rial lineages (e.g. FtsZ), or in other cases acquired from one another later, recent 
studies have also identified archaeal homologs of proteins fundamental to eukary-
otic cell structure and function. These include, among others, the primary filament-
forming proteins of the cytoskeleton, actin (Chap. 13) and tubulin, and certain 
proteins of the Endosomal Sorting Complexes Required for Transport (ESCRT-III), 
which is a membrane remodelling system involved in cell division in Crenarchaeota 
(see Chap. 12). Some of these protein families must have developed prior to the 
divergence of archaea and eukaryotes, with some lineages of archaea retaining these 
where function has dictated.

This chapter describes the distribution, functions and structures of cytoskeletal 
proteins belonging to the tubulin superfamily in archaea, including FtsZ, CetZ, 
tubulin and several other diverse groups of unknown function. Proteins from the 
tubulin superfamily share a common molecular fold related to GTP-binding. In all 
superfamily members, there are several regions within the globular core domain—
the “signature” motifs—that combine in the 3D structure to form the GTP-binding 
site. These most conserved sequence elements provide the primary basis for identi-
fication of new superfamily members through homology searches. Across diverse 
superfamily members characterized so far, these proteins also share a common 
mechanism of GTP-dependent polymerization, in which GTP molecules are sand-
wiched between successive subunits that are arranged in a head-to-tail manner. 
However, some poorly characterised archaeal protein families described further 
below are unlikely to be capable of this mode of polymerisation, and retain only 
some of the signature motifs of the core domain. Depolymerisation is favoured upon 
hydrolysis to GDP, which normally occurs through the contributions of both 
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subunits that sandwich the nucleotide in the polymer. Regulated polymerisation and 
depolymerisation provide the basis for the assembly and movement of structural 
filaments that are the foundation of many cytoskeletal systems across the three 
domains of life.

The superfamily includes the numerous tubulin families that function to establish 
the microtubule-based cytoskeleton in eukaryotes, the FtsZs that provide the foun-
dation for the bacterial, archaeal and some eukaryotic organelle division machiner-
ies, and several diverse relatives involved in microbial plasmid and viral segregation 
processes or with currently unknown functions. In comparison with bacteria and 
eukaryotes, the archaea possess a great diversity of these proteins, and yet some 
major taxonomic groups do not contain a tubulin superfamily member. Studies 
using the model archaeon Haloferax volcanii were instrumental in defining the fun-
damental roles of FtsZ and CetZ in archaeal in cell division and cell shape regula-
tion, respectively, and we explain why this species is well-suited as a model for 
future studies of the archaeal cytoskeleton and archaeal cell biology. We also outline 
the original contributions that structural studies of archaeal tubulin superfamily pro-
teins have provided to the broader cytoskeletal field, and compare the recently-
described CetZ family with other well-studied tubulin-superfamily proteins.

�Distribution, Diversity and Functions of the Tubulin 
Superfamily in Archaea

Members of the tubulin superfamily are widespread in archaea. Figure 14.1a shows 
a phylogenetic tree of the tubulin superfamily in the currently known major archaeal 
taxa, with representative groups of diverse FtsZ proteins (from bacteria and plants) 
and tubulins (eukaryotes) also included for comparison. A great diversity of archaeal 
homologs has now been identified. Despite this, archaeal tubulin superfamily  
proteins generally show a more limited distribution amongst the sub-groups of 
Archaea, when compared to the near-ubiquity of FtsZ and tubulin within Bacteria 
and Eukaryota, respectively. Figure 14.1b shows particular homologs of the named 
families that have been identified in the indicated archaeal taxa. Some archaea do 
not possess a clear tubulin superfamily homolog, including the major groupings of 
the Crenarchaeota, which use ESCRT-III (CdvB) based cell division machineries 
instead (Lindas et al. 2008; Samson et al. 2008). Many other archaea encode mul-
tiple tubulin superfamily homologs. Several major taxa of archaea contain members 
of a third family of cellular tubulin-superfamily proteins, called CetZ, whose mem-
bers are clearly distinguishable from FtsZ and tubulin, and they have so far been 
found to control archaeal cell shape. Some archaea also possess the highly divergent 
FtsZ-like (FtsZL1) proteins, and other non-canonical members, of currently 
unknown function (Fig. 14.1a, grey branches).

14  The Tubulin Superfamily in Archaea
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Fig. 14.1  Molecular phylogeny of the tubulin superfamily in archaea. (a) Radial phylogram of the 
tubulin superfamily, generated (by FastTree (Price et al. 2010)) from the conserved blocks of a 
multiple sequence alignment of 271 tubulin superfamily members from across the major archaeal 
taxa, including representatives of tubulin and FtsZ from eukaryotes and bacteria. Bootstrap support 
is shown for selected branches. The previously-described families are represented by colour, as 
shown. (b) Identification of the indicated protein families in currently-known major archaeal taxa. 
A filled circle indicates that a family member has been identified in at least one species of this 
taxon. Taxa shown in grey text indicate. Candidate taxa or taxa for which only incomplete or 
scaffold-status genome sequence data are available
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�Archaeal FtsZ

FtsZ proteins are tubulin-superfamily proteins whose primary function is in forming 
the contractile ring for division of prokaryotic cells (bacterial and archaea), and 
organelles (specifically plastids, and mitochondria of some protists). They are the 
most wide-spread of the major groups of the tubulin superfamily, and generally 
show the greatest sequence similarity across diverse taxa (Fig. 14.1a). We refer to 
FtsZ-family proteins as those that sit within the branches indicated in Fig. 14.1a, for 
which there is evidence that they are involved in division, i.e. FtsZ (bacterial type, 
yellow), FtsZ1 (archaea, orange) or FtsZ2 (archaea, red).

�Identification of FtsZ in Archaea

The first tubulin superfamily proteins identified in archaea were from the FtsZ fam-
ily. DNA hybridization approaches were used to clone ftsZ genes from two model 
species from the Halobacteria Class, Haloferax volcanii (Wang and Lutkenhaus 
1996) and Halobacterium salinarum (Margolin et al. 1996). At the same time, isola-
tion of GTP-binding proteins from cell lysates was used to identify an FtsZ from 
Pyrococcus woesei (Baumann and Jackson 1996), a hyperthermophilic archaeon 
from the Class Thermococci. Not long after these discoveries, the first complete 
archaeal genome sequence, of Methanocaldococcus jannaschii, revealed that there 
were two ftsZ genes present in this organism (Bult et al. 1996), in contrast to most 
bacteria, which contain only one ftsZ. More recent genome sequencing has con-
firmed that many archaea with FtsZ have two homologs from separate families 
called FtsZ1 and FtsZ2 (Vaughan et al. 2004) (Fig. 14.1a). The original clones of 
ftsZ from H. volcanii (Wang and Lutkenhaus 1996) and P. woesei (Baumann and 
Jackson 1996) were FtsZ1 family members, whereas the gene originally isolated 
from H. salinarum (Margolin et  al. 1996) happened to be this organism’s FtsZ2 
family member.

Some archaea have only one FtsZ family member (Fig. 14.1a), including species 
of the Euryarchaeota Classes Methanobacteria and Methanopyri, as well as recently 
described candidate phyla Lokiarchaeota (Spang et al. 2015), Hadesarchaea (Baker 
et  al. 2016), Thorarchaeota (Seitz et  al. 2016), and certain groups of the 
Thaumarchaeota (Candidatus Caldiarchaeum and Nitrososphaera)(Nunoura et al. 
2011; Zhalnina et al. 2014). Furthermore, FtsZ has not been specifically identified 
in the Crenarchaeota, Bathyarchaeota (also known as the Miscellaneous 
Crenarchaeota Group (MCG) organisms (Webster et al. 2015)), and the majority of 
sequenced species of Thaumarchaeota. Some of these species encode divergent 
relatives with unknown functions (discussed in section “Archaeal tubulin and FtsZ-
like homologs”). In these organisms, the ESCRT-III-based system, first character-
ized in Crenarchaeota (Lindas et  al. 2008; Samson and Bell 2009) is probably 
required for cell division (Ng et al. 2013; Pelve et al. 2011).
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�Biochemical Activities of Archaeal FtsZ

In the original study of H. volcanii FtsZ1, a recombinant tagged version of the pro-
tein was overproduced in E. coli and purified (Wang and Lutkenhaus 1996). GTPase 
activity of this protein was demonstrated in buffers containing at least 2 M KCl 
(3 M KCl showed greater activity). The GTPase specific activity was dependent on 
FtsZ1 concentration (>200 μg/mL), suggesting that self-association (polymerisa-
tion) is required for GTPase activity, as seen with bacterial FtsZ and eukaryotic 
tubulin. Work with Haloarcula japonica FtsZ1 revealed that polymerization in a 
sedimentation assay was dependent on GTP and at least 2.25 M KCl (Ozawa et al. 
2005). In both studies, it was found that NaCl could not substitute for KCl. Potassium 
is the predominant intracellular cation utilized at high concentration by haloarchaea 
for survival in hypersaline environments, so haloarchaeal proteins are well adapted 
to these conditions (Reed et al. 2013). Potassium is also specifically required for 
efficient GTPase activity of other bacterial and archaeal FtsZ proteins, although 
generally at much lower concentrations in non-halophiles (Mendieta et  al. 2009; 
Mukherjee and Lutkenhaus 1998).

FtsZ homologs from thermophilic archaea have also been characterized. After 
the original identification of P. woesei FtsZ1, in which GTP binding was demon-
strated (Baumann and Jackson 1996), the M. jannaschii FtsZ1 protein became a 
focus for biochemical characterization after its crystal structure was solved (Lowe 
and Amos 1998). This allowed some of the first high-resolution biochemical analy-
sis of FtsZ proteins generally (Andreu et al. 2002; Diaz et al. 2001; Huecas and 
Andreu 2004; Lowe and Amos 1999; Lowe and Amos 2000), outlined in section 
“Structures of tubulin superfamily proteins from archaea” of this chapter. Other 
thermophilic archaeal FtsZ proteins have also been investigated. One study isolated 
the ftsZ1 gene from the moderate thermophile Thermoplasma acidophilum (Yaoi 
et al. 2000). Remarkably, expression of this gene in E. coli resulted in strong inhibi-
tion of cell division, which was attributed to interaction of the T. acidophilum 
FtsZ with the native FtsZ in E. coli and/or interference with its function. Another 
FtsZ-related protein was isolated from the hyperthermophile Thermococcus kodak-
araensis (Nagahisa et al. 2000), however, this protein is now recognised as a CetZ-
family protein (section “The euryarchaeota CetZ family of proteins”).

�The Role of Archaeal FtsZ in Cell Division

The first cytological evidence to suggest that archaeal FtsZ functions in cell division 
utilized immunofluoresence microscopy with H. volcanii. FtsZ1 was seen to local-
ize at the mid-cell region, appearing as a ring around the middle of the cell that 
corresponded with mid-cell constrictions in cells that appeared to be dividing (Wang 
and Lutkenhaus 1996). Similar results were obtained with the closely related 
Haloferax mediterranei, where it was also seen that constricted FtsZ1-rings were 
associated with cells of a variety of different shapes, including rods and the irregular 
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plate-shaped cells that are common in these pleomorphic haloarchaea (Poplawski 
et al. 2000). Recently, H. volcanii FtsZ1 tagged with GFP was observed in live cells 
(Duggin et  al. 2015), and the localization pattern was consistent with the earlier 
immunofluorescence results. FtsZ1-GFP was produced at a low level from a regu-
lated gene promoter in a wild-type genetic background, which resulted in cells of 
normal size, indicating minimal disturbance to the normal cell division process by 
the presence of FtsZ1-GFP. Interestingly, almost all cells in a growing culture were 
found to have a mid-cell ring, indicating that this structure is maintained throughout 
the cell cycle. As most cells in these cultures do not contain noticeable division 
constrictions, FtsZ ring assembly occurs well in advance of constriction, similar to 
bacteria (Sun and Margolin 1998).

The fluorescence microscopy approaches revealed obvious similarities between 
the basic subcellular localization behaviour of archaeal and bacterial FtsZ, strongly 
implicating FtsZ in archaeal cell division. However, the original study of FtsZ in H. 
salinarum found that supplementary expression of ftsZ2 did not greatly affect cell 
division, since cell size was similar to the wild-type (Margolin et al. 1996). In con-
trast, overexpression of ftsZ in E. coli causes division defects that affect cell size 
(Dai and Lutkenhaus 1992). The H. salinarum cells instead appeared pleomorphic, 
quite similar to the wild-type strains of some other haloarchaea, whereas wild-type 
H. salinarum is typically rod-shaped in laboratory culture. The basis for this mor-
phological effect is yet to be determined, however, haloarchaeal cell shapes are 
generally sensitive to experimental conditions and it is possible that FtsZ overex-
pression does not have an inhibitory effect on division in all species, as it does in  
E. coli.

Direct evidence for the importance of FtsZ in archaeal cell division came only 
recently (Duggin et  al. 2015). Expression of a point mutant of H. volcanii ftsZ1 
(D250A), which targets the GTPase activation region (T7 loop) essential for the 
normal polymerization-depolymerisation cycle in tubulin superfamily proteins 
(Richards et  al. 2000; Scheffers et  al. 2002), caused the hallmark cell division 
defect, in which cells cease division but continue to grow, resulting in the generation 
of extremely large cells (e.g. Fig.  14.2b). Thus, a functional GTPase activation 
domain in FtsZ1 is essential for normal cell division.

The genetic amenability of haloarchaea, particularly H. volcanii (Allers and 
Mevarech 2005), and the availability of functional fluorescent fusion proteins 
(Duggin et al. 2015; Reuter and Maupin-Furlow 2004) combined with their rela-
tively large, flattened cell morphologies, show that these organisms are excellent 
models for understanding archaeal cell division, morphology, and cell biology gen-
erally (Duggin et al. 2015). Future studies with this system are anticipated to pro-
vide significant insights into functional diversity of cell division and structure, 
providing a much-needed contrast with the well-studied bacterial systems. This is 
expected to highlight the most fundamental features critical to both systems, and 
reveal a very different FtsZ-based system for prokaryotic cell division.
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�Archaeal Tubulin and FtsZ-Like Homologs

As may be seen in Fig. 14.1a, archaea house a variety of deeply-branching tubulin 
superfamily members, many of which are not classifiable into the FtsZ, tubulin or 
CetZ families, and their functions are essentially unknown. Many of these proteins 
have only recently been identified owing to the recent vast increase in genome 
sequence availability, brought about by major advances in high-throughput environ-
mental DNA sequencing.

�The FtsZ-Like Group 1 Homologs (FtsZL1)

Members of the unusual FtsZ-like group 1 (FtsZL1) were identified in certain bac-
teria and archaea on the basis of homology to the GTP-binding core (N-terminal) 
domain, which includes the signature motifs of the tubulin superfamily (Makarova 
and Koonin 2010). There are only a small number of known FtsZL1 sequences in 
archaea, although they may be found in diverse species including the 
Methanomicrobia, Halobacteria and Thermococci Classes. These proteins form a 
phylogenetic subgroup distinct from the related bacterial FtsZL1 proteins, suggest-
ing that recent horizontal transfer between domains is an unlikely mechanism to 
explain their patchy distribution.

Interestingly, a transposon-interrupted FtsZL1 gene was identified in Sulfolobus 
solfataricus (SSO1376), representing the first tubulin-superfamily relative found in 
the Crenarchaeota (Makarova and Koonin 2010). Another FtsZL1 member (undis-
rupted) in the Crenarchaeote Acidilobus saccharovorans was recently sequenced 
(Uniprot D9PZB8). Both Crenarchaeote FtsZL1 proteins have unusually-long 
homologous N-terminal extensions to the core GTP-binding domain, suggesting 
that these have a particular (unknown) function in Crenarchaeota FtsZL1.

Fig. 14.2  FtsZ1 and cell division in H. volcanii. (a) 2D images of H. volcanii cells (phase-contrast 
and GFP fluorescence overlay) that are expressing FtsZ1-GFP. An approximately central band of 
fluorescence is clear in all cells of various shapes, and appears brighter in cells undergoing division 
constriction. The band is seen as a ring in 3D (not shown). (b) Examples of the H. volcanii cell-
division defect. Cells were induced to express the FtsZ1.D250A protein, a GTPase-domain mutant 
that strongly inhibits division, during mid-log phase growth. Cells continue to grow in a 2D man-
ner, but fail to divide, forming giant plate cells in culture (After Duggin et al. 2015)
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The domain arrangement of FtsZL1 proteins more generally is highly unusual 
amongst the tubulin superfamily, as the central GTPase activation region and 
C-terminal domain, normally involved in polymerization (Fig. 14.4), are replaced 
with a much larger and unrelated domain of unknown structure and function. Thus, 
the capacity of these proteins for polymerization and GTP hydrolysis is currently 
unknown. A noticeable conservation of the FtsZL1 genomic neighbourhood across 
diverse species led to the hypothesis that these proteins are involved in membrane 
remodelling processes in conjunction with the products of the linked genes 
(Makarova and Koonin 2010).

�Thaumarchaeota Tubulin-Superfamily Members and Other  
Deeply-Branching Archaeal Homologs

The Thaumarchaeota show quite a complex distribution of tubulin-superfamily pro-
teins, with specific homologs of FtsZ and tubulin seen in some species, and another 
family called “Thaumarchaeota FtsZ” (Yutin and Koonin 2012) present in most of 
the major taxa of the Thaumarchaeota (Fig. 14.1). Despite the name currently used 
for this family, the Thaumarchaeota-FtsZ proteins are distinct from the major FtsZ, 
CetZ and tubulin branches, and they are at least as far removed from the FtsZ family 
as another small group of proteins found in the Korarchaeota (Fig. 14.1a). In addi-
tion to these, Korarchaeota possess specific FtsZ family sequences (but not ESCRT-
III), suggesting that Korarchaeota division is based on FtsZ, and that the other 
deeply branching homologs in these organisms may have other non-cell division 
roles. We would suggest that newly identified tubulin-superfamily groups, such as 
Thaumarchaeota-FtsZ, be renamed where appropriate once a prototypical member 
has a clear biological role determined, so that the term “FtsZ” is limited to proteins 
that primarily function in division.

The Thaumarchaeota-FtsZ group shows significant sequence divergence in the 
GTP-binding T4-loop, with a consensus of AGKAG in this region instead of the 
superfamily consensus GGGTG. Most Thaumarchaeota-FtsZ proteins also appear 
to completely lack the catalytic residues of the T7 loop required for GTP hydrolysis. 
Thus, the normal mode of polymerization and depolymerisation is very unlikely to 
occur in these proteins. Consistent with this, the Thaumarchaeota-FtsZ protein in 
Nitrosopumilus maritimus does not appear to be involved in cell division, as it was 
localized diffusely in these cells, whereas the CdvB (ESCRT-III) homolog was 
located at mid-cell (division) sites (Pelve et al. 2011). Furthermore, an N. maritimus 
FtsZ-GFP fusion showed diffuse localization when expressed in yeast, whereas 
CdvB-GFP formed obvious filaments (Ng et  al. 2013). Interestingly, when the 
unusual T4 loop sequence of N. maritimus FtsZ was replaced by the E. coli FtsZ T4 
loop, this resulted in localization as foci and short filaments in yeast, much like the 
localization pattern of the E. coli FtsZ (GTPase-deficient mutant) in this system (Ng 
et al. 2013). The substituted N. maritimus FtsZ might therefore have gained nucleo-
tide binding but not hydrolysis capacity, promoting polymerization and assembly 
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into localized structures. The wild-type Thaumarchaeota-FtsZ proteins therefore 
might not bind/hydrolyse GTP or polymerise, so they remain one of the more mys-
terious groups in the tubulin superfamily.

Another group of tubulin-superfamily proteins in Thaumarchaeota, called artu-
bulin, was identified in the genomes of two members of the genus Nitrosoarchaeum, 
in the order Nitrosopumiales (Fig. 14.1b) (Yutin and Koonin 2012). Thaumarchaeota-
FtsZ genes are also present in these organisms. The artubulins form a sister group to 
the eukaryotic tubulin family (Fig. 14.1a), raising questions surrounding the origin 
of this family within the eukaryotic lineage. The artubulin genes are located adja-
cent to a component of the ESCRT-III machinery, hinting at a possible role of artu-
bulin in ESCRT-III mediated division in these organisms (Yutin and Koonin 2012). 
Future functional studies of artubulins may provide insights into the early evolu-
tionary events that led to the expansion of tubulin-superfamily roles in the Eukaryota/
Archaea lineage.

There are a number of other tubulin-superfamily proteins in archaea that are cur-
rently uncharacterized (grey branches, Fig. 14.1a). These could be expected to have 
specialized roles, and of particular note are the numerous highly-divergent tubulin-
superfamily members present in Haloquadratum walsbyi (Bolhuis et  al. 2006; 
Burns et al. 2007). This organism forms remarkably thin, square cell shapes that are 
maintained in this shape during cell division (Stoeckenius 1981; Walsby 1980). The 
shapes would appear to provide a substantial selective advantage in their hypersa-
line lake environments (Burns et  al. 2007). One might predict that the divergent 
tubulin-superfamily proteins form cytoskeletal structures required for generating 
and maintaining the square shapes, while the FtsZ and CetZ proteins that also exist 
in this organism may have roles in cell division and morphological changes, respec-
tively. The future study of the cytoskeletal systems of this and related organisms is 
a fascinating prospect.

�The Euryarchaeota CetZ Family of Proteins

The CetZ family were first recognised as a phylogenetically distinct group, origi-
nally called FtsZ paralog 3 (FtsZ3), after the cloning and sequencing of an ftsZ 
homolog from Thermococcus kodakaraensis (Nagahisa et al. 2000), a hyperthermo-
philic species of the Class Thermococci. The purified protein showed GTPase activ-
ity and polymerisation that increased continuously with temperature, up to 90°C, 
which is near the growth optimum of this organism. The protein sequence showed 
high similarity to one of three homologs in the available genome sequence of 
Pyrococcus horikoshii (Class Thermococci) (Kawarabayasi et al. 1998), and was 
only distantly related to the two other homologs, FtsZ1 and FtsZ2. Other members 
of the CetZ family were then noticed in the genomes of Pyrococcus abyssi (Chinen 
et al. 2000) and Archaeoglobus fulgidus (Class Archaeoglobi) (Klenk et al. 1997), 
raising the possibility that the multiple conserved paralogs in these archaea could 
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have differing cytoskeletal roles (Gilson and Beech 2001). A thorough survey of 
tubulin-superfamily sequences (Vaughan et  al. 2004) further identified two cetZ 
genes in the genome of Halobacterium NRC-1 (Class Halobacteria) (Ng et  al. 
2000). It was also observed that the Thermococci CetZ (FtsZ3) proteins branch 
from near the base of the group (Vaughan et al. 2004). The large quantity of sequence 
data now available has shown that CetZ proteins are present in many other diverse 
archaea from the phylum Euryarchaeota, including the Class Methanomicrobia 
(Duggin et  al. 2015). CetZ proteins form a distinct branch (family) within the 
tubulin-superfamily (Fig. 14.1a).

The first in vivo functional study of members of the CetZ family found that 
they control cell morphology in H. volcanii (Duggin et al. 2015). The family was 
named cell-structure-related Euryarchaeota tubulin/FtsZ homologs (CetZ) to reflect 
the non-cell-division role seen for H. volcanii CetZ1. cetZ genes are especially 
abundant in genomes of Halobacteria (e.g. six paralogs in H. volcanii), although 
the number of paralogs varies amongst related species. Some of the haloarchaeal 
CetZ proteins cluster phylogenetically into several distinct orthologous groups, 
suggesting that proteins in each group may have a common function in these spe-
cies (Fig.  14.1a). The most conserved of these is the CetZ1 group, which was 
present in all species of Halobacteria analysed (Duggin et al. 2015), and members 
typically shared ~80% sequence identity in this Class. CetZ2 orthologues were 
identified in many of these. The H. volcanii CetZ3-6 proteins were located in 
weakly-clustered groups and might be expected to have more specific or redundant 
roles in this species. Generally, the Methanomicrobia and Halobacteria Classes 
possess multiple CetZ homologs, whereas the Archaeoglobi and Thermococci carry 
one CetZ each. CetZ has so far only been identified in species that also contain FtsZ 
(Fig. 14.1b).

H. volcanii is described as pleomorphic (Mullakhanbhai and Larsen 1975), dis-
playing a variety of cell sizes and shapes in complex growth medium (e.g. Hv-YPC 
(Allers et al. 2004)). However, as in many haloarchaea, the cells remain uniformly 
thin (~0.4 μm) during growth and division, growing either two-dimensionally (the 
plate morphotype) or one-dimensionally (the rod morphotype). H. volcanii cells lye 
on their flat, larger surfaces when placed on a gel-pad, and they can be grown for 
many generations on a gel-pad; the relatively large, flat cells are well-suited for 
visualization by fluorescence microscopy (e.g. by using GFP or mCherry) and other 
approaches including electron cryotomography (Duggin et  al. 2015). Time-lapse 
imaging of live cells showed that they can transition between the two basic modes 
of cell growth, and some cells appear to actively narrow during the plate-to-rod 
transition (Duggin et al. 2015). The CetZ1 protein was found to be essential for the 
development of the rod morphotype, which was needed for efficient swimming 
motility (Duggin et al. 2015).

When H. volcanii is in steady-state growth (mid-log growth for >10 generations) 
in a defined medium, “Hv-Cab” (i.e. Hv-Ca (Allers et  al. 2004) with additional 
trace-elements (Duggin et al. 2015)), it grows consistently as the plate morphotype 
(Duggin et al. 2015). However, moderate overexpression of CetZ1, via the use of the 
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finely-regulated tnaA gene promoter (Allers et  al. 2010; Large et  al. 2007),  
caused many of the cells to adopt an obvious rod morphology. Interestingly, over-
expression of the CetZ1.E218A mutant (to prevent GTPase activity and filament 
depolymerisation) caused the cells to adopt a blocky, jagged morphology instead  
(a similar phenotype was seen with CetZ2.E212A (Duggin et al. 2015)). This appears 
to be caused by hyperstable filaments of CetZ1.E218A, since a GFP fusion protein 
to this mutant localized very stably to the cell envelope at the stalk-like projections 
and inward puckers seen in these cells. In contrast, CetZ1-GFP showed very 
dynamic/patchy or diffuse localization in the log-phase plate cells. During rod 
development, however, CetZ1-GFP sometimes appeared as faint, dynamic filaments 
aligning with the direction of rod cell development, suggesting that such cytoskel-
etal structures are specifically related to rod development. It was concluded that 
CetZ1 forms a key part of an archaeal cytoskeletal system involved in regulation of 
cell morphology, and represents a prototypical member of this family of cytoskeletal 
proteins.

The great amenability of H. volcanii to genetic manipulation (Allers and 
Mevarech 2005), combined with its ease of growth, controllable cellular differentia-
tion processes, and excellent properties for many live-cell microscopy approaches 
(Duggin et al. 2015) show that it is an excellent model for further studies into the 
archaeal cytoskeleton and cell biology.

�Structures of Tubulin Superfamily Proteins from Archaea

In this section, we describe the original role structural studies of archaeal tubulin-
superfamily proteins have played in helping identify and characterize cytoskeletal 
proteins in archaea and other organisms, and we describe the known archaeal pro-
tein structures and aspects of the structure-function relationship that have been 
obtained from these studies. Finally, we compare structures of the recently-described 
CetZ family to the other major groups of the tubulin superfamily.

Archaeal proteins can provide technical advantages in structural studies, such as 
high thermostability, which in many cases have enabled new insights and clues into 
the structure and function of less amenable homologs in the intensively studied 
eukaryotic and bacterial species. An archaeal FtsZ featured prominently amongst 
the first high-resolution structural studies of the tubulin superfamily (Lowe and 
Amos 1998). We will describe the general features of the protein structures that 
have been obtained from studies of archaeal tubulin superfamily proteins, and com-
pare them with other members of the superfamily. Atomic-resolution structures that 
are currently available for archaeal tubulin superfamily proteins are listed in 
Table 14.1.
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�FtsZ Structures

In 1998, an FtsZ protein from the archaeon Methanocaldococcus jannaschii became 
the first member of the tubulin superfamily to have its structure solved at high reso-
lution by X-ray crystallography (Lowe and Amos 1998). When compared to the 
electron crystallographic structure of polymerized tubulin reported in the same 
issue of Nature (Nogales et al. 1998b), debate as to the homology between FtsZ and 
tubulin ended – their structural folds were remarkably similar (Nogales et al. 1998a). 
Thus, structural comparisons of these proteins from highly diverse organisms high-
lighted the usefulness of protein 3D structure in verifying weak homology identified 
through alignment of a limited number of sequences. Additional structures of the M. 
jannaschii FtsZ1 protein, including different crystal forms and ligand-bound states 
have helped provide further insights into protofilament formation and structural 
variability that underpin the basic functions of these proteins (Lowe and Amos 
1999, 2000; Oliva et al. 2004, 2007).

The original structure of M. jannaschii FtsZ1 bound to GDP showed that it is a 
globular protein (39 kDa) containing two closely-associated but independently-
folded domains (Lowe and Amos 1998; Oliva et al. 2004), essentially the same as 

Table 14.1  Available crystal structures of archaeal tubulin superfamily proteins

Protein Organisma PDB codeb Resolution Notes

FtsZ1 M. jannaschii 1FSZ Lowe and 
Amos (1998)

2.8 Å GDP-bound monomer

FtsZ1 M. jannaschii 2VAP Oliva 
et al. (2007)

1.7 Å GDP-bound monomer (different 
crystal form)

FtsZ1 M. jannaschii 1W58 Oliva 
et al. (2004)

2.5 Å Mg2+ and  GMPCPP-boundc 
monomer

FtsZ1 M. jannaschii 1W59 Oliva 
et al. (2004)

2.7 Å Nucleotide-free dimer

FtsZ1 M. jannaschii 1W5A Oliva 
et al. (2004)

2.4 Å Mg2+ and GTP-bound dimer

FtsZ1 M. jannaschii 1W5B Oliva 
et al. (2004)

2.2 Å GTP-bound dimer

FtsZ1 M. jannaschii 1W5E Oliva 
et al. (2004)

3.0 Å W319Y mutant (GTPase 
defect), GTP-bound

CetZ1 H. volcanii 4B46 Duggin 
et al. (2015)

1.9 Å GDP-bound monomer

CetZ2 H. volcanii 4B45 Duggin 
et al. (2015)

2.1 Å GTPγS-bound protofilament 
(trimer)

CetZ M. thermophila 3ZID Duggin 
et al. (2015)

2.0 Å GDP-bound

aFull organism names: Methanocaldococcus jannaschii; Haloferax volcanii; Methanosaeta ther-
mophila
bProtein Data Bank identification code (www.rcsb.org). The associated reference is given in paren-
theses
cGMPCPP is a GTP analog: phosphomethylphosphonic acid guanylate ester
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tubulin (Nogales et  al. 1998b). These proteins form a distinct superfamily of 
GTPases (Nogales et al. 1998a), which nevertheless retain some structural similari-
ties to the Rossmann-fold di-nucleotide binding proteins and small GTPases of the 
Ras superfamily (Lowe and Amos 1998). This similarity is seen in the N-terminal 
GTP-binding domain, which contains most of the secondary structural elements 
that establish the nucleotide-binding site (shown in green; Fig.  14.3). However, 
within this domain the tubulin superfamily is distinguished by the presence of four 
highly conserved loops (T1, T2, T3 and T4, on the upper surface as depicted in 
Fig. 14.3) that primarily engage the phosphates of the nucleotide, whist allowing 
another FtsZ subunit to bind to this surface in a “head-to-tail” orientation (i.e. via 
the lower surface of the additional subunit), sandwiching the GTP molecule (Oliva 
et  al. 2004). Thus, both subunits supply residues required for GTP hydrolysis, 
explaining why GTP hydrolysis is polymerization-dependent (Mukherjee and 
Lutkenhaus 1998).

The C-terminal domain (shown in purple; Fig.  14.3) is separated from the 
N-terminal GTP-binding domain by an important central region, consisting of the 

Fig. 14.3  Crystal structures of CetZ proteins. (a) The crystal structure of the prototypical CetZ 
(Haloferax volcanii CetZ1; PDB code 4B46) is shown with the secondary structural elements 
indicated according to the tubulin/FtsZ nomenclature (Lowe et al. 2001). The inset panels indicate; 
the reduction of α-helix H6, helix H11 from a viewpoint rotated 180°, helix H9 and loop H1-S2 
respectively. Structural superimpositions of CetZ2 upon; (b) α-tubulin, (c) FtsZ, (d) Bacillus 
thuringiensis TubZ and (e) bacteriophage ΦKZ TubZ are shown in the side panels. All full struc-
tures are shown from the same viewpoint in cartoon (a) or ribbon (b–e) representation, with 
GTPase domains coloured green, activation domains coloured purple, the principal core helix, H7, 
linking the two elements coloured yellow and the remaining amino- and carboxy-terminal exten-
sions to the canonical tubulin/FtsZ fold shown in reds and blues respectively
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long H7 helix (yellow; Fig. 14.2) followed by the T7/H8 region. Although not usu-
ally considered a distinct domain, this region nonetheless has the specific function 
of delivering key acidic residues to the GTP-binding region of the adjacent subunit, 
and instigates a nucleophilic attack at the gamma-phosphate of GTP, resulting in 
hydrolysis to GDP. The GTPase activation function of the H7/T7/H8 region has the 
important role of promoting filament disassembly and turnover (Nogales et  al. 
1998a).

Hydrolysis and filament disassembly are very important processes in the spatial 
regulation and cytomotive activity of cytoskeletal structures (Lowe and Amos 
2009). The early studies of M. jannaschii FtsZ1 raised the question of how hydroly-
sis leads to filament disassembly; a comparison of numerous crystal structures of 
FtsZ proteins, including several guanosine-nucleotide bound states of M. jannaschii 
FtsZ1, revealed no large conformational changes associated with hydrolysis (Oliva 
et al. 2007). Recent high-resolution electron cryo-microscopy (cryoEM) of tubulin 
in various states would suggest that hydrolysis causes a more subtle compaction 
around the region of the GTP-binding domain that surrounds the nucleotide’s phos-
phate groups (i.e. the T1-T4 loops). This creates strain within the subunit and mod-
erate conformational shifts that destabilize the longitudinal interaction between 
subunits (Alushin et  al. 2014). It therefore appears that the flexible glycine-rich 
T1-T4 loops, which include the tubulin superfamily “signature” sequence (T4), 
sense the number of phosphates of the nucleotide and transduce this information to 
the whole molecule in order to promote disassembly. It remains to be determined 
whether this mechanism occurs in the same manner in FtsZ filaments, but the strong 
conservation of these loops would suggest it is very likely.

The presence and structure of the C-terminal domain (shown in purple; Fig. 14.3) 
is another defining characteristic of the tubulin superfamily amongst GTPases, and 
shows a conserved fold despite the very sparse sequence conservation amongst the 
superfamily’s most diverse members. Crystal structures of M. jannaschii FtsZ1 
dimers that sandwich GTP in the expected manner (Oliva et al. 2004) showed that 
the C-terminal domain provides the majority of the contact surface area between 
subunits (Fig. 14.4c). This is also observed in the other families (Fig. 14.4). The 
C-terminal domain can also mediate lateral association of protofilaments (Alushin 
et al. 2014; Duggin et al. 2015; Monahan et al. 2009), fulfilling another essential 
characteristic of the superfamily—the ability to form bundles, sheets and tubes that 
build the cytoskeleton in its myriad of forms across the domains of life. One of 
the C-terminal domain’s main purposes therefore appears to be to mediate 
self-association.

In addition to the two main domains of the globular fold of FtsZ, these proteins 
frequently have N- and C-terminal extensions that have specific functions, generally 
in mediating interactions with other molecules. They protrude from the “front”, and 
“rear”, (inner and outer, relative to a microtubule) surfaces of the molecule, respec-
tively (as shown in Figs. 14.2 and 14.3), and are thus located on the two exposed 
surfaces of protofilament sheets. These regions are rarely fully resolved in crystal 
structures owing to their flexibility and lack of secondary structure in isolation. M. 
jannaschii FtsZ1 showed an N-terminal extension (which is generally absent in the 
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Fig. 14.4  CetZ subunit-subunit interactions and comparisons. (a) The structure of a H. volcanii 
CetZ2 protofilament is shown according to an identical colour scheme and representation as that in 
Fig. 14.2. Protofilaments of tubulin (b), FtsZ (c), TubZ (d), and bacteriophage ΦKZ TubZ (e) are 
shown for the purposes of comparison. The inset panels show: the interaction site of the carboxy-
terminus of a crystallographically related molecule in the CetZ2 crystal structure (f), compared to the 
binding mode of taxol within the same site on β-tubulin (g), the contribution to the polymerisation 
interface by the central helix H11 of CetZ compared to that of similar regions in tubulin and PhuZ 
(h), and a comparison of the lateral interactions between H. volcanii CetZ2 protofilaments and those 
between adjacent monomers within the crystal structure of Methanosaeta thermophila CetZ (i)
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tubulin or CetZ families) that has limited secondary structure apart from one helix 
at the very N-terminus (Lowe and Amos 1998). The function of this helix and 
remaining N-terminal extension is still unknown. The C-terminal extension in M. 
jannaschii FtsZ1 is a β-hairpin, comprising strands S11 and S12, beyond which the 
protein is typically extended without significant structural elements, and differs 
from the primarily helical C-terminal extensions seen in tubulin and CetZ proteins 
(discussed below). The length of the C-terminal extension is highly variable amongst 
different species and in bacteria this is thought to play an important role as a flexible 
spacer (Buske et al. 2015; Evans 2006), while the more sequence-conserved few 
residues immediately preceding the C-terminus bind other molecules with impor-
tant roles in cell division (Buske and Levin 2012). In archaea, molecules that inter-
act with FtsZ are unknown, however the conservation of the C-terminal few residues 
amongst other archaea would suggest that these residues have a common function 
in archaea too.

�CetZ Structures

Three crystal structures of CetZ family proteins recently solved (Duggin et al. 2015) 
show some interesting similarities and differences to the FtsZ and tubulin family 
proteins that may eventually help to reconcile structure-function relationships in the 
superfamily.

�H. volcanii CetZ1

The structure of CetZ1 from H. volcanii represents the prototypical CetZ, having 
been the first structure solved, and to date it is the only CetZ protein to which a 
definitive function in the regulation of cellular morphology has been ascribed 
(Duggin et al. 2015). The structure revealed CetZ1  in a monomeric state, with a 
GDP molecule that had co-purified retained in the active site. CetZ exhibits the two 
principle domains present in other tubulin superfamily proteins, however several 
notable modifications to the typical structural features are apparent. CetZ1, and 
indeed most CetZs, lack a N-terminal extension to the core GTP-binding domain. 
By comparison, an N-terminal extension is generally present in FtsZ, but absent in 
tubulins. Within the GTP-binding domain, helix H6 is substantially shorter than 
usual, leaving only a single helical turn to form this section of the subunit-subunit 
interface (Fig.  14.4a). Helix H9, on the other hand, is considerably extended, 
increasing the size and prominence of the C-terminal domain. Furthermore, the 
nearby M-loop, which links S7 and H9 (Fig. 14.3a), is unresolved in the crystal 
structure but is unusually long in CetZ proteins compared to FtsZ and tubulins. The 
M-loop mediates lateral association of tubulin protofilaments within microtubules 
(Alushin et al. 2014; Nogales et al. 1998a, 1998b), but is of unknown function in 
CetZ proteins. Finally, the C-terminal extension of CetZ1 is a long helix (H11), 
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which aligns with the expected axis of polymerisation of protofilaments. These 
three regions of notable difference (i.e. H6, H9 and H11) compared to FtsZ and 
tubulin are also the only regions showing notable variations in structure that were 
observed between H. volcanii CetZ1 and CetZ2.

�H. volcanii CetZ2

CetZ2 was crystallized and its structure solved bound to GTPγS (Duggin et  al. 
2015), which resulted in the generation of a lattice incorporating crystallographic 
protofilaments. The subunit structure of H. volcanii CetZ2 is remarkably similar to 
CetZ1; the Cα r.m.s.d between the two structures is only 0.85 Å, as might be 
expected given their relatively high sequence similarity (51% identical). CetZ2 pro-
tofilaments in the crystal lattice had a repeat unit of 43.2 Å, very similar to tubulin 
(41.8 Å), and even closer to FtsZ and TubZ proteins (43.5 Å). Furthermore, the 
subunit-subunit interface formed within CetZ2 protofilaments is very similar to that 
conserved within the tubulin and FtsZ groups, although it differs more from that in 
the TubZ proteins, which are tilted differently across the active site. This directly 
affects the conformation of protofilaments, and CetZ2 recapitulated the straight pro-
tofilaments typically seen in crystal structures of FtsZ and tubulin protofilaments. 
This contrasts some of the known bacterial TubZ protofilaments, which show 
twisted, helical arrangements (Aylett et al. 2010). The presence and degree of heli-
cal structure directly affects the higher-order filament or sheet/tube-like structures 
that are critical to the function of these proteins, and it will be informative to see the 
conformation of further CetZ filaments, ideally with methods that have minimal 
influence on the subtle quaternary arrangements important to tubulin superfamily 
proteins.

The C-terminal helix (H11) in CetZ2 occupies a similar space to that of the tubu-
lins and TubZ proteins, and aligns almost perfectly with H11 from tubulin protofila-
ments (1.0 Å Cα r.m.s.d, CetZ2 C-terminus versus tubulin C-terminus). H11 also 
extends along the surface, generally in the longitudinal direction of polymerization, 
and contacts the base of the adjacent subunit, similar to tubulins and TubZ proteins. 
Although regions of the C-terminal tail from H11 onwards are not fully resolved in 
the structure, it would appear possible that the H11 helix of CetZ proteins may con-
tinue along the surface of the adjacent subunit in a manner similar to the TubZ 
proteins, with H11 filling the space that would otherwise be occupied by H12 in the 
multi-helix folded C-terminal tails seen in eukaryotic tubulin protofilaments.

Interestingly, the CetZ2 protofilaments were arranged as crystallographic sheets, 
with lateral contacts between protofilaments generally comparable to the lateral 
interactions of tubulin in the microtubule wall and FtsZ lateral associations, sug-
gesting that such interactions might be biologically relevant in CetZ proteins too. 
The loops of C-terminal domain, including an extended S7-H9, and those on the 
same face of the GTPase domain, including the altered loop H1-S2 as well H3. 
Further support for the significance of these contacts comes from the observation 
that the lateral crystal contacts within the more distantly related Methanosaeta 
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thermophila CetZ crystal structure recapitulate this interaction almost perfectly (2.6 
Å Cα r.m.s.d over adjacent chains; H. volcanii CetZ2 versus M. thermophila CetZ).

The aforementioned sheets within CetZ2 crystals are bridged by the C-terminal 
tail of the protein. An interesting observation, however, was the association of the 
C-terminal amino acids of one subunit within a pocket abutting helix H7 of an adja-
cent subunit. This pocket in tubulin is where the anticancer drug, taxol, binds to 
β-tubulin in protofilaments. The concomitant slight gap in the closely related CetZ1 
crystal structure, in an unpolymerised state, is closed somewhat by a small rotation 
of the activation domain and remains unoccupied; it is not possible to say from our 
results whether protofilament formation is responsible for this rotation and intrusion 
of the C-terminal peptide, or whether it might be a constitutive difference between 
the folds of the two CetZ proteins, however we note that a similar rotation of the 
activation domain was observed in microtubules stabilised in the presence of taxol 
or GTP analogues. It is yet to be determined whether such docking of the C-terminal 
residues on the adjacent protofilament sheet of CetZ2 has any relevance to the phys-
iological form and function of CetZ proteins.

�Methanosaeta thermophila CetZ

The structure of a divergent CetZ homolog, which branches from near the root of 
the tubulin superfamily phylogenetic tree (Fig. 14.1), was also determined (Duggin 
et  al. 2015). Superimposition of this M. thermophila CetZ on H. volcanii CetZ2 
leads to an overall Cα r.m.s.d of only 1.8 Å, and the structural features observed 
within both chains are also very well conserved from those in the two H. volcanii 
CetZ structures. The only clear difference between the M. thermophila and H. vol-
canii proteins is the substantial extension of the carboxy-terminal helix H11 resolved 
in M. thermophila CetZ and a slight shortening of helix H9, the latter being more 
like the H9 of other tubulin superfamily proteins. Although there are many small 
surface differences between the proteins from the two organisms, the deviation 
between surface loops is extremely low, supporting the conclusion that the proteins 
should be grouped cleanly into the single (CetZ) family. Since these proteins branch 
from near the base of the superfamily tree, it will be useful to determine the function 
of M. thermophila CetZ, or similar “non-canonical” CetZ proteins, to determine 
whether these proteins have functions in cell shape regulation like the H. volcanii 
CetZ1 and CetZ2 proteins (Duggin et al. 2015) or as yet unknown functions.

�Structural Comparisons of CetZs with Other Tubulin 
Superfamily Proteins

As noted above, the archaeal FtsZ and CetZ families exhibit many features in com-
mon with eukaryotic tubulins as well as bacterial FtsZ and TubZ proteins. Here, we 
will compare structures of CetZ proteins to those of the FtsZ protofilament structure 
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from Staphylococcus aureus (Tan et al. 2012) (PDB code 4DXD), the taxol/Zinc-
stabilised sheets of Bos taurus tubulin protofilaments (Lowe et al. 2001) (PDB code 
1JFF), and Bacillus thuringiensis (Aylett et al. 2010) and Pseudomonas aeruginosa 
bacteriophage ΦKZ (Aylett et al. 2013) TubZ protofilament structures (PDB codes 
2XKB and 3ZBQ respectively) as prototypes.

�Comparison of CetZ and FtsZ

The CetZ protein structures show several notable structural features specifically in 
common with FtsZ. In particular, the conformation of the key γ-phosphate contact 
loop T3 and proximal regions (S3, H3) in both H. volcanii CetZ1 and CetZ2 is 
almost identical to that in the majority of FtsZ structures resolved (Cα r.m.s.d 1.1 Å 
FtsZ against CetZ1). The conformation of loop T5 is also strongly conserved 
between these two groups, although it typically exhibits lower overall deviation in 
many cases, and the numerous surface loops of the CetZ proteins are closer in con-
formation to those in FtsZ than tubulins. The overall backbone difference between 
CetZs and FtsZs (overall Cα r.m.s.d 2.9 Å for FtsZ and CetZ1) is also significantly 
lower than that observed on comparison with tubulins (overall Cα r.m.s.d 3.6 Å for 
α-tubulin and CetZ1). However, as we note below, a series of conserved catalytic 
residues shared between the tubulins and CetZ proteins provide a counterargument 
to this narrative.

�Comparison of CetZ and Tubulin

The tubulins are the most well understood proteins in the superfamily. They build 
the microtubule network present in all known eukaryotes, which is a major compo-
nent of the cytoskeleton. Microtubules control cellular organisation and have well-
known role in providing the spindle for chromosome segregation. The polymerising 
unit for tubulin includes two different monomers, α- and β-tubulin, which are pre-
assembled around a molecule of GTP which is bound essentially irreversibly within 
a catalytically inactive subunit-subunit interface. In addition to the canonical 
N-terminal GTP-binding and C-terminal domain structure, tubulins incorporate a 
distinct C-terminal extension comprising a helical hairpin (H11 and H12) that pro-
vides the binding platform for processive motor proteins, and several notable sur-
face loops (H1-S2, H2-S3, M- and N-loops) that form the lateral interactions which 
stabilise the contacts between the thirteen protofilaments incorporated into each 
cylindrical microtubule (Lowe et al. 2001).

In the CetZ proteins, the active site shows great similarity to that found in 
α-tubulin. Guanine base recognition is achieved through an asparagine residue pro-
truding from H7 in all three CetZ structures, a similar situation to that in tubulins 
and bacterial TubZ proteins (described below), whereas the equivalent residue is an 
aspartate in the FtsZs. Furthermore, the essential catalytic carboxylate within T7/H8, 
which activates water for γ-phosphate hydrolysis, is also provided by a glutamate 
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residue in CetZ and tubulin, but is an aspartate in FtsZ. All three CetZ structures 
share a glutamine residue at the apex of loop T1 which forms an important protofila-
ment contact with loop T7  in tubulin protofilaments, but which is absent in the 
known FtsZ structures and replaced in many TubZs. Finally, several regions of the 
CetZs form loops extending from the core fold, the location of which are identical 
to those responsible for lateral interactions between tubulin protofilaments (S7-
H9 in CetZ2, and H1-S2 in M. thermophila CetZ). However, the loop structures are 
not homologous between CetZs and tubulins, suggesting that they may differ sub-
stantially in function.

�Comparison of CetZ and TubZ

The TubZ group of proteins represent some of the most diverse members of the 
established tubulin superfamily, and they cannot clearly be classified into their own 
distinct subgroup. Two functional sub-classes exist, one responsible for partitioning 
plasmids and prophages within species of Gram-positive Bacilli, and the other asso-
ciated with bacteriophage of the genus Pseudomonas and closely-related bacteria 
(Kraemer et  al. 2012; Larsen et  al. 2007). TubZ proteins typically have a long 
α-helical C-terminal extension that makes extensive contacts with the adjacent sub-
unit and is also believed to be responsible for the recruitment of cognate binding 
partners. They also show a reduction in helix H6, particularly in the bacteriophage-
borne members of the family associated with the application of a tilt across the 
subunit-subunit interface, and in the relative rotation of the GTPase and C-terminal 
domains against one another, yielding twisted-helical protofilaments and filaments 
(Aylett et al. 2010, 2013). All three archaeal CetZ structures resolved to date possess 
only a single turn of H6, substantially shorter than in FtsZ and tubulin. Some TubZ 
proteins lack H6 altogether, with a similar structural volume to CetZs in this region. 
Another commonality among all TubZ and CetZ proteins is the elongated single 
α-helical C-terminal tail that proceeds along the axis of the protofilament and con-
tacts the adjacent subunit, suggesting that these might have common functions 
(e.g. stabilising the protofilament).
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Chapter 15
Reconstitution of Protein Dynamics Involved 
in Bacterial Cell Division

Martin Loose, Katja Zieske, and Petra Schwille

Abstract  Even simple cells like bacteria have precisely regulated cellular anato-
mies, which allow them to grow, divide and to respond to internal or external cues 
with high fidelity. How spatial and temporal intracellular organization in prokary-
otic cells is achieved and maintained on the basis of locally interacting proteins still 
remains largely a mystery. Bulk biochemical assays with purified components and 
in vivo experiments help us to approach key cellular processes from two opposite 
ends, in terms of minimal and maximal complexity. However, to understand how 
cellular phenomena emerge, that are more than the sum of their parts, we have to 
assemble cellular subsystems step by step from the bottom up. Here, we review 
recent in vitro reconstitution experiments with proteins of the bacterial cell division 
machinery and illustrate how they help to shed light on fundamental cellular mecha-
nisms that constitute spatiotemporal order and regulate cell division.
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�Introduction

It has long been assumed that prokaryotic cells do not have much internal structural 
organization. Instead, bacteria were considered to be just simple containers for bio-
chemical reactions. The initial avenue of understanding the intracellular organiza-
tion of Escherichia coli, as with many other complex biological processes, has been 
through genetics. For example, the discovery of the Minicell phenotype allowed 
identification of genes responsible for spatial regulation of cell division (“Min”)
(Adler et al. 1967). However, knowing the genes and their corresponding proteins 
alone cannot provide a mechanistic model of their function.

The use of fluorescent proteins and their visualization with fluorescence micros-
copy revolutionized our understanding of how bacterial cells are organized. It turned 
out that even a relatively simple cell like the bacterium Escherichia coli has a pre-
cisely regulated cellular anatomy, emerging from the dynamic behavior of proteins. 
For example, the tubulin-homolog FtsZ and the actin-homolog FtsA form a ring-
like structure in the middle of the cell to initiate cell division (Adams and Errington 
2009). The actin-related protein ParM forms a spindle-like apparatus that segregates 
plasmid DNA (Moller-Jensen et al. 2002; Salje et al. 2010), the membrane-bound, 
actin-like protein MreB regulates cell wall synthesis, playing an important role for 
the determination of cell morphology (Garner et  al. 2011; Domínguez-Escobar 
et  al. 2011; van Teeffelen et  al. 2011; Errington 2015), while MamK organizes 
membranous bacterial organelles called magnetosomes (Komeili et al. 2006). In the 
absence of obvious counterparts of the molecular motors involved in cytoplasmic 
motility throughout the eukaryotic kingdom, some filaments were recognized to 
facilitate motility themselves; these structures are now referred to as cytomotive 
filaments (Löwe and Amos 2009) and include, a set of ATPases with structural simi-
larity to actin or tubulin that assemble into dynamic filaments in order to segregate 
DNA (Gerdes et al. 2010). These proteins were found to form dynamic large-scale 
structures that organize the intracellular space of bacteria. But understanding the 
underlying mechanisms from in vivo behavior alone has been hampered by a num-
ber of complications:

•	 First, a quantitative and reliable characterization of the spatiotemporal dynamics 
of proteins in vivo has been frustrated by the small size of most bacteria, at the 
limit of optical resolution.

•	 Second, although super-resolution studies have recently been introduced that can 
provide deeper insight in the intracellular organization of bacteria, functional 
fluorescence labeling is a major challenge. In fact, it has been found that labeling 
proteins with genetically encoded fluorescent proteins sometimes dramatically 
perturbs their functionality or affect their intracellular organization (Landgraf 
et al. 2012; Margolin 2012).

•	 Third, the functional characterization of some proteins has remained challeng-
ing, due to apparent functional redundancies: Their deletion can often be com-
pensated by a number of backup systems, which limits the phenotypic range 

M. Loose et al.



421

shown by these mutants. Consequently, observed in vivo dynamics often are not 
explained by the activity of one protein alone.

•	 And fourth, our knowledge of large-scale protein structures in bacteria often 
relies on static snapshots gained through electron microscopy. While this tech-
nique provides detailed structural information, cellular functions often arise 
through the dynamics of complex biochemical networks (Typas and Sourjik 
2015).

Accordingly, many of the mechanisms leading to biological activities may not be 
conclusively testable in a living system. Thus the question arises how a more com-
plete and insightful picture of the collective protein interactions in dynamic cellular 
networks might be achieved.

In recent years, a number of studies have demonstrated the power of a reduction-
ist in vitro approach, where a minimal set of proteins is used to rebuild cellular 
functions de novo, i.e., from the bottom-up. In this approach, purified components 
such as nucleic acids, lipids, and proteins are studied outside of the complexity of 
the living cell, but brought together in a biomimetic environment, which reproduces 
similar boundary conditions as found in vivo. The idea is to reduce the system under 
investigation to the smallest possible combination of molecules that is still able to 
reproduce a specific process or cellular function, and subject this system to highly 
quantitative analytics that are impossible to apply with the same rigor to living 
systems.

In contrast to many live-cell studies, reconstitution approaches offer full control 
over the molecular composition, as well as the ability to systematically perturb the 
experimental system parameter by parameter. It is therefore possible to yield a more 
detailed understanding of the molecular mechanisms underlying cellular functions 
otherwise hidden in the complexity of the cell. Of course, the in vitro reconstitution 
approach can be conveniently complemented by further studies both in cells and 
also at the chemical and molecular biology levels in order to connect to the in vivo 
situation and also to our understanding of the molecules at the atomic level.

In this book chapter, we want to highlight two specific processes that organize 
bacterial cells during cell division: In Part A, we will address how the Min oscilla-
tions from E. coli spatially organize cell division. In Part B, we discuss the 
membrane-based polymerization dynamics of the tubulin-homolog FtsZ. Finally, in 
Part C, we illustrate the recent advances that have been made to understand how the 
Min system direct FtsZ polymerization using a bottom-up approach. Together, we 
aim to illustrate how in vitro reconstitution experiments make it possible to obtain a 
much more detailed biochemical understanding of the molecular processes of cel-
lular self-organization, previously not accessible using either classical bulk experi-
ments and cellular assays alone.

15  Reconstitution of Protein Dynamics Involved in Bacterial Cell Division
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�Part A: The Min Protein Machinery as an Archetype 
for Protein Pattern Formation

�Towards a Molecular Understanding of Pattern Formation 
in Biology

Already in 1952, Alan Turing (1952) lined out the conditions for a system of two 
interacting species to self-organize into spatial patterns. As an example, he sug-
gested a combination of an autocatalytic reaction that generates a self-replicating 
“activator” species and an “inhibitor” species. The inhibitor is produced by the acti-
vator but suppresses it by a negative feedback by catalyzing its back-reaction into a 
non-activated state. Both species need to be subject to random motion on a molecu-
lar scale, i.e. diffusion, to result in spatial and temporal concentration fluctuations. 
These concentration fluctuations are amplified by nonlinear reaction schemes into 
large-scale patterns. Turing envisaged these reactions to provide the mechanical 
basis for embryogenesis, i.e. how an animal can develop starting from a single cell.

In spite of these simple formal requirements for pattern formation, and although 
Turing’s concepts were welcomed and further extended by theoretical biophysicists 
in the following decades (Gierer and Meinhardt 1972), it was challenging to identify 
a pattern-forming system that operates in the exact same way that Turing had pre-
dicted. One reason for this is that most of the patterns found in higher organisms 
root in cascades of genetic regulation processes, which are much more complex 
than the system assumed by Turing.

With the advent of fluorescent proteins and video fluorescence microscopy it 
became possible to study protein distributions inside of individual cells. Now com-
plex cellular processes could be evidenced and quantified directly in space and time, 
paving the way to use the concepts of self-organization originally developed to 
explain morphogenesis to describe the formation of intracellular order.

One fascinating example of the self-organization of proteins was found in the 
rod-shaped Escherichia coli cell: the proteins MinC, MinD and MinE repetitively 
oscillated between its two poles (Fig. 15.2b), presumably to position the polymer-
ization of FtsZ and the assembly of the cell division machinery. In this first part of 
this chapter, we will highlight the Min protein system and the fundamental insights 
gained so far from its in vitro reconstitution.

�Min Protein Oscillations in E. coli and Their Physiological 
Relevance

Cell division in E. coli is surprisingly precise, giving rise to two daughter cells of 
almost identical size (Yu and Margolin 1999). Investigations into the spatial regula-
tion of E. coli cell division follow an exemplary path of cell biological research (Fig. 
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15.1). The first mutants pointing out the importance of a spatial regulator of cell 
division were identified already in the 1960s (Adler et al. 1967). In contrast to wild-
type cells, these mutant cells divide asymmetrically, which results in one long 
daughter cell obtaining two copies of the duplicated chromosome and one much 
smaller “mini-cell”, containing only cytoplasm. While these early studies demon-
strated that the spatial organization of cell division must be genetically encoded, it 
took another 30 years until the cloning of the Min locus allowed studying the molec-
ular mechanism underlying this complex task (de Boer et al. 1988, 1989).

Early phenotypic analyses already suggested that MinD and MinC are located at 
the cell poles (de Boer et al. 1989), where they block FtsZ assembly and thereby 
confine cell division to mid-cell. However, initially it was assumed that the Min 
proteins have a static distribution in the cell: MinE was first described as a static ring 
close to the cell center and suggested to keep the mid-cell free of the cell division 
inhibitor MinCD (Raskin and de Boer 1997). In contrast, time-resolved studies 
demonstrated that none of the Min proteins is localized statically, but that MinD, 
MinC as well as MinE dynamically oscillate between the two ends of the rod-shaped 
cell (Fig. 15.2b) (Raskin and de Boer 1999; Hu and Lutkenhaus 1999; Hale et al. 
2001).

Bulk biochemical assays have helped to understand the requirements of Min 
oscillations. Already in 1991 it has been shown that MinD is an ATPase (de Boer 
et al. 1991), but how energy consumption and the spatial organization of cell divi-
sion are functionally connected was not yet clear. In 2005, it was found that MinD 
has a short, C-terminal nascent helix that interacts with phospholipid membranes 
(Szeto et al. 2005). Importantly, this so-called membrane targeting sequence (MTS) 
can only promote membrane binding if MinD is in its ATP-bound form. In turn, 
MinE activates ATPase hydrolysis by membrane-bound MinD, increasing its rate of 
ATP hydrolysis about tenfold (Lackner et  al. 2003) and triggering membrane 
detachment. MinC, the third Min protein, is not required for the oscillations. These 
data suggested that MinD and MinE give rise to ATP-driven, reversible binding to 
the membrane and that MinC binds to MinD as a passenger of the Min oscillations. 
While MinC does not directly contribute to the formation of the spatial Min protein 
patterns, it inhibits the formation of polar cell division sites by inhibiting filaments 
of the cell division protein FtsZ (de Boer et al. 1992a). Accordingly, by the turn of 
the millennium, the elementary biochemical interactions and intracellular behavior 
of MinC, MinD and MinE in E. coli were known. However, while these reactions 
explained the ATP-dependent, switch-like binding and detachment of MinD to the 
membrane, a detailed explanation for how reactions on a molecular level could lead 
to large-scale spatial patterns much larger than their components was still missing.

Theoretical models were able to bridge this knowledge gap and made specific 
predictions about the mechanisms involved. Most importantly, they were able to 
demonstrate conceptually that only two proteins, MinD and MinE, ATP as an energy 
source and the cell membrane could be sufficient to establish cellular protein oscil-
lations, provided that the system encodes for a sufficient degree of non-linearity in 
the reaction steps, such as cooperativity, or positive and negative feedbacks. The 
simplicity of the Min protein system excited many theoretical biophysicists and 
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triggered a wave of publications suggesting appropriate models to describe this phe-
nomenon (Meinhardt and de Boer 2001; Howard et al. 2001; Kruse 2002; Huang 
et al. 2003).

According to these models, the Min proteins create intracellular patterns in the 
absence of pre-established spatial cues. For example, nonlinear effects allow the 
system to collectively switch between different states, when a specific parameter 
assumes a critical value, leading to the breaking of symmetry. In this case, spontane-
ous local fluctuations, e.g., variations in the concentrations of the players involved, 
have the tendency to get amplified, and can lead to local accumulation of proteins. 
Diffusion of the molecules involved causes them to spread over time. Thus, spatio-
temporal patterns can result from the nonlinear properties of the reaction network. 
Due to the absence of molecular motors in bacterial cells, such reaction systems 
could represent an important general mechanism to create spatial cellular order in 
the bacterial world without directed transport.

Fig. 15.2  In vitro reconstitution of minimal biochemical systems is a powerful approach to under-
stand self-organized processes in the living cell. Fluorescent fusion proteins of FtsZ (GFP-FtsZ) 
(a) and MinD (GFP-MinD) (b) allow to image the intracellular dynamics of proteins in the living 
cell. (c) and (d): Using flat, supported lipid bilayer, which mimic the intracellular leaflet of the 
inner cell membrane and purified proteins, it is possible to reconstitute their emergent properties 
outside of the living cell. The micrograph in (c) shows the polymerization of membrane-bound 
FtsZ-YFP-MTS, (d) shows traveling waves of the two proteins MinD and MinE labeled with Cy5. 
(e) When both protein systems are combined on a flat supported membrane, anti-correlated waves 
of MinCDE and membrane-bound FtsZ-YFP are formed. (f, g) Geometric confinement can have a 
strong impact on the self-organization of protein systems. Using micrometer-sized chambers as 
membrane support, the Min systems shows a pole-pole oscillation as observed in vivo instead of 
traveling waves (f). When combined with FtsZ-YFP-MTS, FtsZ polymerization is restricted to the 
center of the reaction compartment (g). Without the Min system, FtsZ-YFP-polymers cover the 
entire membrane in the microchamber (h)
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�Reconstitution of Min Patterns in vitro

While many computational models were able to reproduce the oscillating behavior 
of the Min proteins, they differed in many aspects, particularly with regard to the 
actual reaction schemes. Quantitative experimental data to support or falsify the 
different models was clearly required. However, rigorously testing the models in 
live E. coli cells has been challenging, due to the complexities of the in vivo 
system.

The reconstitution of the Min protein system in a cell-free environment repre-
sented an important step forward for the quantitative understanding of oscillatory 
behavior (Loose et al. 2008). Two proteins, MinD and MinE, and ATP in a buffer 
solution on top of a supported membrane comprising E. coli lipids were sufficient 
to form dynamic protein patterns in vitro. After an initial phase of local binding-
unbinding dynamics in circular “hot spots”, planar protein wave fronts formed, and 
waves of high and low concentrations of MinD and MinE propagated over the mem-
brane surface at a constant speed, length scale and direction (Fig. 15.2d). Importantly, 
the reconstituted Min protein patterns are established by protein self-organization, 
which means that energy in the form of ATP is constantly dissipated. This first 
reconstitution of self-organizing Min protein patterns not only confirmed that pro-
teins can create large-scale order using a reaction diffusion mechanism, but also 
paved the way to studying the behavior of the Min proteins in much greater detail 
than in the living cell, and under fully controlled experimental conditions.

In spite of their largely reduced molecular complexity, the Min protein waves in 
vitro share a number of properties characteristic for the in vivo oscillations. First, 
just as in the cell, the Min protein waves represent a biochemical oscillation where 
proteins repetitively bind and detach from the membrane surface. Second, the in 
vitro patterns show a protein distribution similar to that of in vivo patterns, with the 
maximal of MinE concentration located behind the maximum of MinD.  Third, 
MinC is the passenger of the pattern formed by MinD and MinE (Loose et  al. 
2011a).

However, while these initial experiments reproduced the self-organized forma-
tion of protein pattern as a key aspect of the in vivo oscillation, they also showed 
important differences and several key processes still remain obscure to date. First, 
while on a flat membrane the protein waves consistently travel in one direction, the 
proteins in the cell change direction to oscillate between the two cell poles. How 
spatial confinement can influence the spatial patterns formed by the Min proteins is 
explained below. In addition, the wavelength in the cell-free system was about an 
order of magnitude larger than the characteristic cell length of E. coli, and thus, of 
the wavelength in vivo (50 μm instead of ca. 5 μm). While one possible explanation 
for the larger dimensions in vitro could be the lack of an unidentified component 
that limits the mobility of the proteins in vivo was missing in the in vitro system, 
other reasons are also conceivable. Note that the lipid concentration in cellular 
membranes is only about 20%, while the rest are embedded proteins and that this 
difference might result in a different length scale in vivo. Moreover, the cell poles 
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could be enriched in the highly negatively charged lipid cardiolipin (Renner and 
Weibel 2011), which can have an additional effect on membrane binding and diffu-
sion of the membrane-bound proteins. While it was found that molecular crowding 
in the reaction buffer has only very limited effect on the size scale of the protein 
pattern, increasing the salt concentration enlarges the width of the traveling protein 
band up to sixfold (Vecchiarelli et al. 2014). In addition, increasing the ratio of the 
negatively charged lipid phosphatidylglycerol leads to up to eight times narrower 
proteins bands (Zieske and Schwille 2014).

�Origin of Non-linearity and the Relevance of the Membrane

In order to create large-scale order, the reaction kinetics of a protein system needs 
to contain sufficient non-linearity (Novák and Tyson 2008). What are the regulatory 
mechanisms of the Min system, giving rise to its biochemical oscillation?

MinD has a C-terminal 10 amino acid long amphipathic helix (membrane target-
ing sequence, MTS), which confers its membrane affinity. However, a single MTS 
is insufficient to promote membrane binding of proteins, as GFP-MTS alone is 
found soluble when expressed in vivo (Szeto 2003). Instead, MinD dimerization is 
thought to provide the switch initiating membrane binding. Importantly, this dimer-
ization can not only explain the cooperativity during membrane binding found in in 
vitro experiments (Mileykovskaya et al. 2003), but might contribute to the nonlin-
earity required for pattern formation. The concentration of membrane-bound MinD-
ATP initially increases exponentially with time within a traveling wave (Loose et al. 
2011a), suggesting an additional self-enforcing mechanism during membrane bind-
ing. The exact molecular origin of this behavior has yet to be elucidated, but confor-
mational rearrangements of the membrane-bound protein might favor higher order 
MinD multimerization. Recent data indicate that MinC could play a role during the 
formation of large-scale structures (Ghosal et al. 2014), but this mechanism is still 
under debate (Park et al. 2015). Alternatively, the alteration of the membrane head-
group area and lipid packing by insertion of an amphipathic helix may also lead to 
a higher affinity of further MinD helices towards the membrane (Hatzakis et  al. 
2009).

Detachment of MinD from the membrane is triggered by MinE, which catalyzes 
the inherently slow ATP hydrolysis of the membrane-bound MinD dimer. 
Detachment of both proteins is much faster than membrane binding, with MinE 
showing an almost instantaneous drop of protein density. Interestingly, stimulation 
of ATP hydrolysis by MinE was found to be cooperative, with a high Hill coefficient 
of 2–4 (Ghasriani et al. 2010). What could be the reason for this cooperative behav-
ior? MinD forms a symmetric dimer with two binding sites for MinE, however it 
was found that MinE binding to one side of MinD is sufficient to stimulate ATP 
hydrolysis and membrane detachment (Park et  al. 2012). In addition, structural 
analyses revealed that MinE performs a dramatic molecular rearrangement during 
the interaction and activation of MinD (Park et al. 2011): While MinE exists in a 
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closed, autoinhibited conformation when soluble in the cytoplasm, it releases a 
sequestered anti-MinCD domain upon interaction with MinD.  In the membrane-
bound MinD-MinE complex, a N-terminal helix of MinE is released and oriented 
toward the membrane, positioning a cryptic membrane targeting sequence (MTS) in 
proximity to the membrane surface. This nascent MinE-MTS would allow for a 
transient membrane interaction, even after MinD has detached from the membrane 
and before MinE has found a new binding partner. Indeed, single-molecule fluores-
cence studies on Min protein waves confirmed that MinE remains about 40% longer 
in the traveling wave than MinD (Loose et al. 2011a).

The transient membrane binding of MinE has important consequences for the 
dynamic, spatial behavior of the Min system. Because MinE is able to transiently 
interact with the membrane after activation and detachment of MinD, the density of 
membrane-bound MinE increases while MinD is leaving the membrane. This gives 
rise to a higher [MinE∕MinD] ratio, which further accelerates MinD detachment. 
As a result, this leads to a positive reinforcement that ensures the release of all pro-
teins from the membrane after one oscillation cycle. Together these two studies 
illustrate how structural approaches and in vitro reconstitution of protein dynamics 
provide valuable information about the molecular choreography underlying the 
emergent behavior of the Min system.

In summary, several aspects of the activation of MinD by MinE could provide 
non-linearity to the biochemical network required for its oscillatory behavior (Loose 
et  al. 2011b): the autoinhibited conformation of MinE in solution, asymmetric 
MinD ATPase stimulation, and persistent MinD activation due to transient mem-
brane interaction. For these reactions, the role of the membrane in the emergence of 
MinDE self-organization and pattern formation cannot be overestimated. The 
reversible attachment of MinD and MinE to the membrane, operated and “powered” 
though nucleotide hydrolysis, is a constitutive step in breaking the diffusion-range 
symmetry between activator and inhibitor, and thus plays a vital role in the initiation 
of concentration gradients. Indeed, many polarity-inducing and gradient-forming 
systems rely on such a reversible membrane switch in at least one of their key bio-
logical elements (Altschuler et al. 2008; Hoege and Hyman 2013).

�The Role of Compartment Geometry in Min Pattern Formation

A significant advantage of in vitro experiments is the possibility to systematically 
change not only the biochemical conditions, but also the geometric boundaries of 
the biomimetic system. Of particular importance is the role of the membrane as a 
two-dimensional platform for protein-protein interactions. To elucidate how the 
generated Min patterns react to the geometry of the environment, cell-free Min pro-
tein assays were developed to change the spatial dimensions and shape of lipid 
membranes.

In 2012, Schweizer et al. showed that the two-dimensional geometry of simple 
membrane patches of defined shape can orient and “guide” MinDE waves, if this 
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membrane patch has similar dimensions as the wavelength in vitro (Schweizer et al. 
2012). Using photolithographically patterned substrates it was found that the pro-
tein waves faithfully propagated along the long axes of a membrane patch, even if 
they had to turn by 90 degrees or were following a serpentine track, and oriented 
themselves along the diagonal of small rectangles with an aspect ratio of two to 
three. On squares or structures where all dimensions exceeded the wavelength sev-
eral times, no preferential propagation direction could be observed.

Min protein waves can also respond to gaps between membrane patches, i.e. 
narrow lateral interruptions of the membrane substrate, depending on protein mobil-
ity and gap size. In crowded solutions with lower diffusional mobility, the gaps that 
could be bridged by propagating waves were significantly smaller than in regular 
buffer solution. Overall, it was shown that the two-dimensional shape of the mem-
brane template could establish a distinct orientation of the resulting protein 
patterns.

In addition to the two-dimensional shape of the membrane patch, the three-
dimensional topology of the membrane could also act as a cue to orient wave propa-
gation directions (Zieske et al. 2014). On microfabricated membrane supports with 
micron-scale grooves that were either arranged as concentric rings or as alternating 
zones of parallel and perpendicular lines, Min protein wave propagation was always 
established perpendicularly to the grooves.

Finally, to determine how volume confinement reflecting the three-dimensional 
shape of a bacterium might influence pattern formation of the Min protein system, 
an assay was developed to reconstitute proteins in micro-compartments of well-
defined geometry (Zieske and Schwille 2013). Cell-shaped micro-compartments 
were produced using micro-fabrication technology, clad with lipid membranes and 
filled with buffer and proteins. Air above the compartments ensured the confinement 
of the system to the microchamber. In contrast to the traveling protein waves on flat 
supported lipid membranes, the Min proteins in these compartments now oscillated 
between the two poles of the rod-shaped cell resembling their behavior in the living 
cell (Fig. 15.2f). In addition, the well-defined, custom-made geometry of the reac-
tion compartments allowed to systematically investigate the influence of spatial 
boundaries. For example, the behavior of Min proteins found in round and filamen-
tous cell-shape mutants, rotating patterns or oscillation with multiple maxima, 
could be reproduced in the cell-free system. This assay was also applied to test how 
cell geometry might help to distribute the Min proteins to both daughter cells during 
cell division. By reconstituting Min protein patterns in compartments mimicking 
distinct degrees of septum closure, it was found that the changing geometry of a 
dividing cell influences the dynamic patterns of Min proteins, ensuring the equal 
distribution of Min protein to both daughter cells similar to the observations made 
in vivo (Zieske and Schwille 2014; Di Ventura and Sourjik 2011).

All these experiments provided the experimental evidence that no additional fac-
tors located at the cell poles are required for the Min proteins to oscillate, but that it 
is the interplay between the biochemical reactions and their three-dimensional con-
finement that leads to the characteristic protein pattern of the Min proteins.

15  Reconstitution of Protein Dynamics Involved in Bacterial Cell Division



430

In summary, the in vitro reconstitution of Min protein dynamics not only demon-
strated that proteins do form large-scale patterns by use of a reaction-diffusion 
mechanism, it also allowed systematic perturbations of the system, biochemically 
and geometrically, which is very difficult to achieve in a living cell.

�Part B: Rotating Rings: How FtsZ Filaments Assemble 
into a Large-Scale Machine

�The Discovery of the Bacterial Cytoskeleton

During cell division, the cell diameter at mid-cell continuously decreases until the 
division septum is fully closed, giving rise to two daughter cells. This is a difficult 
task, which is performed by a complex, yet highly dynamic protein machinery that 
controls the concerted invagination of a layered cell envelope while simultaneously 
remodeling the surrounding peptidoglycan layer.

Although many individual players involved in this process have been identified, 
how they act together to accomplish the mechanical transformation from one into 
two cellular compartments is still not understood. In particular, the actual forces 
governing the constriction of the division zone and their molecular origins remain 
obscure. In this part, we will give a brief historical sketch of how the protein machin-
ery required for cell division has been discovered, and some new insights gained on 
functional reconstitution that govern our present understanding. We describe emer-
gent phenomena that can still be observed after dramatically simplifying the molec-
ular system, and hope to convince the reader that the in vitro reconstitution of a 
simplified cytokinetic machinery is a highly valuable complementary approach to 
the essential live cell studies.

�The Bacterial Divisome

The genes responsible for bacterial cell division were primarily discovered through 
identification of a group of thermosensitive mutants, which failed to divide and 
instead produced very long, filamentous cells at elevated temperatures (filamentous 
thermosensitive, fts) (Fig. 15.1). Using this approach, several mutants that were 
unable to divide could be identified (Van de Putte et al. 1964; Hirota et al. 1968), 
providing a preliminary list of genes involved in cell division. In 1972, Wijsman 
(1972) mapped several of the originally identified mutants to the ftsA locus. 
However, the exact identity of the genes affected was not yet clear, in fact it was not 
yet known whether these mutations affected one or multiple genes.

The gene product of ftsA was identified in 1979, and a newly designated gene 
encoding for ftsZ was identified 1  year later (Lutkenhaus and Donachie 1979; 
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Lutkenhaus et al. 1980). Although it became clear that both proteins have to act very 
early during cell division, a close characterization of the elongated cells revealed 
that these filamentous mutants were not identical. Mutations in ftsZ usually give a 
smooth morphology with no signs of constriction along the cells, whereas muta-
tions in ftsA result in cells with an indented morphology indicative of attempts to 
form septa (Begg and Donachie 1985; Taschner et al. 1988). While these studies 
provided strong evidence that the gene products of both ftsA and ftsZ play crucial 
but distinct roles for septum formation and cell division, they could not yet provide 
information about the intracellular localization of the corresponding proteins nor 
the biochemical basis explaining how they are able to fulfill their cellular roles.

The functional characterization of the divisome proteins followed a common 
workflow. First, immunolabeling of chemically fixed cells, combined with bright-
field fluorescence and conventional electron microscopy was used to visualize the 
location of FtsZ in a dividing cell (Bi and Lutkenhaus 1991). With this approach it 
was found that FtsZ is distributed in a ring-like structure at the site of cell invagina-
tion and that it remained localized at the leading edge of the division septum during 
constriction. According to this early concept of FtsZ function, the first step of cell 
division was the self-assembly of FtsZ into a ring-like structure on the inner side of 
the cytoplasmic membrane. The formation of this so-called Z-ring was suggested to 
be the key event from which temporal and spatial control of cell division by FtsZ 
was exerted. This seminal study not only provided data for a functional role of FtsZ, 
but also questioned the up to then common belief that in contrast to eukaryotic cells, 
bacteria do not exhibit a cytoskeleton. However, the relation of FtsZ to the cytoskel-
eton of eukaryotes, as well as the biochemical basis of its cellular function, was still 
unknown.

The possibility that FtsZ could be related to eukaryotic tubulin was originally 
raised upon recognition of a glycine-rich motif GGGTGTG in its sequence, which 
resembles the tubulin signature motif (GGGTGS/TG). Three independent studies 
discovered that FtsZ, just like tubulin, hydrolyses GTP (RayChaudhuri and Park 
1992; de Boer et al. 1992b; Mukherjee and Lutkenhaus 1998) and accumulating 
data supported the idea that FtsZ is able to form cytoskeletal filaments. FtsZ was 
found to polymerize in the presence of GTP into a variety of different structures 
(Bramhill and Thompson 1994; Mukherjee and Lutkenhaus 1994). Apart from 
short, single-stranded filaments, which could either be straight or curved, depending 
on the nucleotide bound (Erickson et al. 1996), FtsZ was also found to form tubules, 
sheets and minirings in vitro (Mukherjee and Lutkenhaus 1994; Erickson et  al. 
1996; González et al. 2003). Although the crystal structure of FtsZ confirmed its 
relation to tubulin (Löwe and Amos 1998), what kind of filament structures are 
physiologically relevant for cell division was still unclear.

In the case of FtsA, a bioinformatic approach using available sequence informa-
tion helped to identify it as a member of an ATPase family that shows structural 
similarities to actin (Bork et  al. 1992). This hypothesis was confirmed in 2001, 
when the crystal structure of FtsA was solved (van den Ent et al. 2001).

Using GFP-fusion proteins, the dynamics of these two cytoskeletal proteins were 
imaged in E. coli cells, and FtsZ as well as FtsA were both found to rapidly assem-
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ble into a ring-like structure at midcell (Fig. 15.2a), very early during the cell cycle 
(Addinall et al. 1996). In E. coli and closely related species, the formation of the 
Z-ring depends on the presence of either FtsA or ZipA. Both proteins bind to a short 
conserved sequence at the extreme C-terminus of FtsZ, which allows them to recruit 
FtsZ to the inner side of the cytoplasmic membrane. While ZipA has a transmem-
brane domain (Hale and de Boer 1997), FtsA binds to membrane with the help of a 
C-terminal amphipathic helix (Pichoff and Lutkenhaus 2005) similar to MinD. The 
localization of ZipA and FtsA to the division septum depends on the activity of 
FtsZ. In the absence of either one of these two proteins, Z-rings could still form but 
these rings are not functional and cell division cannot proceed.

As a relative of actin, it has been a longstanding question whether FtsA was able 
to polymerize as well (Löwe et al. 2004) and a large number of studies had set out 
to confirm this hypothesis. First, FtsA was found to self-associate based on two-
hybrid experiments (Yan et  al. 2000) and the overexpression of GFP-tagged 
C-terminal truncations leads to filamentous structures in cells, as seen by fluores-
cence microscopy (Pichoff and Lutkenhaus 2007). The important role of FtsA-FtsA 
interaction during the assembly of the cell division machinery became clear when 
self-interaction mutants of FtsA were discovered that were able to bypass proteins 
normally required for cytokinesis (Beuria et al. 2009; Pichoff et al. 2011). These 
findings gave rise to a model where FtsA monomers are able to recruit proteins 
downstream of its assembly at midcell (Liu et al. 2014; Tsang and Bernhardt 2015), 
in contrast to its oligomers. Eventually, FtsA from Streptococcus pneumoniae has 
been demonstrated to form helical filaments in the presence of ATP in vitro 
(Szwedziak et al. 2012; Lara et al. 2005). However, a detailed quantitative charac-
terization of FtsA polymerization as well as a direct demonstration of how it regu-
lates the protein-protein interaction network underlying cytokinesis is still 
missing.

�Recent Approaches to Understand the Mechanism of Z-Ring 
Assembly and Function in vivo

Conventional electron or fluorescence microscopy did not permit direct visualiza-
tion of individual FtsZ protofilaments in the crowded and biochemically complex 
environment of the living cell. Accordingly, little was known about the organization 
of individual FtsZ filaments and how they coordinate cell division in space and time. 
In fact, it also remained unclear whether the cytoskeletal element provided by FtsZ 
generates the contractile force itself or whether it mainly acts as a dynamic scaffold 
that recruits and coordinates the assembly of other proteins, or both.

In recent years, two complementary approaches have been followed to further 
elucidate the role of FtsA and FtsZ: First, the improvements in electron 
cryotomography and super-resolution fluorescence microscopy made it possible to 
visualize individual FtsZ filaments in dividing bacterial cells. Second, as genetic 
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screens identified ever more genes and gene-gene interactions (Typas et al. 2012; 
Brochado and Typas 2013), we now have a probably complete list of the proteins 
required for cell division. Importantly, this comprehensive information represents 
the first step for the reconstitution of these complex biochemical processes in vitro, 
using a minimal set of necessary molecular components.

The first direct visualization of individual FtsZ filaments in living cells was 
achieved by Li et al. in 2007. Using cryotomography, the authors discovered short, 
arc-like filaments at the constriction sites of dividing C. crescentus cells, just under-
neath the inner cell membrane. Based on the observation that FtsZ filaments are 
straight in the GTP-bound state and more curved in the GDP-bound state (Erickson 
et al. 2010), an ‘iterative pinching’ mechanism was proposed to explain the con-
striction of the Z-ring. According to this model, FtsZ itself generates the force that 
constricts the membrane in a GTP-hydrolysis-driven cycle of polymerization, mem-
brane attachment, conformational change, depolymerization, and nucleotide 
exchange.

Although electron cryotomography provides superior resolution, it lacks label-
ing technology, limiting the potential of imaging protein assemblies in vivo. When 
novel super-resolution fluorescence microscopy techniques were developed, a more 
specific visualization of fluorescently labeled proteins in living cells along with 
greater spatial resolution than conventional fluorescence microscopy was achieved. 
For example, Fu et  al. visualized filament structures at midcell in E. coli. Their 
results suggested that the Z-ring is composed of a loose bundle of FtsZ protofila-
ments of variable lengths that randomly overlap with each other (Fu et al. 2010). 
This is in contrast to the short FtsZ arcs seen at the division sites of Caulobacter 
crescentus cells imaged with electron tomography (Li et al. 2007). Following this 
initial study, high-resolution images of FtsZ in four different organisms were 
obtained, all depicting the Z-ring as a heterogeneous assembly of short protofila-
ments (Fu et al. 2010; Strauss et al. 2012; Biteen 2012). In all these studies, the 
Z-ring appears to be a multi-layered structure composed of short (50–500 nm) fila-
ments, rather than a continuous, helical ring. Some studies also identified a substan-
tial portion of FtsZ filaments aligned along the cell axis, supporting neither the 
sliding nor the iterative-pinching model. Furthermore, it became possible to visual-
ize the spatial distribution of FtsZ-associated proteins, such as those supposed to be 
involved in filament bundling. This shed light not only on the orientation of FtsZ 
filaments, but also on the molecular architecture of the Z-ring associated proteins 
(Buss et al. 2013).
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�In vitro Reconstitution Experiments Help to Elucidate Z-Ring 
Architecture and FtsZ Filament Dynamics

Despite the progress of fluorescence imaging and electron microscopy, there is still 
no agreement on the mechanism of Z-ring assembly and constriction, showing that 
in vivo data alone cannot provide all the information required to provide mechanis-
tic understanding of bacterial cell division. One reason for this lack of knowledge 
could be that electron microscopy and super-resolution fluorescence microscopy 
data rely on static pictures that only indirectly provide information about the fast 
dynamics of most intracellular processes.

The first direct evidence for a potential force-generating role of FtsZ filaments 
came from in vitro reconstitution experiments using a modified, autonomously 
membrane-binding version of FtsZ (Osawa et  al. 2008). In this engineered con-
struct, called FtsZ-YFP-MTS, FtsZ’s C-terminal FtsA-and ZipA-binding peptide 
was replaced with YFP and a membrane targeting sequence from MinD (MTS). 
Therefore, it did no longer depend on the native membrane anchors to bind to the 
membrane. Importantly, as for MinD, the affinity of a single MTS to the membrane 
was too low for attaching single FtsZ monomers to the membrane, only in the poly-
meric state could a quantitative membrane binding be observed.

When FtsZ-YFP-MTS was seemingly encapsulated into multilamellar lipid ves-
icles, it was able to polymerize into a ring-like structure encircling the vesicle and 
forming visible constrictions (Osawa et al. 2008), indicating that membrane-bound 
FtsZ filaments might be sufficient to generate force. Supporting this conclusion, 
FtsZ-YFP-MTS on the outside of liposomes were found to induce concave depres-
sions and membrane tubules (Milam et al. 2012). However, an alternative explana-
tion for the observation of vesicle constriction could also be that the local 
accumulation of a protein with an amphipathic helix can deform the phospholipid 
membrane (Stachowiak et  al. 2012). Harold Erickson’s lab corroborated their 
hypothesis of FtsZ filament curvature as driver of membrane deformation by switch-
ing the MTS to the N-terminus of FtsZ, which is on the opposite face of the mole-
cule from the C-terminus: MTS-FtsZ-YFP induces convex bulges on the surface of 
spherical liposomes. These observations may be explained by FtsZ filaments or fila-
ment bundles having an preferred diameter, which either gives rise to membrane 
curvature sensing or deformation. This notion was further supported by Arumugam 
et  al. (Arumugam et  al. 2012), who found that proto-ring like filament bundles 
aligned perpendicularly on membrane-coated micrometer-sized troughs or rods (for 
FtsZ-YFP-MTS or MTS-FtsZ-YFP, respectively) if the surface curvature was close 
to the curvature of non-constricted cells. At smaller curvatures, the FtsZ proto-rings 
were no longer perpendicularly aligned, but rather tilted themselves to conserve 
their larger intrinsic curvatures. From analyzing the preferred angles at which the 
filaments tilted with respect to the long axis of the trough or rod, they could be best 
modeled assuming that FtsZ assembles into intrinsically helically twisted but flexi-
ble filaments.
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Osawa et al.’s initial model for the force generation of FtsZ favors a mechanism 
where the force is generated by a concerted conformational change of bundled FtsZ 
filaments driven by GTP hydrolysis (Erickson et al. 1996; Li et al. 2007; Lu et al. 
2000) and a recent structural study supported this idea (Li et al. 2013). However, 
this mechanism would only allow constriction down to a 24-nm inside diameter, too 
large to allow for complete fission of the E. coli cell (Erickson et  al. 2010). 
Furthermore, Lan et al. pointed out that FtsZ filaments are too soft to generate suf-
ficient force for membrane deformation (Lan et al. 2009) and it has been shown that 
GTP hydrolysis is not the rate limiting step for cell division (Coltharp et al. 2016).

More recently, Szwedziak et  al. were able to reconstitute the co-assembly of 
FtsA and FtsZ from Thermotoga maritima inside of phospholipid vesicles made of 
E. coli lipids and similar to what they have observed in living E. coli and C. crescen-
tus cells, the authors found a continuous helix, often made from several overlapping 
shorter filaments at the site of constriction, supporting the idea of FtsZ and FtsA 
being sufficient to generate mechanical force (Szwedziak et al. 2014). Instead of an 
“iterative pinching” model, however, the authors prefer a filament sliding mecha-
nism to explain the constriction, where a continuous helix or connected filaments 
could slide along each other, thereby continuously decreasing the diameter of the 
Z-ring. In this case, the thermodynamic driving force for the constriction would be 
the increase in lateral contact area, which would strive to reach an energetic mini-
mum until a critical density of FtsZ filaments is reached and the ring would not 
constrict further (Lan et al. 2009; Hörger et al. 2008). Alternatively, a model was 
suggested where force is generated in a cycle of gap formation and ring closure 
(Osawa and Erickson 2011), but a direct confirmation of this hypothesis is still 
missing.

�The Intriguing Self-Organization of Reconstituted FtsZ 
with FtsA

The experiments described above were able to demonstrate that membrane-bound 
FtsZ filaments can generally deform a phospholipid membrane. However, this radi-
cally simplified assay may not mimic all the essential properties of the initial steps 
of cell division. For example, the role of the membrane anchors during cell constric-
tion remained unclear and an autonomously binding version of FtsZ might neglect 
their important influence. In fact, most previous models for Z-ring formation mainly 
assumed that both FtsA and ZipA are merely passive membrane anchors for FtsZ 
(Erickson et al. 2010; Kirkpatrick and Viollier 2011; Lutkenhaus et al. 2012), e.g. 
that they do not influence the polymerization dynamics of FtsZ. In contrast, earlier 
studies had already pointed out that FtsA might not be just a simple membrane 
anchor for FtsZ, but that it could actively take part in the formation of the Z-ring and 
function of the cell division machinery. For example, in 1992 Dewar et al. found 
that overexpression of FtsA blocks cell division at a very early stage, resulting in a 

15  Reconstitution of Protein Dynamics Involved in Bacterial Cell Division



436

mutant that was similar to an FtsZ mutant (Dewar et al. 1992). Two papers by the 
Margolin group corroborated this finding by showing that a hypermorphic mutant 
FtsA* (Beuria et al. 2009; Geissler et al. 2007) leads to more stable FtsZ rings and 
faster ring assembly. Using yeast two hybrid assays, it was possible to show that this 
mutant binds stronger to FtsZ. In fact, more recent data by Osawa et al. (Osawa and 
Erickson 2013) suggest that FtsA can support FtsZ-driven constriction of vesicles 
and even help to complete membrane fission.

To study the mechanism underlying Z-ring assembly and to find out how the 
membrane anchors might influence the organization of FtsZ filaments, Loose and 
Mitchison developed an assay to reconstitute FtsZ polymerization mediated by 
native FtsA or ZipA on supported lipid bilayers in vitro. With FtsA, FtsZ assembled 
into highly dynamic cytoskeletal patterns resembling fast moving streams and rap-
idly rotating rings of FtsZ filament bundles (Fig. 15.3a). Interestingly, the dimen-
sions of the rings formed in this experimental system were similar to the dimensions 
of the Z-ring found in vivo (Loose and Mitchison 2014). Further experiments indi-
cated that the large-scale dynamics of FtsZ bundles likely originates from treadmill-
ing FtsZ filaments, where one end of a filament grows while the opposite end shrinks 
(Fig. 15.3b). In contrast, the presence of ZipA in the membrane gave rise to thick 
bundles of FtsZ that did not show any large-scale reorganization (Fig. 15.3c).

What can explain these differences in the emergent behavior of FtsZ? In agree-
ment with previous observations that FtsA can break FtsZ filaments (Beuria et al. 
2009), the dynamics of the membrane-bound FtsZ filament network might arise 
from a dual role of FtsA: On the one hand, it is required to recruit FtsZ filaments to 
the membrane, on the other it can destabilize these polymers, providing a negative 
feedback regulation that can explain the rapid reorganization observed. Unlike 
FtsA, ZipA stabilizes FtsZ filaments (Hale et al. 2000) and therefore promotes the 
formation of thick filament bundles on the membrane. Interestingly, FtsZ-YFP-
MTS, which binds autonomously to the membrane, formed a network of filament 
bundles on the membrane (Fig. 15.2c), which did not show large-scale reorganiza-
tion or dynamic vortices.

Fig. 15.3  The two different membrane anchors of FtsZ give rise to different emergent behavior 
in vitro. With FtsA, FtsZ organizes in rapidly reorganizing cytoskeletal structures at high protein 
concentrations (a). At lower concentrations FtsZ forms treadmilling filaments (b). With ZipA, FtsZ 
assembles to thick, stationary bundles (c)
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Together, these data showed that in contrast to previous assumptions, the mem-
brane anchor does influence the properties of FtsZ filaments. Since FtsA and ZipA 
give rise to very different behavior of FtsZ filaments, this study also illustrates that 
the emergent behavior of a protein system critically depends on the properties of its 
individual components and that in vivo their activities need to precisely balanced 
(Loose and Mitchison 2014). This data also favor the idea that a rapidly reorganiz-
ing Z-ring would predominantly play a signaling role to guide peptidoglycan syn-
thesis. In this case, the FtsZ would act as a spatial scaffold coordinating the activity 
of other divisome proteins, while the dynamics of the ring allows it to follow the 
inward growth of the division septum.

To summarize, although we made great progress in understanding bacterial cell 
division in the last two decades, some of the most fundamental questions still 
remain: what triggers and what drives FtsZ ring constriction? Surprisingly, the best 
answer today is very much the same as 20 years ago: “The function of the FtsZ ring 
could be twofold. It could function as a cytoskeletal element that provides the 
energy for constriction of the cytoplasmic membrane, act as a mooring to recruit 
other division proteins to the division site, or both.” (Lutkenhaus and Addinall 1997; 
Meier and Goley 2014).

�Part C: Min Oscillations Regulate FtsZ Ring Localization 
in vitro

After the Min protein oscillations were discovered as a mechanism to regulate cell 
division, the question arose how exactly the Min system limits FtsZ polymerization 
to the center of the cell. In a test tube, FtsZ assembles into filament networks, which 
can be visualized by electron microscopy (Mukherjee and Lutkenhaus 1994). 
Addition of MinC rapidly disassembles these filaments, showing that MinC is the 
component of the Min system that directly inhibits FtsZ polymerization (Hu and 
Lutkenhaus 1999; Dajkovic et al. 2008). However, the concentration ratio used in 
these experiments was tenfold higher than in the E. coli cell (de Boer et al. 1991; 
Szeto et al. 2001). Thus, while these experiments provided evidence for the role of 
MinC, it revealed discrepancies to the in vivo situation. One possible explanation 
raised was that although the mean cellular concentration of MinC is lower than the 
critical concentration for FtsZ disassembly, MinC is enriched at the cell periphery 
due to its interaction with MinD, which could provide for sufficiently high subcel-
lular MinC concentrations at the cell poles (Hu and Lutkenhaus 1999; Hu et  al. 
1999). To experimentally test how membrane recruitment might affect FtsZ fila-
ments, the autonomously membrane binding protein FtsZ-YFP-MTS was combined 
with Min protein patterns on a flat, supported lipid membrane. In these experiments, 
Min protein waves and a polymer network of FtsZ-YFP-MTS formed an anti-corre-
lated protein pattern on the membrane, where FtsZ could polymerize in the valleys 
between the travelling Min proteins bands (Arumugam et  al. 2014) (Fig. 15.2e). 
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From this co-reconstitution study, it could be shown that MinC acts on the FtsZ-
YFP-MTS filaments primarily by interfering with the detachment and re-attachment 
of FtsZ monomers from and to the surface-assembled filament bundles. Similar 
results were obtained when ZipA and native FtsZ was used (Martos et al. 2015). 
Importantly, in both studies, much lower concentrations of MinC than in the bulk 
assay were required for this localized FtsZ inhibition, verifying that enrichment of 
MinC close to the membrane indeed accounts for FtsZ disassembly by low cellular 
MinC concentrations (Raskin and de Boer 1999; Hale et al. 2001).

While the co-reconstitution of Min protein waves and filament networks of FtsZ-
YFP-MTS on flat supported membranes revealed the minimal biochemical condi-
tions accounting for FtsZ network disassembly, it did not yet reproduce the spatial 
constraints found in vivo. In the E. coli cell, the Min oscillations act on a faster 
time-scale than the assembly of the Z-ring. Accordingly, the Min proteins can 
restrict FtsZ assembly to midcell because their time-averaged concentration profile 
represents a protein gradient with the highest concentration of MinC located at the 
cell poles (Loose et al. 2011b). To test if protein oscillations in vitro can direct the 
polymerization of FtsZ filaments, Min oscillations and FtsZ-YPF-MTS were co-
reconstituted in membrane-covered microcompartments (Zieske and Schwille 
2014). Indeed, in this experimental system consisting only of the Min proteins 
(MinD, MinE, MinC), a membrane-binding version of FtsZ and membrane-coated 
reaction compartments, it was found that the Min protein oscillations alone can 
achieve spatial regulation and targeting of FtsZ assembly, where FtsZ-YFP-MTS 
filaments were only found in the center of the rod-shaped microstructure (Fig. 
15.2h). Intriguingly, the reconstitution of the regulated localization of FtsZ in a cell-
free environment does not only allow to verify the minimal biochemical compo-
nents and required physical boundary conditions for division site placement, but in 
our opinion also provides a starting point to reconstitute the complete cell division 
machinery from purified components (Zieske and Schwille 2014).

�Summary and Outlook

It has become increasingly clear that complex and diverse mechanisms organize the 
bacterial cell, but we are only beginning to identify the underlying biochemical 
networks that achieve this task. In this book chapter, we have illustrated the power 
of in vitro reconstitution experiments, which may not only help to identify the mini-
mal requirements for cellular processes, but also to elucidate the molecular mecha-
nism of intracellular organization.

Although E. coli and other bacteria display relatively simple intracellular archi-
tecture, they rely on complex biochemical networks to grow and divide in various 
environmental conditions, nutrient sources and temperatures. Since this complexity 
is the result of many millions of years of evolution, bottom-up approaches can shed 
light on the minimal motifs and modules able to fulfill a cellular function and this 
minimal machine might closely resemble the cellular machines present in distant 
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ancestors of E. coli. It may be too complex and tedious to eventually re-assemble 
the full E. coli divisome using purified components, but it is certainly conceivable 
to eventually arrive at a basic set of functional elements that allow for a controlled 
division of primitive vesicles, and thus come closer to a understanding of how cells 
emerged as the amazing reproduction machines that we know today.
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