J. Microbiol. Biotechnol. (2015), 25(3), 307-316
http://dx.doi.org/10.4014/jmb.1409.09047

jmb

The Role of Cytoskeletal Elements in Shaping Bacterial Cells

Hongbaek Cho*

Department of Microbiology and Immunobiology, Harvard Medical School, Boston, MA 02115, USA

Received: September 16, 2014
Revised: September 26, 2014
Accepted: September 26, 2014

First published online
September 29, 2014

*Corresponding author

Phone: +1-617-432-6970;
Fax: +1-617-432-6970;
E-mail: hongbaek_cho@hms.
harvard.edu

PISSN 1017-7825, eISSN 1738-8872

Copyright© 2015 by
The Korean Society for Microbiology

Beginning from the recognition of FtsZ as a bacterial tubulin homolog in the early 1990s, many
bacterial cytoskeletal elements have been identified, including homologs to the major
eukaryotic cytoskeletal elements (tubulin, actin, and intermediate filament) and the elements
unique in prokaryotes (ParA/MinD family and bactofilins). The discovery and functional
characterization of the bacterial cytoskeleton have revolutionized our understanding of
bacterial cells, revealing their elaborate and dynamic subcellular organization. As in
eukaryotic systems, the bacterial cytoskeleton participates in cell division, cell morphogenesis,
DNA segregation, and other important cellular processes. However, in accordance with the
vast difference between bacterial and eukaryotic cells, many bacterial cytoskeletal proteins
play distinct roles from their eukaryotic counterparts; for example, control of cell wall
synthesis for cell division and morphogenesis. This review is aimed at providing an overview
of the bacterial cytoskeleton, and discussing the roles and assembly dynamics of bacterial
cytoskeletal proteins in more detail in relation to their most widely conserved functions, DNA
segregation and coordination of cell wall synthesis.

Keywords: Bacterial cytoskeleton, DNA segregation, FtsZ, MreB, ParA, peptidoglycan

and Biotechnology

Introduction

The presence of a cytoskeleton was once thought to be a
unique feature of eukaryotic cells as (i) no bacterial protein
with obvious sequence similarity to eukaryotic cytoskeletal
elements had been identified and (ii) it was erroneously
assumed that bacteria were too simple to require a
cytoskeletal system, as they are much smaller than
eukaryotic cells and lack obvious intracellular organelles
[15, 59]. However, after the initial recognition of the
bacterial division protein FtsZ as a tubulin homolog in the
early 1990s, various families of bacterial cytoskeletal
proteins have subsequently been identified, thanks to
advances in fluorescence and electron microscopies, as well
as the availability of ample genomic and structural data
[13]. The discovery and functional characterization of the
bacterial cytoskeleton have led to an appreciation for the
highly organized and dynamic nature of bacterial cells. As
in eukaryotic systems, cytoskeletal elements play important
roles in intracellular organization and participate in
essential cellular processes such as DNA partitioning,

cytokinesis, and cell morphogenesis. However, the roles of
the bacterial cytoskeleton in these processes are quite
different from those in eukaryotes. For example, many
bacterial cells utilize their cytoskeleton during cell
morphogenesis for organizing and guiding the multiprotein
complexes responsible for cell wall peptidoglycan (PG)
biosynthesis, rather than providing mechanical support to
maintain cell morphology as in eukaryotic cells [65]. In
accordance with the functions different from eukaryotic
cytoskeletal proteins, bacterial systems also show assembly
dynamics distinct from those of eukaryotic counterparts
[13, 77]. For example, an actin homolog, ParM, forms
polymers that display dynamic instability, instead of
treadmilling as observed for eukaryotic actin filaments [33,
34]. Likewise, the assembly and localization of the bacterial
cytoskeleton are regulated by mechanisms distinct from
those in eukaryotic cells [13].

In this review, I will first provide an overview of
bacterial cytoskeletons with a brief history of their
identification. Then, I will discuss the roles of bacterial
cytoskeletal proteins along with the regulation of their
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assembly and localization for the two most well-studied
functions of the bacterial cytoskeleton, the coordination of
PG synthesis and DNA segregation.

Discovery of Bacterial Cytoskeletons

Tubulin Homologs

The view that cytoskeletal elements are present only in
eukaryotic cells started to change when immuno-electron
microscopy imaging of FtsZ suggested that FtsZ forms a
ring-like structure at the division site before the onset of
septation, and the FtsZ ring constricts during the division
process [7]. This observation, along with the identification
of a GTP-binding motif similar to tubulin in FtsZ, raised a
possibility that FtsZ might act as a GTP-binding cytoskeletal
element. This hypothesis was supported by the demonstration
of GTP-dependent polymerization and GTPase activity of
FtsZ, the two properties essential for making dynamic
polymers and functioning as a cytoskeletal element [22, 70,
84]. When the structures of alpha-/beta-tubulins and FtsZ
were determined by electron crystallography and X-ray
crystallography, respectively, striking structural similarity
was observed, confirming the idea that FtsZ is a tubulin
homolog despite the low sequence homology between
them [58, 72, 73].

Several groups of bacterial tubulin homologs have since
been identified. Among them, BtubA/B identified in
Prosthecobacter show a higher sequence similarity to alpha-
and beta-tubulins than to FtsZ, suggesting they might have
been acquired by horizontal gene transfer [41]. Interestingly,
an electron cryotomographic (ECT) study on Prosthecobacter
sp. suggested that BtubA/B also form a microtubule-like
structure that has not been observed with other bacterial
tubulin homologs [82]. On the other hand, TubZ homologs
responsible for the segregation of the plasmids and
temperate phages of Clostridium and Bacillus species do not
show significant sequence homology to either tubulin or
FtsZ, and thus constitute a distinct subfamily of tubulin
homologs [51, 74]. TubZ homologs show overall folding
similar to both tubulin and FtsZ, except for the rotation
between N-terminal and C-terminal domains [3, 71]. Recently,
another distinct family of bacterial tubulin homologs,
named PhuZ, was identified in the genome of large lytic
phages and shown to position phage DNA in the center of
the cell for efficient virion production [49].

Actin Homologs

Bacterial actin homologs were initially predicted by
bioinformatics work. Bork et al. [8] performed a motif
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search based on the unexpected structural similarity
between the three functionally distinct ATP-binding proteins
that share low sequence homology; namely actin, sugar
kinases, and hsp70. Their search predicted three bacterial
proteins (FtsA, MreB, and ParM (SbtA)) as additional
members of the actin/sugar kinase/Hsp70 superfamiliy.
FtsA is a division protein identified from the fts (filamentation
temperature sensitive) screen for division-defective mutants
of E. coli [64], whereas MreB was identified as a rod-shaped
determinant of E. coli [103]. ParM is encoded in the par
locus of E. coli plasmid R1 and is responsible for segregation
of the plasmid [10]. This prediction initially did not draw
much attention because the bacterial proteins as well as
sugar kinases and Hsp70 did not seem to have the properties
similar to actin. However, several years later, it was
demonstrated that FtsA, MreB, and ParM all share the actin
fold in the crystal structures and can form ATP-dependent
filaments in vitro, confirming them as actin homologs [95-
97]. In addition, the initial localization studies with
epifluorescence microscopy suggested that MreB and ParM
formed filamentous structures in vivo, suggesting their role
as cytoskeletal elements in bacteria [42, 67].

Many additional bacterial actin homologs have been
identified since then. Visualization of Magnetospirillum
magnetotacticum with ECT revealed filamentous structures
important for the proper positioning of magnetosomes as
well as the detailed structure of these membraneous
organelles [47]. Deletion of mamK, a distant homolog of
actin and mreB present in the mamAB gene cluster, led to the
disappearance of the filamentous structure and improper
positioning of the magnetosomes, identifying MamK as a
bacterial cytoskeletal protein important for organizing
membraneous organelles [47]. In addition, several dozen
distinct families of bacterial actin homologs, AIfA (actin
like filament A) and other ALPs (actin like proteins), have
been identified in various bacterial plasmids and shown to
be responsible for the segregation of the plasmids [5, 25].
Many of these bacterial actin homologs form filaments with
distinct structural features and show unique biochemical
properties [77].

Intermediate Filament (IF) Protein Homologs

Besides tubulin and actin homologs, bacterial proteins
showing similar properties to eukaryotic IF proteins have
also been identified. A visual screen of a library of random
transposon insertion mutants of Caulobacter crescentus led
to the identification of Crescentin as a protein critical for
maintaining the crescent shape of this bacterium [2].
Crescentin was suggested to be an IF-like protein, based on



the similarity in primary amino acid sequence and in
predicted domain organization, as well as its ability to form
a filament without cofactors [2]. No additional bacterial
protein with the typical domain architecture of IF proteins
has been identified. However, proteins rich in coiled coils,
termed CCRPs, have been identified in many bacterial
genomes, and some CCRPs were shown to self-assemble
into filaments without cofactors [4]. In addition, structural
roles of CCRPs for proper cell shape maintenance have
been demonstrated in several bacteria [4, 29, 104].

ParA/MinD Family ATPases

Besides the homologs to eukaryotic cytoskeletal elements,
bacteria employ a group of noncanonical ATPases for
subcellular organization. Most NTPases have a Walker A
motif, or P loop for phosphate binding, and a Walker B
motif, a hydrophobic beta strand terminating with aspartate
[105]. A subfamily of these P-loop NTPase superfamily is
known as the deviant Walker A motif ATPases, as they
have a deviant Walker A motif with an additional lysine,
XKGGXXK]T/S], instead of the classic Walker A motif,
GXXGXGK]T/S] [48]. The deviant Walker A motif ATPases
dimerize upon ATP binding, which increases the affinity of
the ATPases to the partner proteins or biological surfaces
such as DNA or membrane [63]. As ATP hydrolysis is also
coupled to dimerization, the deviant Walker A motif
ATPases show ATP-dependent dynamic interaction with
their binding partners.

ParA homologs, a subgroup of the deviant Walker A
motif ATPases, are responsible for the segregation of many
bacterial plasmids and chromosomal origins. In addition,
some ParA homologs were shown to be involved in the
proper localization of protein complexes, such as chemotaxis
protein complexes in Rhodobacter sphaeroides and carboxysomes
in cyanobacteria Synechococcus sp. [86, 91]. MinD, another
ParA-like Walker ATPase, is responsible for positioning
FtsZ assembly in the mid-cell. Based on their roles in
subcellular organization and their ability to form filaments
on biological surfaces, ParA on DNA and MinD on
membrane, ParA/MinD family ATPases were suggested as
anew class of bacterial cytoskeletal elements and named as
the Walker A Cytoskeletal ATPases (WACAs) [59, 66].

ParA/MinD family ATPases show ATP-dependent interaction
with biological surfaces. ATP binding induces the
dimerization of the ATPases, which localizes the ATPases
on DNA or membranes by increasing their affinity to these
surfaces. On the contrary, the ATPases are released from
the surfaces upon ATP hydrolysis owing to dimer
dissociation. As the dimerization also increases the affinity of
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ParA/MinD family proteins to their regulatory proteins
that stimulates the ATPase activity, the association of the
ATPases to the surfaces is transient in the presence of the
regulatory proteins. Thus, ParA /MinD proteins dynamically
associate with the biological surfaces with a repeated cycle
of ATP binding and hydrolysis. This dynamic association
leads to the formation of a concentration gradient in a
spatially confined structure. As will be discussed in more
detail later, the concentration gradient formation of ParA/
MinD family ATPases, rather than the filament formation,
is now recognized as the property more relevant for their
cellular activities [45, 61].

Bactofilins and Other Cytoskeletal Elements

Recently, another group of filament-forming proteins,
named as bactofilins, have been identified among all major
phyla of bacteria [50]. Bactofilins from Caulobacter crescentus
and Myxococcus xanthus self-assemble into filaments in vitro
without any cofactor requirement [46, 50]. Bactofilins have
been shown to be required for proper cell shape
maintenance and implicated to have a role in PG synthesis
[37, 46, 50, 89].

Although the term “cytoskeleton” was originally coined
to describe the filamentous structures in eukaryotic cells,
some bacterial cytoskeletal elements, including the actin
homologs MreB and FtsA, do not form visibly long
structures in bacterial cells. Thus, the definition of bacterial
cytoskeleton is not necessarily restricted to filament-
forming proteins [81]. In this regard, proteins that form
structures other than filaments, such as lattice-forming
polar landmark proteins, DivIVA of gram-positive bacteria,
and PopZ of alpha-proteobacteria, are also considered
bacterial cytoskeletal elements [54].

Bacterial
Synthesis

Cytoskeletons and Peptidoglycan

Most bacterial cells maintain remarkably uniform shapes
and sizes in a given condition, rarely exhibiting irregular
shapes. Bacterial cytoskeletons play critical roles in
establishing and maintaining cell morphology. However,
unlike eukaryotic cytoskeletons that provide mechanical
support for maintaining cell morphology, bacterial
cytoskeletons participate in shape maintenance by guiding
the synthesis of PG, the wall structure that determines the
bacterial shape and resists the osmotic pressure from the
cytoplasm [17, 65]. Although bacteria display a wide
diversity of shapes, the rod shape is the most prevalent [12,
109]. Moreover, other shapes, such as vibrioid or spiral
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shapes, are maintained by the same PG synthetic
machineries that are required for rod-shape maintenance,
with a few additional factors [2, 88]. Thus, understanding the
mechanisms of rod-shape maintenance is expected to
provide insight into cell-shape determination for a variety
of bacteria with differing cell morphology.

The rod shape is maintained by two distinct modes of PG
synthesis; namely, sidewall synthesis for cell elongation
and septal PG synthesis for division [93]. The sidewall is
synthesized by a protein complex organized by a bacterial
actin homolog, MreB, in most rod-shaped bacteria, except
for several groups of tip-growing bacteria [17]. On the
other hand, septal PG synthesis is coordinated by the
tubulin homolog FtsZ and the actin homolog FtsA in
almost all bacteria.

FtsZ, FtsA, and Septal PG Synthesis

Septal PG is synthesized by a multiprotein complex
called the divisome that assembles at the prospective
division site. The cytoskeletal proteins FtsZ and FtsA are
critical for initiating divisome assembly. FtsZ polymers
assemble into a ring-like structure, termed the Z-ring, along
with several FtsZ-interacting proteins, including FtsA,
underneath the cytoplasmic membrane at the prospective
division site (Fig. 1A) [23, 62]. After a time delay of at least
20% of the cell cycle, more than a dozen other components
of the divisome are recruited to the Z-ring to form a mature
cell division complex that carries out septal PG synthesis as
well as the constriction of inner and outer membranes, and
chromosome translocation at the division site [1, 31, 62].

In addition to its role in initiation of divisome assembly,
it was suggested FtsZ provides the mechanical force for
constriction, based on the observation that FtsZ fused to a
fluorescent protein and a membrane anchor can produce a
visible constriction in tubular liposomes in the presence of
GTP [76]. The mechanical force was suggested to be
generated from the conformational change between a
straight protofilament and a highly curved filament, depending
on the bound nucleotide [28, 39, 52, 76]. However, this
model should be considered with some reservation, as
some FtsZ mutants with markedly decreased GTPase
activity can still support cell division [20]. In principle,
septal PG synthesis is another process that can provide the
mechanical force for constriction [36, 87]. Consistent with
this idea, septal PG synthesis still occurs in some bacteria
that are mostly devoid of PG in the cell envelope, such as
L-form-like E. coli and Chlamydia [43, 53], suggesting that
septal PG synthesis plays an essential role in the division
process other than osmoprotection.
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FtsA plays a role in recruiting downstream division
proteins, in addition to serving as a membrane anchor to
facilitate FtsZ assembly underneath the cytoplasmic
membrane [79]. Recent study of FtsA mutants impaired for
self-interaction suggested that the self-interaction of FtsA
serves as a switch that regulates the interaction with the
FtsA-interacting division proteins and thus the recruitment
of the downstream division proteins for divisome maturation
and initiation of constriction [80]. A recent reconstitution
experiment with FtsZ and FtsA on the membrane surface
showed that FtsZ forms dynamic ring-like structures that
showed a directional circular movement based on FtsZ
polymerization dynamics similar to treadmilling [57].
Interestingly, this treadmilling behavior was dependent on
FtsA, suggesting that FtsA might also regulate the dynamic
assembly of FtsZ.
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Fig. 1. Localization of bacterial cytoskeletal elements.
(A) Tubulin homolog FtsZ ring (green circle) assembled at mid-cell.

ParA

o)

(B) E. coli MinD (yellow gradient) oscillating from pole to pole owing
to the interaction with the topological determinant MinE ring (red),
resulting in time-averaged gradient being highest at the poles. (C)
B. subtilis MinD (yellow-green) localizing to the cell poles via
interaction with Min] (orange), which is recruited to the cell poles by
the pole landmark protein DivIVA (light blue). (D) Actin homolog
MreB patches (blue dots) rotating around the cell, perpendicular to
the long axis. (E) IF-like protein Crescentin (red line) localizing along
the concave side of Caulobacter crescentus. (F) SopA (ParA) gradient
(orange) mediating the unidirectional movement of F (P1) plasmid
(green circle) over the nucleoids. Purple dots represent the SopB
(ParB)/sopS (parS) complexes. (G) Actin homolog ParM filaments
(orange lines) segregating E. coli plasmid R1 (green circle). Purple
dots represent the ParR/parS complexes.



Division Site Placement by Regulation of FtsZ Assembly

In accordance with its critical role in divisome assembly,
the assembly of FtsZ is spatiotemporally regulated by
several negative regulators, such as SulA, the Min system,
nucleoid occlusion factors, and MipZ. SulA is an FtsZ
antagonist whose expression is induced as part of the SOS
response upon DNA damage [69]. SulA inhibits FtsZ
assembly by sequestering FtsZ monomers [21]. Whereas
SulA simply delays Z-ring assembly during SOS response,
other FtsZ antagonists function to promote Z-ring assembly
at mid-cell.

In E.coli, the Min system consists of three proteins,
MinC, MinD, and MinE [24]. MinC is the antagonist of FtsZ
assembly that has a high affinity to MinD. MinD is a ParA/
MinD family ATPase that dimerizes and localizes on the
membrane upon ATP binding [60]. MinE is a topological
determinant that enhances the ATPase activity of MinD
and releases MinD from the membrane. The consequence of
the interaction between MinD and MinE is the pole-to-pole
oscillation of MinD that results in a time-averaged
concentration of MinC/MinD complexes being highest at
the poles and lowest at mid-cell, promoting Z-ring
assembly at mid-cell (Fig. 1B) [55, 56, 83]. MinC/MinD
localization is achieved by a different mechanism in
B. subtilis. Instead of MinD oscillation, MinC/MinD is
recruited to the poles by the pole landmark protein DivIVA
via an adaptor protein, MinJ (Fig. 1C) [9, 78].

In many bacteria, the Min system is not essential owing
to another partially redundant division site placement
system, called nucleoid occlusion (NO), that inhibits Z-ring
assembly over the nucleoids [107]. The specific factors for
NO, Noc in B. subtilis and SImA in E. coli, were identified
based on the synthetic lethality with a defective Min
system [6, 106]. Although NO factors perform a similar
function, they belong to distinct families of DNA-binding
proteins; Noc is a ParB family protein, and SImA is a TetR
family protein. SImA has been shown to antagonize the
formation of FtsZ protofilaments, whereas the target of
Noc has not been identified yet [18, 19, 27]. In addition, the
FtsZ-antagonistic activity of SImA is enhanced dramatically
upon DNA binding, providing a mechanism for precise
spatiotemporal regulation of NO-factor activity in the cell
[19]. Interestingly, the binding sites for both Noc and
SImA are enriched at the origin-proximal region of the
chromosomes and nearly absent in one third of the
chromosome close to the terminus [19, 92, 108]. As the
replication termini are localized at mid-cell in the late phase of
chromosome replication/segregation, this distribution of
binding sites suggests a role of NO factors in coordinating
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chromosome replication/segregation and cell division.

A new class of negative regulator of FtsZ assembly,
MipZ, was shown to be responsible for the spatiotemporal
regulation of Z-ring assembly in Caulobacter crescentus.
MipZ is a ParA/MinD family ATPase that also shows an
antagonistic activity on FtsZ assembly [90]. MipZ forms a
gradient whose concentration is highest near ParB, because
ParB has a high affinity to MipZ monomers and induces
MipZ binding to DNA near ParB by enhancing MipZ
dimerization [44]. As ParB localizes at the poles after
chromosome segregation, the MipZ concentration becomes
highest at the poles and lowest at mid-cell, promoting Z-ring
assembly at mid-cell.

Sidewall Synthesis and MreB

Except for coccoid bacteria, bacterial growth requires
expansion along the cylindrical sidewall. Synthesis of the
sidewall in most rod-shaped bacteria requires the activity
of the actin homolog MreB, except for some groups of
bacteria that grow from the poles, such as Actinobacteria
and Rhizobium. Initial localization studies of MreB homologs
suggested that they form dynamic helical cables along the
sidewall of rod-shaped bacteria [14, 42]. As MreB homologs
are required for rod-shape maintenance, MreB cables were
suggested to serve as a track that guides the uniform synthesis
of peptidoglycan along the sidewall. However, recent
localization studies with high-resolution microscopic
techniques suggested that MreB forms discrete patches that
rotate along the cell periphery perpendicular to the long
axis of the cell, rather than forming a helical track for PG
synthesis that spans the entire cell (Fig. 1D) [26, 32, 98].
Moreover, the directional movement of MreB was inhibited
by treatment of the drugs that target peptidoglycan synthesis,
showing that MreB rotation is dependent on PG synthesis,
rather than MreB polymerization driving the movement of
PG synthetic machineries. As an alternative to the helical
track model, it was recently suggested that MreB helps
maintain the rod shape by directing PG synthesis to the
regions of negative cell wall curvature, based on the
enrichment of MreB at the regions of negative cell wall
curvature and strong correlation of MreB localization and
PG synthesis [94].

PG Synthesis and Nucleotide-Independent Cytoskeletal
Elements

Other than the actin and tubulin homologs, several
nucleotide-independent cytoskeletal elements have been
shown to affect cell morphology by regulating PG synthesis
[54]. IF-homolog Crescentin polymers were shown to result
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in the crescent shape by limiting cell wall synthesis on the
side it polymerizes and thus causing uneven expansion of
the sidewall (Fig. 1E) [11]. BacA and BacB, the bactofilins
identified in Caulobacter crescentus, were shown to interact
with the PG synthase PbpC to generate a stalk with optimal
length [50]. CcmA, the bactofilin homolog in Helicobacter
pylori, was shown to participate in the helical-shape
generation by affecting the PG endopeptidase activity [88].
The recurring theme of these studies of the nucleotide-
independent cytoskeletal elements is that bacterial
cytoskeletal proteins determine cell shape by directing the
synthesis of PG, rather than providing the mechanical
support for the observed cell shape.

Bacterial Cytoskeletons Responsible for DNA
Segregation

Just as the microtubule-based mitotic spindles segregate
sister chromatids during cell division in eukaryotic cells,
bacterial cytoskeletons are involved in partitioning DNA
molecules to achieve faithful inheritance of genetic material.
Bacterial DNA segregation systems can be classified into
three groups based on the types of the cytomotive element
encoded in the segregation system; namely, ParA (deviant
Walker A ATPase), actin, and tubulin homologs [35]. All
three types of systems have three essential components: the
centromere-like cis-acting DNA sequence on the cargo
DNA, the cytoskeletal element, and an adaptor protein that
binds DNA and forms a partition complex. In the past few
years, there has been significant progress in understanding
the mechanisms of these bacterial DNA segregation systems,
revealing distinct assembly dynamics of the cytoskeletal
elements employed by each system.

ParA Homologs (Deviant Walker A ATPases)

ParA homologs-based partitioning systems were identified
more than 30 years ago and are widely distributed in many
plasmids and most bacterial chromosomes. However, the
mechanism underlying the ParA homolog-mediated
partitioning process has been ambiguous for a long time.
ParB/parS complexes in the plasmid DNA and chromosomal
origins contact the ParA cloud and move towards the poles
following the ParA cloud receding to the poles (Fig. 1F) [30,
85]. Based on this observation, it was suggested that the
plasmids and chromosomal origins are pulled to the cell
poles by ParA filaments in a way analogous to the
segregation of eukaryotic chromosomes by microtubules.
However, this view has been questioned because in vivo
ParA filaments have not been observed and a ParA
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filament-mediated pulling model cannot explain the
essentiality of ParA’s DNA-binding activity in DNA
segregation [16, 38, 99].

Vecchiarelli et al. [99] suggested a diffusion-ratchet
model as an alternative to the pulling model, based on the
similarity between the deviant Walker A ATPases, MinD
and ParA. In the diffusion-ratchet model, the concentration
gradient of ParA dimers on the nucleoids serves as the
driving force for the movement of ParB/parS complexes;
ParB/parS complexes move towards the higher concentration
of ParA via ParB’s affinity to ParA dimers [101]. Upon
binding to ParA, ParB stimulates the ATPase activity of
ParA, releasing ParA from the nucleoids. Thus, ParB moves
unidirectionally as ParA dimers are depleted in the wake of
ParB. Recently, the Mizuuchi group provided strong
evidence for the diffusion-ratchet model by reconstituting
the P1 and F plasmid segregation systems in the microfluidic
flow cell coated with nonspecific DNA [40, 100, 102].
Consistent with the diffusion-ratchet model, sopS (parS)-
coated beads showed SopB (ParB)-dependent unidirectional
movement, releasing SopA (ParA) from the DNA carpet in
their wake [102].

ParM and Actin Homologs

The mechanism of plasmid segregation is best understood
for an actin homolog, ParM, which is responsible for the
segregation of E.coli plasmid R1. Visualization of the
segregating R1 plasmids at the ends of ParM filaments in
E. coli cells by dual-labeling immunofluorescence microscopy
suggested ParM functions as a cytoskeletal element in the
partitioning of R1 plasmid (Fig. 1G) [67]. ParM forms
double helical filaments as eukaryotic actin, but the assembled
polymer shows opposite handedness to actin (left-handed
for ParM and right-handed for actin) because ParM uses a
different assembly interface from actin [75]. Interestingly,
ParM also shows distinct assembly dynamics. ParM filaments
display symmetrical, bidirectional polymerization instead
of the treadmilling behavior of actin [33]. In addition, ParM
filaments nucleate ~300 times faster than actin filaments
and exhibit dynamic instability. As a result, ParM is present
as short dynamic filaments that constantly assemble and
disassemble in the absence of ParR/parS complexes [33]. In
an in vitro reconstitution experiment using ParM, ParR, and
beads coated with parS DNA, long ParM filaments with
ParR/parS beads at both ends were observed, suggesting
the inhibition of the dynamic instability of ParM filament
by binding of ParR/parS beads [34]. In addition, ParM
filaments always aligned with the long axis of the micro-
fabricated channels, demonstrating that ParM, ParR, and



parS DNA are sufficient for partitioning R1 plasmids along
the long axis of the bacterial cell. As long ParM filaments
form only when both ends of the ParM filament is associated
with ParR/parS complexes, this bipolar stabilization also
provides a mechanism to segregate the equal number of R1
plasmids into two daughter cells [34].

TubZ and Tubulin Homologs

Plasmid segregation systems based on tubulin homologs,
TubZ, have only recently been identified [51, 74]. TubZ
homologs employ assembly dynamics distinct from
eukaryotic tubulins for their function. TubZ of the pBtoxis
plasmid forms dynamic, linear polymers that move by
treadmilling, rather than showing dynamic instability [51].
Treadmilling was shown to be important in TubZ-mediated
plasmid segregation, although it is not yet clear how
treadmilling of TubZ contributes to the stability of the
plasmid [51]. Crystallography of TubZ polymerized with
nonhydrolyzable GTPyS revealed right-handed double
helical filaments [3]. Recently, cryoelectron microscopy on
the full-length TubZ polymerized with GTP showed that
TubZ forms four-stranded filaments, suggesting that the
two-stranded filaments might be an intermediate to the
four-stranded filaments that form upon GTP hydrolysis
[68]. However, it is still unclear how these different polymer
forms are related to the plasmid segregation by TubZ
polymers.

Concluding Remark

Research on bacterial cytoskeletal proteins is at the heart
of an emerging field of bacterial cell biology that studies
the cellular processes and subcellular organization of bacterial
cells with multidisciplinary approaches, encompassing
advanced microscopy, structural biology, genomics, genetics,
physiology, and biochemistry. The recent advances in
bacterial cell biology have revealed numerous exciting
aspects that have revolutionized our view on the complexity
of bacterial cells. In addition to contributing to a deeper
understanding of biological systems, bacterial cell biology
provides critical scientific insights required for the discovery
and development of new antibiotics. The achievements of
bacterial cell biology also uncovered a vast amount of
intriguing cellular phenomena that warrant further
investigation. Thus, bacterial cell biology will continue to
be an exciting field of research for many years to come.
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