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Abstract

Many recent studies have revealed exquisite subcellular localization of proteins, DNA, and other 

molecules within bacterial cells, giving credence to the concept of prokaryotic anatomy. Common 

sites for localized components are the poles of rod-shaped cells, which are dynamically modified 

in composition and function in order to control cellular physiology. An impressively diverse array 

of mechanisms underlies bacterial polarity, including oscillatory systems, phospho-signaling 

pathways, the sensing of membrane curvature, and the integration of cell cycle regulators with 

polar maturation.

Introduction

Over the past decade, the development of highly sensitive light microscopes, together with 

variably colored and brightly fluorescent marker proteins for specific labeling, has allowed 

biologists to surmount many of the challenges in visualizing components within tiny 

bacterial specimens. From this, we have learned that even the smallest and simplest forms of 

life could be dissected, given an appropriately sized scalpel, into discrete anatomical parts 

that carry out unique functions. A recent genome scale screen of Caulobacter crescentus [1] 

revealed that at least 10% of the encoded proteins are localized to a specific region of the 

cell, indicating that spatial organization can be a prominent feature of prokaryotic 

physiology.

Among all of the bacteria that have been studied by fluorescent protein labeling, one of the 

most common localization patterns is protein accumulation at the cell poles, which are 

defined as the end points on the long axis of a rod shaped cell. These are locations for site-

specific assembly of surface organelles such as flagella, pili, and virulence factor secretion 

systems, allowing the cell to orient itself for directional motility and interaction with 

surfaces [2]. The poles can also direct the organization of elements in the cytoplasm, by 

forming anchor points for chromosome orientation [3], controlling the placement of the 

division septum [4], and serving as platforms for phospho-signaling complexes that control 

the timing of cell cycle progression [5]. In some species, different protein complexes are 

targeted to each pole, thereby establishing polar asymmetry. When this includes proteins that 

control cellular functions, cell division results in the formation of genetically identical but 
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functionally distinct daughter cells [6], thus enabling a form of multicellularity. In this work 

we examine the mechanisms that underlie the establishment of bacterial cell polarity, 

highlighting examples across the bacterial kingdom. That polarity is so widespread across 

species, and accomplished by such widely varying mechanisms, suggests that the 

development of polarity has been a recurring theme in bacterial evolution, and a fundamental 

step in the advancement of life beyond primordial stages.

Oscillating polarity

A well-characterized example of bacterial polarity is the Min system, which has been 

extensively studied in E. coli (Figure 1a). Two components, MinC and MinD, form a 

complex that oscillates between poles with a periodicity of about 20 s [7,8]. MinC performs 

the functional output of this system, by preventing the assembly of division plane polymers 

near the cell poles [9], and spatial regulation is achieved by the concerted activities of MinD 

and a third component, MinE. MinD is an ATPase that is membrane associated when bound 

to ATP [10], and forms helical structures that follow the contour of the plasma membrane 

[11]. Membrane-associated MinD–ATP interacts with a ring of MinE, which induces ATP 

hydrolysis and subsequent release of the entire complex into the cytosol [12,13]. 

Surprisingly, MinD and MinE generate self-sustaining waves of membrane association and 

dissociation over a flat membrane in vitro [14•,15••], suggesting that oscillatory behavior in 
vivo can be fully explained by these components. Mathematical models propose that MinD 

molecules associate to form localized concentrations that are dynamically unstable in the 

presence of MinE [16]. Next generation models should account for the influence of helical 

or polymeric structures of Min components [17], and the recent discovery that MinE activity 

involves direct interaction with the cell membrane [18•].

Oscillating polarity is also observed in Myxococcus xanthus, which reverses direction of 

movement over approximately 10-min intervals [19]. Several polar oscillating proteins have 

been discovered, including some that are directly involved in motility [20], and regulatory 

proteins that control motor activity. Oscillating regulators include the Ras-like G-protein 

MglA and its cognate GTPase activating protein MglB [21••]. MglB stimulates the 

conversion of pole-localized MglA-GTP to non-localized MglA-GDP, in a manner that is 

similar to the Min system. Dynamic localization of MglA also requires the input of a two-

component phospho-signaling module, called Frz, that is oscillatory in itself [22,23] (D 

Kaiser, unpublished data), but the mechanistic linkage between Frz oscillations and MglA/

MglB dynamics has not been described.

Establishing polarity de novo

Whereas oscillatory systems perpetuate indefinitely, other mechanisms are used to establish 

and maintain fixed asymmetry in cells that are initially symmetric. This occurs during 

sporulation in Bacillus subtills, when the position of the division plane switches from the 

center of the cell (as occurs during normal growth) to a site near the pole (Figure 2a). The 

smaller of the two daughter cells is programmed to develop into a spore, and the larger 

serves as a mother cell, providing nutrients to the developing prespore. At the beginning of 

sporulation, division plane components are found near both poles, though only one site is 
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chosen for completion [24,25]. Here, asymmetry is generated by the mechanics of division 

plane assembly, which is strictly limited to only one site at a time, perhaps due to the 

titration of a limiting factor [26]. In order to preserve asymmetry, the cell must prevent the 

formation of a second division site at the opposite pole. This is accomplished through a 

complex signaling pathway, originating in the prespore compartment and sent to the mother 

cell, that controls the activity of the transcription factors σF and σE, which regulate many 

compartment-specific genes [27]. Mutations that block or even delay the relay of this signal 

into the mother cell form a second division site near the opposite pole, and the resulting 

symmetry yields spores with reduced viability [28••].

Why is σF turned on in the prespore compartment and not in the mother cell? In one model, 

the compartments experience a temporary asymmetry in gene expression (Figure 2b), 

because the origin-proximal region of the chromosome is anchored to the cell pole in the 

prespore and the remainder of the chromosome is pulled through a translocation channel in 

the septal membrane over the course of approximately 20 min. During this time, the 

expression of a σF inducing factor from a locus near the origin could be restricted to the 

forespore [29,30]. A different model (Figure 2c) holds that the localization propensities of 

the σF inducer SpoIIE cause it to become concentrated in the prespore. SpoIIE is targeted to 

the division plane, and because this structure is shared between prespore and mother cell, the 

relative differences in cytoplasmic volume will yield a higher concentration of SpoIIE in the 

smaller compartment [31]. These models are not mutually exclusive, and may work in 

concert to promote cell fate determination.

Targeting proteins to the poles

The systems described above are notable in that their mechanisms are not directly anchored 

at the cell poles. However, many aspects of bacterial cell polarity depend on physical 

connection to the pole [5,32], usually in the form of localized multiprotein complexes. In 

some cases, the polar localization of one protein can be perturbed by eliminating another 

that performs an earlier step in complex assembly. However, the question of localization 

mechanism then resorts to the upstream protein. It is difficult to imagine that this chain 

could continue very far before encountering some other type of interaction that underlies the 

affinity between a protein and the cell pole. Several recent reports have shed light on these 

potential ‘ultimate causes’ for polar localization.

Ramamurthi et al. [33••] provided compelling evidence that membrane geometry can be a 

determinant for polar localization (Figure 3). They showed that convex membrane curvature 

in vivo is necessary and sufficient for recruiting SpoVM, a 26 amino acid spore coat protein 

from B. subtilis, and that purified SpoVM preferentially interacts with phospholipid vesicles 

that have the same diameter as that of spores. Given the short length of the peptide in 

relation to the radius ofmembrane curvature, it is difficult to imagine that one molecule 

could directly sense vesicle shape. However, SpoVM was recruited to membranes in a 

cooperative manner, and the authors suggest that clusters of proteins could produce a larger 

structure that is sensitive to membrane geometry. Subsequent reports revealed that another 

B. subtilis protein, DivIVA, exhibits similar affinity for concave membrane curvature 

[34••,35]. This is particularly significant for bacterial polarity, as DivIVA recruits other 
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proteins to the cell poles and the division plane, and also anchors the chromosome origin to 

the poles during sporulation. The N-terminal 60 amino acids of DivIVA are necessary and 

sufficient for detecting concave membranes, and form a coiled coil domain capped by a 

hydrophobic tip for membrane insertion [36•]. However, unlike full length DivIVA [37], the 

N-terminal domain does not form oligomers, and the question of how individual molecules 

sense membrane curvature remains.

Instead of sensing curvature directly, some proteins could interact with specialized lipids 

that accumulate in curved membranes. Anionic phospholipids, including cardiolipin, are 

concentrated at the poles of E. coli cells [38•], where they could form distinct lipid domains 

[39]. Although the subcellular localization of DivIVA and other polar proteins is unperturbed 

in cardiolipin synthase mutants [34••,40], the osmosensory transmembrane protein ProP 

exhibits reduced polar localization in cardiolipin-deficient E. coli [41]. In bacteria, ProP is 

the only clear example of lipid-dependent polar localization, and because the lipid synthase 

mutant used to provide evidence for this interaction could have indirect effects on ProP or 

the cell pole, additional verification is needed to substantiate this potential localization 

mechanism.

A third possible mechanism for connecting proteins to the pole is through interaction with 

peptidoglycan (PG), which encases the cell membrane in a covalently linked network of 

polymeric strands. Because PG linkages are progressively modified, chemical labeling 

methods have been used to distinguish between old and newly synthesized material, 

revealing that the division planes are active sites of new PG synthesis [42,43]. Since the 

division planes become new cell poles upon completion of cytokinesis (Figure 4a), polar 

localization could be achieved through affinity for certain PG species, or for enzymes that 

catalyze PG modifications. Many PG modifying enzymes are directly targeted to the 

division plane [44], yet there is little evidence for PG interaction motifs in polar proteins. 

Two potential exceptions are the Caulobacter proteins PleA and SpmX, which have domains 

that are similar to PG hydrolyzing enzymes and are upstream components in polar 

multiprotein complex assembly pathways [45••,46].

Polar maturation

The patterning of PG synthesis suggests that the poles of rod-shaped bacteria can be 

distinguished on the basis of age (Figure 4a). In C. crescentus, the poles experience age-

dependent transitions in protein composition, activity, and morphology, and because one of 

the cell poles is always younger than the other, this constitutes a robust mechanism for 

generating polar asymmetry [47]. In order for this system to work, the aging of the cell poles 

must be coordinated with the mechanism that drives polar transformation. This is 

accomplished by placing cell cycle regulators at the poles, which effectively couples polar 

maturation with cell cycle progression.

A group of polar cell cycle regulators regulate CtrA, a transcription factor for over 90 cell 

cycle regulated genes, and a direct repressor of DNA replication initiation [48]. Its activity is 

inhibited by de-phosphorylation and timely degradation just before the onset of chromosome 

replication, mediated by proteins that are localized to the old pole during a period called the 
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swarmer to stalked cell transition (Figure 4b step 1; [49]). DNA replication is limited to once 

per cell cycle because CtrA activating factors are targeted to the new pole shortly thereafter. 

DNA replication itself triggers the localization of proteins to the new pole (Figure 4b step 2; 

[50,51•]). Thus, polar signaling proteins are integrated with cell cycle progression in a 

feedback loop that inhibits DNA replication until cell division separates positive and 

negative regulators into separate compartments (Figure 4b step 3). Many of the connections 

in this circuit await further analysis: the mechanism that couples DNA replication initiation 

to the accumulation of proteins at the new pole is unknown, as are the events that govern the 

turnover of polar proteins at the swarmer to stalked cell transition.

The study of polar maturation in C. crescentus led to a surprising connection between the 

division plane and polar localization. Two studies identified TipN as a factor that is required 

for the correct placement of polar features, and made the surprising discovery that this 

transmembrane protein is initially targeted to the division plane, and achieves polar 

localization simply by remaining in place after cell division transforms the division plane 

into a new pole [52,53]. TipN is an important multifunctional protein that recruits flagellar 

components to the new pole and works with the machinery that drives chromosome 

segregation [54,55]. Given the initial localization of TipN, it appears that the ‘ultimate 

causes’ of polar maturation in C. crescentus lie in the formation of the division plane. Since 

the localization of every known division plane component is dependent on FtsZ, a 

cytoskeletal protein that polymerizes at the site of cell division [56,57], and FtsZ is among 

the most evolutionarily conserved of all bacterial proteins, it appears that this aspect of cell 

polarity is rooted in ancient cellular mechanisms.

Conclusions

This review describes four general mechanisms underlying bacterial cell polarity. Oscillatory 

mechanisms undergo continuous reversal, implying that no permanent marks are used to 

identify one pole versus the other (‘Oscillating polarity’ section). In stochastic mechanisms, 

both poles initially appear equivalent, and the choice of one pole over the other is made 

permanent by feedback pathways that reinforce polarity (‘Establishing polarity de novo’ 

section). Targeting proteins to the pole can involve the recognition of membrane geometry or 

special locations marked by lipid or PG subdomains (‘Targeting proteins to the poles’ 

section), and poles can be differentially marked on the basis of age (‘Polar maturation’ 

section). Several different species were offered as examples, but this does not imply that 

each prokaryotic lineage has a unique mechanism for achieving polarity. The use of polar 

age as a marker appears widespread, as it affects the localization of chemoreceptors in a 

wide variety of species [58]. Thus, some organisms can employ multiple mechanisms for 

generating cell polarity, and the type of mechanism may be related to the function of the 

polar proteins.

Recently, in vitro analyses of polar proteins in the context of synthetic membranes have 

made significant strides in understanding polarity at a biochemical level. These experimental 

systems have revealed direct connections between polar proteins and curved lipid 

membranes [33••,34••], and demonstrated that oscillatory behavior can be fully reconstituted 

by two proteins and a membrane surface [15••]. Given the relative simplicity of prokaryotic 
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systems, with a limited number of components operating in a small space, there is hope for 

achieving a deep understanding of cell polarity in the near future. This will require the 

synthesis of structural information with molecular dynamics, perhaps through the 

application of single molecule microscopy, and sufficient quantitative data to enable physical 

modeling through computational algorithms.
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Figure 1. 
The Min system and oscillating polar asymmetry in E. coli. The dynamically unstable 

MinCD helix interacts with MinE, resulting in disassembly of the structure (upper panels). 

Subsequently, MinCD re-assembles in an area of low MinE concentration at the opposite 

pole of the cell (lower panel).
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Figure 2. 
Establishing polarity in Bacillus subtilis. (a) FtsZ is re-organized into two symmetrically 

positioned rings upon entry into sporulation (upper panels), and after one ring is chosen for 

completion (arrow), asymmetry is reinforced by a feedback signaling pathway that controls 

compartment-specific gene expression (lower panel). (b) The genetic asymmetry model for 

spore fate determination. At the early stages of sporulation, only the origin-proximal third of 

the chromosome is present in the forespore. Origin-distal gene expression is limited to the 

mother cell while origin-proximal gene expression is concentrated in the forespore. (c) 
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SpoIIE concentration could determine spore fate. SpoIIE is initially targeted to the division 

plane, and if it is equally shared between mother cell and forespore compartments, the 

relative concentration of SpoIIE will be higher in the smaller forespore compartment 

following septation. SpoIIE may also have specific affinity for the forespore side of the 

division plane.
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Figure 3. 
Convex and concave membrane curvatures in a bacterial cell. Some membrane-associated 

proteins have specific affinity for convex or concave membrane surfaces.

Bowman et al. Page 13

Curr Opin Cell Biol. Author manuscript; available in PMC 2020 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Polar maturation in Caulobacter crescentus. (a) Cell poles ‘age’ over the course of cell 

division. (b) In C. crescentus, polar aging is coupled with the timing of chromosome 

replication, transitions in polar protein composition, and cell cycle progression. Important 

polar transition periods are numbered (1: regulatory proteins are switched at swarmer to 

stalked pole transition; 2: assembly of cell cycle regulators at new pole; 3: 

compartmentalization and formation of new poles at cell division). Different sets of polar 
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regulatory proteins promote (blue shading) or inhibit (green shading) chromosome 

replication by controlling the activity of a master regulator, CtrA.
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