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ABSTRACT Most motile bacteria are able to bias their movement toward more fa-
vorable environments or to escape from obnoxious substances by a process called
chemotaxis. Chemotaxis depends on a chemosensory system that is able to sense
specific environmental signals and generate a behavioral response. Typically, the sig-
nal is transmitted to the bacterial flagellum, ultimately regulating the swimming be-
havior of individual cells. Chemotaxis is mediated by proteins that assemble into
large, highly ordered arrays. It is imperative for successful chemotactic behavior and
cellular competitiveness that chemosensory arrays form and localize properly within
the cell. Here, we review how chemotaxis arrays form and localize in Vibrio cholerae
and Vibrio parahaemolyticus. We focus on how the ParC/ParP system mediates cell
cycle-dependent polar localization of chemotaxis arrays and thus ensures proper cell
pole development and array inheritance upon cell division.
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Many bacterial species are motile and able to explore their surroundings. One of
the primary means of motion utilized by bacteria is flagellum-based motility.

Flagella are helical protein filaments protruding from the cell body that, when rotated
by the flagellar motor complex, propel the bacterium through the surrounding envi-
ronment. The flagellar motor is positioned in the cell envelope and is able to rotate
either clockwise (cw) or counterclockwise (ccw) (reviewed in reference 1). In general,
motile bacteria, such as Escherichia coli, Salmonella enterica, Shewanella putrefaciens,
Vibrio cholerae, and Vibrio parahaemolyticus, actively respond to an assortment of
stimuli by modulating the direction of rotation of their flagella and thus adjusting their
swimming behavior. Because they are so small, bacteria are thought not to be able to
measure concentration differences along space, and they have therefore developed a
way of sensing external stimuli in a temporal manner (2; reviewed in reference 3). One
of the primary means by which motile bacteria sense and respond to changes in their
environment is via chemotactic behavior. In particular, chemotaxis enables motile
bacteria to recognize changes in local concentrations of chemicals and, via a signaling
cascade, to transmit the perceived information to the flagellar motor complex and
regulate its rotation. In this way, chemotactic bacteria are able to sense changes in their
external milieu and, over time, bias their movement toward favorable conditions and
away from toxic compounds (3, 4).

CHEMOTAXIS

In general, external signals are perceived by receptor proteins—the so-called trans-
membrane methyl-accepting chemotaxis proteins (MCPs) (Fig. 1A). Chemoeffectors
bind the MCPs at their periplasmic domain and transmit the binding signal to their
cytoplasmic tips, where they interact with the histidine kinase CheA. The interaction
between MCPs and CheA is stabilized by the adaptor protein CheW, which also
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contributes to the regulation of CheA kinase activity (3, 5). In the best-understood
system in Escherichia coli, a decrease in attractant or increase in repellant stimulate
autophosphorylation of CheA through the MCPs. Phosphorylated CheA subsequently
transfers the phosphoryl group to its cognate response regulator CheY (Fig. 1A).
Phosphorylated CheY (CheY-P) is able to diffuse through the cytoplasm and bind the
flagellar switch proteins FliM and FliN, which are part of the flagellar motor complex.
Binding of phosphorylated CheY to FliM and FliN induces a change in the direction of
motor rotation from a ccw to a cw orientation and consequently a change in the
direction of bacterial swimming (6–11) (Fig. 1A). The autophosporylation of CheA
subsequently activates the methylesterase CheB. Phosphorylated CheB, together with
the constitutively active methyltransferase CheR, regulates the methylation state of the
MCPs. The level of methylation adjusts receptor output by steadily resetting the kinase
activity of the receptor arrays toward the baseline (3, 4). Consequently, CheA activity
can be finely tuned through this feedback control, enabling precise adaptation to the
cell’s immediate environment (Fig. 1A) (reviewed in references 3 and 12).

When all flagellar motors in the peritrichously flagellated bacteria E. coli and
Salmonella enterica rotate in the ccw direction, the flagella combine to form a single
helical filament bundle that pushes the cell, resulting in a forward movement—a
so-called “run.” Upon a reversal in the rotation of one or more motors to a cw direction,
the bundle unravels and the flagella separate. This results in a random reorientation of
the cell, a so-called “tumble.” When the motors switch back to a ccw rotation and the
flagellar bundle is formed once again, the cell will move forward in a new random
direction (13, 14). In monotrichous bacteria, such as Shewanella putrefaciens, Vibrio
cholerae, and Vibrio parahaemolyticus, a ccw rotation of the single polar flagellum
pushes the cell forward, while a cw rotation pulls it backward. Reversal from cw to ccw

FIG 1 Core component organization and signaling pathway of chemotaxis arrays in E. coli cells. (A) Once
activated by membrane-bound methyl-accepting chemotaxis proteins (MCPs), CheA transfers a phos-
phoryl group to CheY and CheB. Phosphorylated CheY diffuses toward the flagellar motors, which lead
to the rotation direction switching. CheR and phosphorylated CheB together adjust the methylation state
of the MCPs to recalibrate the receptors’ sensitivity. (B) Domain architecture of CheA proteins. P1 is the
phosphotransfer domain; P2 binds CheY for phosphotransfer from P1; P3 mediates the homodimeriza-
tion domain; P4 is the kinase domain; and P5 is CheW-like regulatory domain, which binds the signaling
tips of MCPs. (C) The chemotaxis core unit. Viewed from receptor toward baseplate, the smallest
signaling core unit is formed by two receptor trimers of dimers (shades of green), one CheA homodimer
(P5 and dimerization domain P3/3= annotated; blue and green, respectively) and two CheW proteins
(gray). (D) Through the ring structure formed by the CheA subdomain P5 and CheW, signaling cores can
assemble into a large lattice of arrays, which facilitates signal cooperativity and amplification. Red arrows,
in solid and dashed lines, illustrate the proposed signal-propagating pathways (triggered by a single
receptor homodimer, highlighted in yellow) within a single signaling core unit and among arrays,
respectively.
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rotation of the motor is followed by a flick of the flagellum, which induces a random
reorientation of the cell before forward movement is initiated—this results in a “run-
reverse-flick” swimming behavior (15, 16). The result of both the “run-tumble”
(peritrichously flagellated) and the “run-reverse-flick” (monotrichously flagellated)
swimming behaviors is a random walk through the environment. However, by actively
changing the time period of runs and the frequency of tumbles or reversals, bacteria
are able, over time, to bias their movement toward more favorable conditions and to
escape from obnoxious environments (3).

STRUCTURE OF CHEMOTAXIS ARRAYS

CheA is comprised of five separate domains (P1 to P5) (Fig. 1B), each with a specific
function. P1 contains the substrate histidine for autophosphorylation and acts as the
phosphotransfer domain; P2 binds the response regulator CheY (17–19); P3 constitutes
the homodimerization domain (20, 21); P4 is the ATP-binding domain; and P5 is similar
to CheW (19, 21–27). Both CheW and CheA-P5 interact with the conserved MCP
interaction tip (20, 26–28). The MCPs, CheA, and CheW assemble into the ternary
core-signaling complex, which is the smallest functional unit—the chemotaxis core unit
(Fig. 1C) (29). Multiple core units are arranged into a highly ordered hexagonal array
and form a superlattice structure—the chemosensory array (28, 30–34) (Fig. 1D). E. coli
only contains a single chemotaxis gene cluster that results in a typical membrane-
bound chemoreceptor array (30), and the structural architecture of chemoreceptor
arrays is well understood in the model organism. Here, the cells typically contain one
large polar chemoreceptor array, as well as multiple small arrays that are located along
the cell length and around midcell (35–37). In array side views, the arrays can be easily
identified as a high electron density layer parallel to the inner membrane (Fig. 2A;
membrane-bound array [MA]). This cytoplasmic layer, or baseplate, is the site where
CheA and CheW interact with each other and bind to the membrane-distal end of the
MCPs. The receptors resemble repetitive, thin, pillar-like densities perpendicular to the
base plate, which extend through the inner membrane and display the ligand-binding
domains in the periplasm. When the arrays are examined from the top view, the trimers
of receptor dimers exhibit characteristic hexagonal packing with a 12-nm center-to-
center spacing (Fig. 2B). In E. coli, the receptors are networked into this highly ordered
lattice by linking hexagons, formed by three core units, together through the dimeriza-
tion domain of CheA (28, 31). The hexagonal packing of chemoreceptors is universal
among bacteria, including in Vibrio species, and also in chemotactic archaea (30). While
the receptor packing is identical among species, there are differences in the distance
between baseplate and inner membrane, which depends on the physical length of the
MCP receptors that are present in the arrays (30, 38).

PURPOSE OF CHEMOTAXIS ARRAYS

One of the most remarkable characteristics of the chemotaxis signaling arrays is that
the chemotaxis proteins display a strong tendency to assemble into highly ordered
macromolecular complexes. This highly ordered packing of the chemotaxis proteins is
thought to be critical for correct signal transduction, chemotactic cooperativity, and
signal amplification (39, 40). Within arrays, CheA kinase activity is controlled and even
greatly enhanced by receptors, and the inhibition of kinase activity is regulated by
receptor ligand occupancy (29). Since the cytosolic tips of different chemoreceptors are
essentially identical, a mixed population of receptors with the same physical length can
assemble into individual signaling complexes and further expand into chemotaxis
arrays (41). As a result, the kinases bound in the array are controlled by the collective
signal input from the ligand occupancy of multiple MCPs. Furthermore, through
allosteric communication across both the CheA dimer interface and the CheA-CheW
interface, the signal is thought to propagate among the networks of chemoreceptor
arrays (39, 40, 42). This long-range structural dynamic contributes to the amplification
of either kinase activation or the kinase-inhibiting effect of CheA (Fig. 1D).

Meeting Review Journal of Bacteriology

August 2018 Volume 200 Issue 15 e00793-17 jb.asm.org 3

http://jb.asm.org


CHEMOTAXIS SYSTEMS AND ARRAYS IN V. CHOLERAE

The model organism E. coli encodes only one chemotaxis system where both the
chemotactic mechanism and structural architecture are well understood. Yet, one or
more additional chemotaxis operons are present in the genomes of over half of all
chemotactic prokaryotes (43). In V. cholerae, there are altogether 22 genes that are
annotated as encoding chemotaxis proteins, with another 43 genes encoding possible
MCPs scattered throughout the genome (44, 45). Those chemotaxis genes are classified
into three distinct clusters, i.e., clusters I, II, and III. Only cluster II proteins have been
shown to be essential for chemotactic behavior under traditional cell culturing condi-
tions, and so far, no effect on chemotactic behavior has been observed in cells lacking
either cluster I or cluster III (45–47). Furthermore, only cluster II has been found to
influence the behavior of V. cholerae in the suckling mouse model of infection. In this
model, cluster II has been shown to influence the degree and localization of coloniza-
tion (48–50). Neither cluster I nor III has been shown to influence the behavior of V.
cholerae under these conditions (49). The cluster II chemotaxis proteins assemble into
membrane-bound arrays and are arranged in the typical hexagonal packing with a
12-nm spacing (30).

THE V. CHOLERAE CLUSTER III CHEMOTAXIS SYSTEM

Cluster III proteins have been shown to be expressed during the stationary phase
and in combination with growth arrest in response to carbon starvation. Furthermore,
even though the absence of cluster III does not influence the behavior of V. cholerae in
the suckling rabbit model, the gene cluster is also expressed under these conditions
(51). Expression of cluster III is strictly dependent on the alternative sigma factor RpoS

FIG 2 Chemotaxis arrays in Vibrio cells. (A) Cluster II membrane-bound arrays (MA) and cluster I cytoplasmic arrays
(CA) are both shown in side view. (B) The top view of the cluster II array near the flagellar cell pole and the inset
display the hexagonal packing of the receptors. (C) A closeup image of the cytoplasmic array from panel A. The
sandwich structure of the cluster II array was formed by two layers of receptor arrays interacting head to head. (D)
Sections through the cytoplasmic array coordinate to the numbered positions in panel C and the model proposed
based on cryo-electron microscopy (cryo-EM) results. DosM, shown in magenta, is part of the receptor trimers and
spans continuously between the two baseplates among other cytoplasmic receptors shown in green. The exact
composition of the baseplates, shown in blue and white here, remains unclear for now. CA, cytoplasmic array; MA,
membrane-bound array; IM, inner membrane; OM, outer membrane. Bars: panels A and B, 100 nm; panel B inset,
10 nm; panel C, 50 nm; panel D, 20 nm. Panels A, C, and D are adapted from reference 53.
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(51), which is involved in general stress response (52). Furthermore, the CAI-1 quorum-
sensing system also plays a role in regulating cluster III expression in stationary phase,
as well as in suckling rabbits, but not in response to carbon starvation (51).

THE V. CHOLERAE CLUSTER I CHEMOTAXIS SYSTEM

Finally, cluster I proteins form structurally distinct cytoplasmic arrays with a char-
acteristic architecture (53), and expression of cluster I proteins is induced under
low-oxygen or extreme nutrient deprivation conditions (54, 55). These proteins assem-
ble into a “sandwich” structure, in which receptor arrays interact through their sensory
domain proximal protein interaction tips, between two baseplate layers on the outside
(Fig. 2A, cluster arrays [CA]). Both baseplates arrange the receptors into the typical
hexagonal packing (Fig. 2C and D, insets 1 and 3) (53). In electron microscopy studies,
it was found that the cytoplasmic arrays in V. cholerae also contain continuous,
pillar-like density spanning the two layers (Fig. 2C and D, inset 2) (53), which is absent
in the previously described cytosolic Rhodobacter sphaeroides arrays (32). This density
has been identified as the unusual chemoreceptor DosM, which contains two signaling
domains that point into opposite directions (53). DosM was shown to be necessary for
the formation and stabilization of extended cluster I arrays. In addition, DosM is
thought to contribute to the rigidity of the array structure. Another difference from
organisms that lack a DosM-like receptor, such as, for example, R. sphaeroides and
Methanoregula formicicum, is that in those organisms the arrays exhibit a distinct
curvature (32, 53), whereas the V. cholerae cluster I arrays are flat. The exact function of
the cluster I array is not yet understood; even less is currently known about structure
and function of cluster III arrays in Vibrio, and current research is underway to begin
elucidating the structure of the cluster III array.

INTRACELLULAR LOCALIZATION OF CHEMOTAXIS ARRAYS

In E. coli, chemotaxis arrays localize both at the cell poles and along the cell body
(35–37). Formation of the signaling arrays in this system is thought to be a stochastic
process, in which individual receptors insert randomly in the membrane, where they
diffuse freely until they either join existing arrays or nucleate new ones (56). Polar
formation of arrays in E. coli also depends on the Tol-Pal complex, which is proposed to
restrict the mobility of chemoreceptor clusters and ensure their positioning at this site (57).
Ultimately, arrays are positioned along the cell length and at the cell poles, which ensures
that at cell division, each daughter cell will inherit at least one chemotaxis array.

In contrast to E. coli, other organisms, such as Caulobacter crescentus (58), R.
sphaeroides (59), Pseudomonas aeruginosa (60, 61), S. putrefaciens (62), and Vibrio
species (50, 63), contain mechanisms to specifically localize the chemosensory arrays to
the bacterial cell poles. In the following section, we will focus on how chemotaxis arrays
are actively positioned at the cell poles by the ParC/ParP system in V. cholerae and V.
parahaemolyticus.

POLAR LOCALIZATION OF CHEMOTAXIS SIGNALING ARRAYS IN VIBRIO SPECIES
BY THE ParC/ParP SYSTEM

In V. parahaemolyticus swimmer cells (63–65) and in V. cholerae (50, 66), the
chemotaxis signaling arrays are exclusively found at the cell poles, and their localization
is dependent on the ParC/ParP system. In V. cholerae, only cluster II arrays are posi-
tioned by the ParC/ParP system, while cluster I and III arrays, as discussed below,
localize independently of ParC/ParP. In recently divided cells, the chemotaxis array is
located unipolarly to the old flagellated cell pole (Fig. 3A, yellow arrowheads). As the
cell cycle progresses, a second array is formed and localizes at the opposite cell pole,
resulting in a bipolar distribution of signaling arrays (Fig. 3A, green arrowheads) (50,
63). As a consequence, each daughter cell will inherit an array at their respective old
flagellated pole upon completion of cell division. Positioning of the arrays to the cell
pole is regulated by the ParA-like ATPase ParC and its partner protein ParP, both of
which function as cell pole determinants. Both parC and parP genes are part of the
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chemotaxis gene operon, and parP is always positioned immediately downstream of
parC. In the absence of either ParC or ParP, the cells lose their pole identity and are thus
unable to distinguish between their old and new poles (50). As such, there is no
preference for the old pole early in the cell cycle, and arrays can form at the new
nonflagellated cell pole without an array already being positioned at the old pole (50).
Accordingly, an array forms but localizes at a random position along the cell length (Fig.
3A, red arrowheads) (50, 63). As a result, in the absence of either ParC or ParP, bipolar
array localization is not established prior to cell division, and, consequently, only one
daughter cell inherits an array upon cell division (Fig. 3A, purple arrowhead). Even
though the other daughter cell starts out without any chemotaxis array, a new array is,
however, formed with a short delay after cell division, again at a random position along
the cell length (50).

ParC and ParP themselves display a localization pattern similar to that of chemotaxis
arrays: unipolarly at the old flagellated cell pole in young newborn cells, bipolarly later
in the cell cycle, and evenly divided to daughter cells (50, 63). Double-labeling fluo-
rescence microscopy in V. parahaemolyticus showed that localization of ParC and ParP
to the new pole precedes that of the chemotaxis protein CheW (63). Recruitment of
ParP to the cell pole is dependent on ParC, and in its absence, ParP forms nonpolar
clusters that colocalize with chemotaxis arrays (63, 66).

Cells lacking ParC, ParP, or both proteins have decreased chemotactic ability and
altered swimming behavior, reversing their swimming direction much less frequently
than wild-type cells. Therefore, proper positioning of arrays by the ParC/ParP system at

FIG 3 Polar localization of chemotaxis arrays in Vibrio cells. (A) Fluorescence microscopy showing the intracellular
localization of chemotaxis arrays in Vibrio parahaemolyticus, using YFP-CheW as a marker for positioning. YFP-CheW
localization is shown in wild-type and �parC strain backgrounds. Arrowheads indicate the following localizations
of YFP-CheW clusters: yellow, unipolar localization; green, bipolar; red, random nonpolar; purple, cells with no
YFP-CheW clusters. Images are adapted from reference 63. (B) Schematic showing the interaction network centered
on ParP responsible for polar localization of chemotaxis arrays.
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the cell poles and the passing on of an array to each daughter cell are critical for proper
chemotactic behavior (50, 63).

HubP, A POLAR LANDMARK PROTEIN, DIRECTS ParC TO THE CELL POLE

In V. cholerae, localization of ParC to the cell pole depends on the polar landmark
protein HubP (67). HubP is conserved in Vibrio species and anchors at least three
ParA-like ATPases, ParA1, ParC, and FlhG, to the bacterial cell poles. It thereby facilitates
proper polar localization of the origin of chromosome 1 (ori1) via ParA1, the chemot-
actic machinery via ParC, and the flagellum via FlhG (67). In the absence of HubP, ParC,
and consequently also chemotaxis arrays, is no longer recruited to the cell poles (67).
HubP also directs the chromosome segregation protein ParA1 to the cell poles (67),
where ParA1 in turn recruits ori1 via its interactions with its partner protein ParB1 that
binds specific sequences (parS1) in the ori1 region (68–70). In newborn cells, ParA1/ori1
is positioned at the old cell pole by HubP. Then, later in the cell cycle, chromosome
replication is initiated, and ParA1 segregates the origin (ParB1/ori1) to the new cell pole,
where it is anchored via HubP, resulting in one ori1 tethered to both cell poles. It was
shown in V. cholerae that recruitment of ParC to the new pole is coordinated with the
cell cycle via HubP, and that it only occurs after segregation of ori1/ParB1 from the old
pole to the new pole has been completed (50). The spatiotemporal localization of HubP
was first reported in V. cholerae by ectopic expression of HubP-yellow fluorescent
protein (YFP). Here, HubP was reported as always being bipolarly localized and re-
cruited to the site of division before cell division is completed (67). In a recent study,
however, HubP-superfolder green fluorescent protein (sfGFP) was expressed at its
native locus and under the control of its native promoter. Here, HubP only localized to
the cell poles in a cell cycle-dependent manner, similar to that of ParC (71). First, HubP
localizes unipolarly at the old pole of recently divided cells, and then it is recruited to
the opposite new cell pole, where it gradually accumulates as the cell cycle progresses
(71). Thus, development of the new cell pole occurs in a hierarchal order, is cell cycle
dependent, and is coordinated with chromosome segregation. No direct interaction has
been observed between HubP and ParC, and the two proteins do not exactly colocalize
at the cell pole, postulating the existence of a so far uncharacterized intermediary factor
bridging HubP and ParC (Fig. 3B) (67). Similarly, in S. putrefaciens, the polar localization
of chemotaxis proteins is dependent on HubP. In its absence, chemotaxis proteins are
no longer recruited to the cell poles, but instead localize randomly along the cell (62).
S. putrefaciens also encodes a ParC/ParP system, though it remains to be analyzed if
ParC also directs arrays to the cell poles in this organism.

A DIFFUSION-AND-CAPTURE MECHANISM DRIVES CELL CYCLE-DEPENDENT
LOCALIZATION OF ParC

Photoactivation fluorescence microscopy using ParC-PAmCherry revealed that re-
cruitment of ParC to the new pole is the result of redistribution of ParC molecules from
the old pole to the new pole (50). Additionally, fluorescence recovery after photo-
bleaching (FRAP) experiments showed that ParC undergoes a continuous cycle be-
tween the cell pole and the cytoplasm, and that early in the cell cycle this exchange
only occurs at the old pole (50). Based on these localization studies, a diffusion-and-
capture model (50, 72) for ParC localization dynamics was proposed. Early in the cell
cycle, ParC is recruited to HubP at the old cell pole via a HubP-dependent anchor that
at this point in the cell cycle is exclusively found at this site. A continuous exchange of
ParC between the cell pole and the cytoplasm ensures that there is a constant pool of
cytosolic ParC at any given time. Then, later in the cell cycle, HubP localizes to the new
cell pole, making the HubP-dependent ParC anchor available at this site, too. ParC
molecules from the cytoplasmic pool can then be captured at both poles. In conse-
quence, a redistribution of ParC from the old to the new cell pole occurs. Eventually,
equilibrium is reached, resulting in an equal distribution of ParC accumulating at both
poles (in addition to the continuous cytoplasmic pool) (50).

The mechanism underlying ParC’s cycle between its localization to the cell pole and
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the cytoplasm has not been characterized yet. However, it is at least partially regulated
by the ability of ParC to bind and hydrolyze ATP (50, 63). ParC belongs to the
superfamily of Walker-type ATPases, and ParCs from both V. cholerae and V. parahae-
molyticus possess weak intrinsic ATPase activity in vitro (50, 63). Interestingly, amino
acid substitutions that are predicted to block ATP binding or block ATP hydrolysis result
in nonfunctional ParC variants. Such cells are defective in recruitment of ParP and
chemotaxis arrays to the cell poles (50, 63). A ParC variant that is unable to bind ATP
is diffusely localized in the cytoplasm, and a ParC that binds ATP but is defective for
hydrolysis localizes to the cell pole in a unipolar and bipolar manner similar to that
of wild-type ParC (50, 63). Thus, the ParC-mediated recruitment of chemotaxis
arrays to the cell pole is an active process that requires ATP binding and hydrolysis.
It is possible that the ParC ATP cycle secures a constant turnover of ParC at the cell
pole, which ensures the presence of a constant cytoplasmic pool of ParC, needed
for its immediate recruitment to the new cell pole once its polar anchor develops
at this site.

INTERACTION BETWEEN ParP AND ParC IS REQUIRED FOR PROPER
LOCALIZATION OF CHEMOTAXIS ARRAYS

ParP has multiple interaction partners and specifically interacts with ParC, the
histidine kinase CheA, and MCPs (Fig. 3B) (63, 66). ParP’s interaction with ParC is
mediated by its extreme N terminus. In particular, eight amino acids near the N
terminus of ParP are highly conserved among ParP proteins, and a single amino acid
substitution within this region in ParP of V. parahaemolyticus (ParPY16A), resulted in a
ParP variant defective for interaction with ParC but not for interaction with CheA (63).
Interaction between ParC and ParP is required for ParC-mediated polar localization of
ParP and chemotaxis arrays; when interaction between ParP and ParC is disrupted, ParP
and chemotaxis arrays form nonpolar clusters that colocalize. This localization pattern
is similar to that of a strain that is lacking ParC (63).

THE C-TERMINAL AIF DOMAIN OF ParP MEDIATES ITS INTERACTION WITH CheA
AND MCPs

The N-terminal ParC interaction domain of ParP is followed by a long variable region
with a high content of proline residues, suggesting a high flexibility (63, 66). This
proline-rich region links the ParC interaction domain of ParP to its C-terminal array
integration and formation domain (AIF domain). This AIF domain is similar to both CheW
(V. cholerae, 15% identity; V. parahaemolyticus, 18% identity) and the P5 domain of the
CheA protein (V. cholerae, 15% identity; V. parahaemolyticus, 10% identity) (66) and medi-
ates the interaction of ParP with both CheA and MCPs (Fig. 3B) (66). Both CheW and
CheA-P5 are composed of two subdomains, subdomains 1 and 2. The junction between the
subdomains consists of branched hydrophobic residues that mediate their interaction with
the MCP interaction tip (20, 26–28). Based on the homology between the AIF domain and
CheW/CheA-P5, the structure of the AIF domain is predicted to be comparable to that of
CheW/CheA-P5 (66). ParP relies on residues analogous to those of CheW and CheA-P5 for
its interaction with MCPs. Amino acid substitutions of the predicted corresponding hydro-
phobic residues in ParP-AIF disrupt the interaction between ParP and MCPs. However,
abolishing ParP’s interaction with MCPs does not prevent its interaction with CheA or ParC.
The AIF domain of ParP interacts with the same residues within the conserved MCP
interaction tip that also mediate interactions between MCPs, CheW, and the P5 domain of
CheA. This suggests that ParP competes with either CheW, CheA-P5, or both, for MCP
binding as a central part of the chemotaxis core and thus structurally integrates into the
chemotaxis signaling arrays (66).

In V. cholerae, ParP interacts with a specific region within CheA called the localization
and inheritance domain (LID). The LID is positioned between the P2 and P3 domains of
CheA and is found only in CheA proteins with an associated ParC/ParP-system (63).
Interaction between ParP and CheA is mediated by the AIF domain ParP (Fig. 3B), and
one highly conserved tryptophan residue in ParP is required for this interaction (V.
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cholerae, W338; V. parahaemolyticus, W305). An amino acid substitution of this trypto-
phan to alanine abolishes the interaction between ParP and CheA (63, 66) but not with
the MCPs. Interaction between ParP and CheA is required for proper ParP function,
since the disruption of this interaction in V. parahaemolyticus results in defective
recruitment of chemotaxis arrays to the cell pole. However, in V. cholerae the pheno-
type is not as severe as that observed in V. parahaemolyticus (66), suggesting that the
importance of ParP-CheA interaction might vary between bacteria. Alternatively, the
severity of the disruption in interaction differs between the two bacteria. The residues
mediating the ParP-AIF interaction with CheA and MCPs are predicted to be positioned
on opposite sides of the AIF domain. Thus, ParP-AIF appears to contain distinct binding
interfaces that orchestrate the interactions with both MCPs and CheA (66).

The association of ParP with the chemotaxis arrays relies only on its interactions with
CheA and MCPs and can be facilitated by either interaction (66). When the interaction
of ParP with both MCPs and CheA is simultaneously disrupted, it results in a nonfunc-
tional ParP variant that is no longer able to associate with chemotaxis arrays and
mediate their polar localization (66).

INTEGRATION OF ParP WITHIN CHEMOTAXIS ARRAYS STIMULATES THEIR
FORMATION

In a combination of fluorescence microscopy experiments and cryo-electron tomog-
raphy analysis, it was shown that, in addition to its function in mediating polar
localization of signaling arrays, ParP also stimulates array formation (66). In V. cholerae,
proper array formation requires the presence of either ParP or CheA, which are
individually adequate for the proper stimulation of chemotaxis array assembly. In
contrast, the formation of arrays is severely compromised in the absence of both ParP
and CheA. ParP stimulates array formation via its interactions with MCPs and CheA, and
the resulting integration of its AIF domain into the signaling arrays. Arrays form at
almost wild-type levels in the absence of CheA alone, which suggests that ParP is able
to fully replace CheA within the core unit in the formation of arrays. In contrast, CheW
appears to only have a slight effect on array formation, and it requires the presence of
either ParP or CheA (66).

It is still not clear how, precisely, the AIF domain of ParP fits within the overall array
structure. In the general model of array structure, a chemotaxis core unit consists of two
trimers of MCP dimers, two CheW proteins, and two CheA proteins that are dimerized
through their P3 domain, thereby contributing to array stability (Fig. 4, scenario 1) (27–29,
33, 73). In the proposed model, ParP-AIF replaces CheA-P5 and binds the MCP interaction
tip within the chemotaxis core unit. In the case of only one CheA being replaced, ParP is
tethered there through its interaction with the MCP and via binding to the LID of the
remaining CheA of the core unit (Fig. 4, scenario 2). Interaction between ParP-AIF and
CheA-LID stabilizes the core unit and substitutes for the loss of CheA-P3 dimerization due
to the absence of one CheA protein (66). ParP has been shown to stabilize chemotaxis
arrays in V. parahaemolyticus by preventing the dissociation of CheA from the arrays and by
directly stimulating CheA clustering (63). ParP is likely able to substitute for CheA within the
core units, as arrays are still able to form at almost wild-type levels in the absence of CheA
alone but not in the absence of both CheA and ParP (66). In this scenario, the core unit
consists only of CheW, ParP, and MCPs, and it is possibly stabilized by ParP dimerization (Fig.
4, scenario 3), as has been shown for ParP of V. parahaemolyticus (63). In both scenarios 2
and 3, one would expect an interaction between ParP-AIF and CheW similar to that
observed for CheA-P5 and CheW in scenario 1. However, no such interaction between
ParP-AIF and CheW has been reported yet, and further studies are needed to address
whether such an interaction takes place.

Integration of ParP into arrays has various effects. It modifies its own and both CheA
and ParC subcellular localization dynamics and thereby prevents the dissociation of
ParP itself, CheA, and ParC from the cell pole, hereby promoting their polar retention.
When the interactions of ParP with CheA and MCPs are disrupted simultaneously, ParP
and ParC are retained much less efficiently at the cell pole, and it was shown that the

Meeting Review Journal of Bacteriology

August 2018 Volume 200 Issue 15 e00793-17 jb.asm.org 9

http://jb.asm.org


release of ParP from the pole into the cytoplasm occurs at a higher rate (63, 66). The
effect of ParP on array stabilization is separable from its involvement in array localiza-
tion, because in V. parahaemolyticus, ParP prevents the dissociation of CheA from
chemotaxis arrays in the absence of ParC (63). Thus, ParP consists of two functionally
distinct domains, namely, (i) the N-terminal ParC interaction domain, which is respon-
sible for directing ParP to the cell pole, and (ii) the C-terminal AIF domain, which is
responsible for integration of ParP into the chemotaxis core unit and therefore for the
stimulation of array formation. The linkage of the two domains enables ParP to couple
the formation of signaling arrays to their intracellular localization and ultimately results
in the targeted formation of chemotaxis arrays at the cell pole (66). Hereby, ParC
primarily administers array localization by mediating the polar localization of ParP, and
ParP in turn functions to stimulate array formation at this site. Thus, the ParC/ParP-
system provides a diffusion-and-capture mechanism, wherein chemotaxis complexes
diffuse freely in the membrane. When they come in contact with ParP at the cell pole,
ParP, as a part of the chemotaxis core unit, stimulates array formation at this site,
prevents the dissociation of captured proteins, and consequently drives array assembly
and sequestration at the cell pole (50, 63, 66).

SUMMARY MODEL OF CELL POLE DEVELOPMENT IN VIBRIO SPECIES

Altogether, the results summarized here have led to the following understanding of
cell pole development in Vibrio species, particularly in regard to the localization and
formation of chemotaxis arrays (Fig. 5). In recently divided cells, HubP is localized to the
old flagellated cell pole, where it recruits ParA1 and ParC. ParA1 in turn recruits

FIG 4 Model of the structure of the chemotaxis core unit. Schematic model of the composition of
chemotaxis core units and the interactions of ParP-AIF with MCPs and CheA-LID that drive array
formation. The model is discussed in detail in the text. “Dim” indicates ParP dimerization via its
N-terminal flexible region, which links its N-terminal ParC interaction domain and the C-terminal AIF
domain.
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ParB1/ori1 to the cell pole. ParC is recruited to HubP by a thus far uncharacterized
protein that links HubP and ParC. ParC undergoes a continuous cycle of capture and
release at the pole, which ensures a constant pool of cytosolic ParC and polarly
localized ParC. ParC localized to the pole in turn recruits ParP via ParP’s N-terminal
domain. At the pole, ParP, via its C-terminal AIF domain, captures and sequesters
chemotaxis proteins, thereby driving localized array formation at the cell pole (Fig. 5,
step 1). As the cell cycle progresses, HubP is recruited to the new cell pole (Fig. 5, step
2), where it again recruits ParA1. Subsequently, ParA1 recruits ParB1/ori1 to the new
cell pole after chromosome segregation has been initiated. After completion of
chromosome segregation, HubP positions the ParC anchor at the new cell pole (Fig.
5, step 3). Following the development of a ParC anchor at the new pole, ParC
molecules released from the old pole are able to diffuse in the cytoplasm and are
captured at both poles. This results in redistribution of ParC from the old to the new

FIG 5 Hierarchical cell pole development in Vibrio cells. Schematic showing the cell pole development
in V. cholerae and V. parahaemolyticus. The model is described in the text.
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cell pole and an equal distribution of ParC between both poles (Fig. 5, step 4). ParC
positioned at the new pole recruits ParP to this site (Fig. 5, step 5). Once positioned
at the new pole, ParP drives the formation of a new chemotaxis signaling array at
this site through its interactions with MCPs and CheA as a part of the chemotaxis
core unit, ultimately resulting in a bipolar localization of chemotaxis arrays and in
the development of the new cell pole into a functional old pole after completion of
cell division (Fig. 5, step 6).

ParC-INDEPENDENT LOCALIZATION OF SIGNALING ARRAYS

Yet, even in Vibrio species, not all types of chemotaxis arrays depend on the
ParC/ParP system for their intracellular localization. In V. cholerae, chemotaxis proteins
from cluster III localize to the cell pole independently of ParC/ParP and do not
colocalize with cluster II arrays (51). Cluster I arrays also localize independently of ParC
to the polar region of the cell (53) and form along the length of the cell during hypoxia
conditions (55). Depending on its environment, V. parahaemolyticus differentiates into
two distinct cell types—swimmer and swarmer cells, which are specialized for growth
in liquid surroundings and on solid surfaces, respectively. Swarmer cells are often highly
elongated and produce a multitude of lateral flagella that are required for swarmer
behavior, while swimmer cells possess a single polar flagellum (74–77). Signaling arrays
not only localize to the cell poles in swarmer cells but also form along the length of the
cell (64, 65, 78). Localization to the cell poles is strictly dependent on ParC; however,
formation and localization of lateral arrays are ParC independent and likely are deter-
mined by stochastic assembly of chemotaxis proteins in a manner similar to that
observed for E. coli arrays (64). It is not known how the ParC/ParP system can
distinguish between chemotaxis proteins and direct only specific types of arrays to the
cell pole. Since CheAs from cluster I and III in V. cholerae both lack the LID region, it is
possible that ParP is not able to form core units with CheAs from these clusters. It is also
possible that differences among MCPs between the clusters only allow ParP to stimu-
late formation of arrays with a specific MCP or MCP/CheA composition. However,
further studies are needed to answer these open questions.

CONCLUDING REMARKS

Understanding the cell cycle-dependent spatiotemporal positioning of chemotaxis
arrays will add to our knowledge of the complexity with which bacteria are internally
organized. In particular, cells can combine sensing of external cues with the positioning
of internal structures, the development of the cell pole, and ultimately the inheritance
of macromolecular apparatuses (the chemotaxis arrays)—all in order to ensure the
survival of themselves and their offspring in a changing environment. Phylogenetic
analysis revealed that ParC forms its own clade of ParA-like ATPases, distinct from that
of ParA proteins involved in chromosome segregation, plasmid segregation, and
positioning of cytosolic signaling arrays in R. sphaeroides (50). Furthermore, ParC
associated with ParP homologs was found encoded within the chemotaxis operons of
many polarly flagellated Gammaproteobacteria, hence suggesting that these bacterial
species also rely on the ParC/ParP system for polar targeting of their chemotaxis
signaling arrays (50, 63).

Chemotaxis array structure and function have been extensively studied in E. coli
in the past, due to the elegant simplicity of this system. However, the structure and
function of chemotaxis arrays in species that possess multiple chemotaxis clusters
are less well understood, and the variance of spatial organization and structural
architecture of different chemotaxis arrays is not yet well characterized. In addition,
little is known about the functionality of different chemotaxis arrays and the
potential environmental or cell cycle-dependent associations among different clus-
ters. In order to reveal the spatiotemporal positioning of the chemotaxis arrays
through the Vibrio life cycle, fluorescence microscopy and photobleaching time-
lapse microscopy are routinely used. Furthermore, cryo-electron microscopy can be
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employed for the direct visualization of the arrays in native state. In addition,
electron cryotomography can provide a unique advantage to confirm the correct
packing in the intact array and reveal a possible structural variance in different
chemotaxis arrays.

Vibrio species are equipped with far more auxiliary chemotaxis components than E.
coli, which allows a greater diversity in the structure of chemoreceptor arrays and a
higher adaptability to their living environments. Better understanding of the che-
motaxis arrays in Vibrio species could yield new and unanticipated insights into the
molecular mechanism of chemoreceptor array formation and the chemotactic signaling
process.

ACKNOWLEDGMENTS
We apologize to all the authors whose work we could not include here due to space

restrictions.
This work was supported by the Max Planck Society and grant RI 2820/1-1 from the

Deutsche Forschungsgemeinschaft (DFG) to S.R.

REFERENCES
1. Minamino T, Imada K. 2015. The bacterial flagellar motor and its struc-

tural diversity. Trends Microbiol 23:267–274. https://doi.org/10.1016/j.tim
.2014.12.011.

2. Berg HC, Purcell EM. 1977. Physics of chemoreception. Biophys J 20:
193–219. https://doi.org/10.1016/S0006-3495(77)85544-6.

3. Colin R, Sourjik V. 2017. Emergent properties of bacterial chemotaxis
pathway. Curr Opin Microbiol 39:24 –33. https://doi.org/10.1016/j.mib
.2017.07.004.

4. Sourjik V, Wingreen NS. 2012. Responding to chemical gradients: bac-
terial chemotaxis. Curr Opin Cell Biol 24:262–268. https://doi.org/10
.1016/j.ceb.2011.11.008.

5. Parkinson JS, Hazelbauer GL, Falke JJ. 2015. Signaling and sensory
adaptation in Escherichia coli chemoreceptors: 2015 update. Trends
Microbiol 23:257–266. https://doi.org/10.1016/j.tim.2015.03.003.

6. Welch M, Oosawa K, Aizawa S, Eisenbach M. 1993. Phosphorylation-
dependent binding of a signal molecule to the flagellar switch of
bacteria. Proc Natl Acad Sci U S A 90:8787– 8791.

7. Bren A, Eisenbach M. 1998. The N terminus of the flagellar switch
protein, FliM, is the binding domain for the chemotactic response
regulator, CheY. J Mol Biol 278:507–514. https://doi.org/10.1006/jmbi
.1998.1730.

8. Sarkar MK, Paul K, Blair D. 2010. Chemotaxis signaling protein CheY
binds to the rotor protein FliN to control the direction of flagellar
rotation in Escherichia coli. Proc Natl Acad Sci U S A 107:9370 –9375.
https://doi.org/10.1073/pnas.1000935107.

9. Toker AS, Macnab RM. 1997. Distinct regions of bacterial flagellar switch
protein FliM interact with FliG, FliN and CheY. J Mol Biol 273:623– 634.
https://doi.org/10.1006/jmbi.1997.1335.

10. Lee SY, Cho HS, Pelton JG, Yan D, Henderson RK, King DS, Huang LS,
Kustu S, Berry EA, Wemmer DE. 2001. Crystal structure of an activated
response regulator bound to its target. Nat Struct Biol 8:52–56. https://
doi.org/10.1038/83053.

11. Paul K, Brunstetter D, Titen S, Blair DF. 2011. A molecular mechanism of
direction switching in the flagellar motor of Escherichia coli. Proc Natl
Acad Sci U S A 108:17171–17176. https://doi.org/10.1073/pnas.1110111108.

12. Hazelbauer GL, Falke JJ, Parkinson JS. 2008. Bacterial chemoreceptors:
high-performance signaling in networked arrays. Trends Biochem Sci
33:9 –19. https://doi.org/10.1016/j.tibs.2007.09.014.

13. Berg HC, Anderson RA. 1973. Bacteria swim by rotating their flagellar
filaments. Nature 245:380 –382. https://doi.org/10.1038/245380a0.

14. Berg HC, Brown DA. 1972. Chemotaxis in Escherichia coli analysed by
three-dimensional tracking. Nature 239:500 –504. https://doi.org/10
.1038/239500a0.

15. Xie L, Altindal T, Chattopadhyay S, Wu X-L. 2011. Bacterial flagellum as
a propeller and as a rudder for efficient chemotaxis. Proc Natl Acad Sci
U S A 108:2246 –2251. https://doi.org/10.1073/pnas.1011953108.

16. Son K, Guasto JS, Stocker R. 2013. Bacteria can exploit a flagellar buck-
ling instability to change direction. Nat Phys 9:494 – 498. https://doi.org/
10.1038/nphys2676.

17. Swanson RV, Schuster SC, Simon MI. 1993. Expression of CheA fragments
which define domains encoding kinase, phosphotransfer, and CheY
binding activities. Biochemistry 32:7623–7629. https://doi.org/10.1021/
bi00081a004.

18. Morrison TB, Parkinson JS. 1994. Liberation of an interaction domain
from the phosphotransfer region of CheA, a signaling kinase of Esche-
richia coli. Biochemistry 91:5485–5489.

19. Bilwes AM, Alex LA, Crane BR, Simon MI. 1999. Structure of CheA, a
signal-transducing histidine kinase. Cell 96:131–141. https://doi.org/10
.1016/S0092-8674(00)80966-6.

20. Park SY, Borbat PP, Gonzalez-Bonet G, Bhatnagar J, Pollard AM, Freed JH,
Bilwes AM, Crane BR. 2006. Reconstruction of the chemotaxis receptor-
kinase assembly. Nat Struct Mol Biol 13:400 – 407. https://doi.org/10
.1038/nsmb1085.

21. Cassidy CK, Himes BA, Alvarez FJ, Ma J, Zhao G, Perilla JR, Schulten K,
Zhang P. 2015. CryoEM and computer simulations reveal a novel kinase
conformational switch in bacterial chemotaxis signaling. Elife 4:e08419.
https://doi.org/10.7554/eLife.08419.

22. Borkovich KA, Kaplan N, Hess JF, Simon MI. 1989. Transmembrane
signal transduction in bacterial chemotaxis involves ligand-
dependent activation of phosphate group transfer. Proc Natl Acad Sci U
S A 86:1208–1212.

23. Gegner JA, Graham DR, Roth AF, Dahlquist FW. 1992. Assembly of an
MCP receptor, CheW, and kinase CheA complex in the bacterial che-
motaxis signal transduction pathway. Cell 70:975–982. https://doi.org/
10.1016/0092-8674(92)90247-A.

24. Zhao J, Parkinson J. 2006. Mutational analysis of the chemoreceptor-
coupling domain of the Escherichia coli chemotaxis signaling kinase
CheA. J Bacteriol 188:3299 –3307. https://doi.org/10.1128/JB.188.9.3299
-3307.2006.

25. Zhao J, Parkinson JS. 2006. Cysteine-scanning analysis of the
chemoreceptor-coupling domain of the Escherichia coli chemotaxis sig-
naling kinase CheA. J Bacteriol 188:4321– 4330. https://doi.org/10.1128/
JB.00274-06.

26. Griswold IJ, Zhou H, Matison M, Swanson RV, McIntosh LP, Simon MI,
Dahlquist FW. 2002. The solution structure and interactions of CheW
from Thermotoga maritima. Nat Struct Biol 9:121–125. https://doi.org/10
.1038/nsb753.

27. Li XX, Fleetwood AD, Bayas C, Bilwes AM, Ortega DR, Falke JJ, Zhulin IB,
Crane BR. 2013. The 3.2 angstrom resolution structure of a receptor:
CheA:CheW signaling complex defines overlapping binding sites and
key residue interactions within bacterial chemosensory arrays. Biochem-
istry 52:3852–3865. https://doi.org/10.1021/bi400383e.

28. Briegel A, Li X, Bilwes AM, Hughes KT, Jensen GJ, Crane BR. 2012. Bacterial
chemoreceptor arrays are hexagonally packed trimers of receptor dimers
networked by rings of kinase and coupling proteins. Proc Natl Acad Sci U S
A 109:3766–3771. https://doi.org/10.1073/pnas.1115719109.

29. Li MS, Hazelbauer GL. 2011. Core unit of chemotaxis signaling com-

Meeting Review Journal of Bacteriology

August 2018 Volume 200 Issue 15 e00793-17 jb.asm.org 13

https://doi.org/10.1016/j.tim.2014.12.011
https://doi.org/10.1016/j.tim.2014.12.011
https://doi.org/10.1016/S0006-3495(77)85544-6
https://doi.org/10.1016/j.mib.2017.07.004
https://doi.org/10.1016/j.mib.2017.07.004
https://doi.org/10.1016/j.ceb.2011.11.008
https://doi.org/10.1016/j.ceb.2011.11.008
https://doi.org/10.1016/j.tim.2015.03.003
https://doi.org/10.1006/jmbi.1998.1730
https://doi.org/10.1006/jmbi.1998.1730
https://doi.org/10.1073/pnas.1000935107
https://doi.org/10.1006/jmbi.1997.1335
https://doi.org/10.1038/83053
https://doi.org/10.1038/83053
https://doi.org/10.1073/pnas.1110111108
https://doi.org/10.1016/j.tibs.2007.09.014
https://doi.org/10.1038/245380a0
https://doi.org/10.1038/239500a0
https://doi.org/10.1038/239500a0
https://doi.org/10.1073/pnas.1011953108
https://doi.org/10.1038/nphys2676
https://doi.org/10.1038/nphys2676
https://doi.org/10.1021/bi00081a004
https://doi.org/10.1021/bi00081a004
https://doi.org/10.1016/S0092-8674(00)80966-6
https://doi.org/10.1016/S0092-8674(00)80966-6
https://doi.org/10.1038/nsmb1085
https://doi.org/10.1038/nsmb1085
https://doi.org/10.7554/eLife.08419
https://doi.org/10.1016/0092-8674(92)90247-A
https://doi.org/10.1016/0092-8674(92)90247-A
https://doi.org/10.1128/JB.188.9.3299-3307.2006
https://doi.org/10.1128/JB.188.9.3299-3307.2006
https://doi.org/10.1128/JB.00274-06
https://doi.org/10.1128/JB.00274-06
https://doi.org/10.1038/nsb753
https://doi.org/10.1038/nsb753
https://doi.org/10.1021/bi400383e
https://doi.org/10.1073/pnas.1115719109
http://jb.asm.org


plexes. Proc Natl Acad Sci U S A 108:9390 –9395. https://doi.org/10.1073/
pnas.1104824108.

30. Briegel A, Ortega DR, Tocheva EI, Wuichet K, Li Z, Chen S, Müller A, Iancu
CV, Murphy GE, Dobro MJ, Zhulin IB, Jensen GJ. 2009. Universal archi-
tecture of bacterial chemoreceptor arrays. Proc Natl Acad Sci U S A
106:17181–17186. https://doi.org/10.1073/pnas.0905181106.

31. Liu J, Hu B, Morado DR, Jani S, Manson MD, Margolin W. 2012. Molecular
architecture of chemoreceptor arrays revealed by cryoelectron tomog-
raphy of Escherichia coli minicells. Proc Natl Acad Sci U S A 109:E1481-8.
https://doi.org/10.1073/iti0112109.

32. Briegel A, Ladinsky MS, Oikonomou C, Jones CW, Harris MJ, Fowler DJ,
Chang Y, Thompson LK, Armitage JP, Jensen GJ. 2014. Structure of
bacterial cytoplasmic chemoreceptor arrays and implications for
chemotactic signaling. Elife 3:e02151. https://doi.org/10.7554/eLife
.02151.

33. Briegel A, Wong ML, Hodges HL, Oikonomou CM, Piasta KN, Harris MJ,
Fowler DJ, Thompson LK, Falke JJ, Kiessling LL, Jensen GJ. 2014. New
insights into bacterial chemoreceptor array structure and assembly from
electron cryotomography. Biochemistry 53:1575–1585. https://doi.org/
10.1021/bi5000614.

34. Piasta KN, Falke JJ. 2014. Increasing and decreasing the ultrastability of
bacterial chemotaxis core signaling complexes by modifying protein-
protein contacts. Biochemistry 53:5592–5600. https://doi.org/10.1021/
bi500849p.

35. Maddock JR, Shapiro L. 1993. Polar localization of the chemoreceptor
complex in Escherichia coli cell. Science 259:1717–1723. https://doi.org/
10.1126/science.8456299.

36. Sourjik V, Berg HC. 2000. Localization of components of the chemotaxis
machinery of Escherichia coli using fluorescent protein fusions. Mol
Microbiol 37:740–751. https://doi.org/10.1046/j.1365-2958.2000.02044.x.

37. Thiem S, Kentner D, Sourjik V. 2007. Positioning of chemosensory clus-
ters in E. coli and its relation to cell division. EMBO J 26:1615–1623.
https://doi.org/10.1038/sj.emboj.7601610.

38. Briegel A, Ortega DR, Huang AN, Oikonomou CM, Gunsalus RP, Jensen
GJ. 2015. Structural conservation of chemotaxis machinery across Ar-
chaea and Bacteria. Environ Microbiol Rep 7:414 – 419. https://doi.org/
10.1111/1758-2229.12265.

39. Li M, Hazelbauer GL. 2014. Selective allosteric coupling in core che-
motaxis signaling complexes. Proc Natl Acad Sci U S A 111:15940–15945.
https://doi.org/10.1073/pnas.1415184111.

40. Piñas GE, Frank V, Vaknin A, Parkinson JS. 2016. The source of high signal
cooperativity in bacterial chemosensory arrays. Proc Natl Acad Sci U S A
113:3335–3340. https://doi.org/10.1073/pnas.1600216113.

41. Studdert CA, Parkinson JS. 2004. Crosslinking snapshots of bacterial
chemoreceptor squads. Proc Natl Acad Sci U S A 101:2117–2122. https://
doi.org/10.1073/pnas.0308622100.

42. Gestwicki JE, Kiessling LL. 2002. Inter-receptor communication through
arrays of bacterial chemoreceptors. Nature 415:81– 84. https://doi.org/
10.1038/415081a.

43. Wuichet K, Zhulin IB. 2010. Origins and diversification of a complex
signal transduction system in prokaryotes. Sci Signal 3:ra50. https://doi
.org/10.1126/scisignal.2000724.

44. Heidelberg JF, Eisen JA, Nelson WC, Clayton RA, Gwinn ML, Dodson RJ,
Haft DH, Hickey EK, Peterson JD, Umayam L, Gill SR, Nelson KE, Read TD,
Tettelin H, Richardson D, Ermolaeva MD, Vamathevan J, Bass S, Qin H,
Dragoi I, Sellers P, McDonald L, Utterback T, Fleishmann RD, Nierman
WC, White O, Salzberg SL, Smith HO, Colwell RR, Mekalanos JJ, Venter JC,
Fraser CM. 2000. DNA sequence of both chromosomes of the cholera
pathogen Vibrio cholerae. Nature 406:477– 483. https://doi.org/10.1038/
35020000.

45. Butler SM, Camilli A. 2005. Going against the grain: chemotaxis and
infection in Vibrio cholerae. Nat Rev Microbiol 3:611– 620. https://doi.org/
10.1038/nrmicro1207.

46. Hyakutake A, Homma M, Austin MJ, Boin MA, Häse CC, Kawagishi I. 2005.
Only one of the five CheY homologs in Vibrio cholerae directly switches
flagellar rotation. J Bacteriol 187:8403– 8410. https://doi.org/10.1128/JB
.187.24.8403-8410.2005.

47. Gosink KK, Kobayashi R, Kawagishi I, Häse CC. 2002. Analyses of the roles
of the three cheA homologs in chemotaxis of Vibrio cholerae. J Bacteriol
184:1767–1771. https://doi.org/10.1128/JB.184.6.1767-1771.2002.

48. Butler SM, Camilli A. 2004. Both chemotaxis and net motility greatly
influence the infectivity of Vibrio cholerae. Proc Natl Acad Sci U S A
101:5018 –5023. https://doi.org/10.1073/pnas.0308052101.

49. Millet YA, Alvarez D, Ringgaard S, von Andrian UH, Davis BM, Waldor MK.

2014. Insights into Vibrio cholerae intestinal colonization from monitor-
ing fluorescently labeled bacteria. PLoS Pathog 10:e1004405. https://doi
.org/10.1371/journal.ppat.1004405.

50. Ringgaard S, Schirner K, Davis BM, Waldor MK. 2011. A family of ParA-like
ATPases promotes cell pole maturation by facilitating polar localization
of chemotaxis proteins. Genes Dev 25:1544 –1555. https://doi.org/10
.1101/gad.2061811.

51. Ringgaard S, Hubbard T, Mandlik A, Davis BM, Waldor MK. 2015. RpoS
and quorum sensing control expression and polar localization of Vibrio
cholerae chemotaxis cluster III proteins in vitro and in vivo. Mol Microbiol
97:660 – 675. https://doi.org/10.1111/mmi.13053.

52. Battesti A, Majdalani N, Gottesman S. 2011. The RpoS-mediated general
stress response in Escherichia coli.Annu Rev Microbiol 65:189 –213.
https://doi.org/10.1146/annurev-micro-090110-102946.

53. Briegel A, Ortega DR, Mann P, Kjær A, Ringgaard S, Jensen GJ. 2016.
Chemotaxis cluster 1 proteins form cytoplasmic arrays in Vibrio cholerae and
are stabilized by a double signaling domain receptor DosM. Proc Natl Acad
Sci U S A 113:10412–10417. https://doi.org/10.1073/pnas.1604693113.

54. Kan B, Habibi H, Schmid M, Liang W, Wang R, Wang D, Jungblut PR. 2004.
Proteome comparison of Vibrio cholerae cultured in aerobic and anaer-
obic conditions. Proteomics 4:3061–3067. https://doi.org/10.1002/pmic
.200400944.

55. Hiremath G, Hyakutake A, Yamamoto K, Ebisawa T, Nakamura T,
Nishiyama S-I, Homma M, Kawagishi I. 2015. Hypoxia-induced localiza-
tion of chemotaxis-related signaling proteins in Vibrio cholerae. Mol
Microbiol 95:780 –790. https://doi.org/10.1111/mmi.12887.

56. Thiem S, Sourjik V. 2008. Stochastic assembly of chemoreceptor clusters
in Escherichia coli. Mol Microbiol 68:1228 –1236. https://doi.org/10.1111/
j.1365-2958.2008.06227.x.

57. Santos TMA, Lin TY, Rajendran M, Anderson SM, Weibel DB. 2014.
Polar localization of Escherichia coli chemoreceptors requires an in-
tact Tol-Pal complex. Mol Microbiol 92:985–1004. https://doi.org/10.1111/
mmi.12609.

58. Alley MR, Maddock JR, Shapiro L. 1992. Polar localization of a bacterial
chemoreceptor. Genes Dev 6:825– 836. https://doi.org/10.1101/gad.6.5
.825.

59. Wadhams GH, Martin AC, Warren AV, Armitage JP. 2005. Require-
ments for chemotaxis protein localization in Rhodobacter sphaeroides.
Mol Microbiol 58:895–902. https://doi.org/10.1111/j.1365-2958.2005
.04880.x.

60. Bardy SL, Maddock JR. 2005. Polar localization of a soluble methyl-accepting
protein of Pseudomonas aeruginosa. J Bacteriol 187:7840–7844. https://doi
.org/10.1128/JB.187.22.7840-7844.2005.

61. Kulasekara BR, Kamischke C, Kulasekara HD, Christen M, Wiggins PA,
Miller SI. 2013. c-di-GMP heterogeneity is generated by the chemotaxis
machinery to regulate flagellar motility. Elife 2:e01402. https://doi.org/
10.7554/eLife.01402.

62. Rossmann F, Brenzinger S, Knauer C, Dörrich AK, Bubendorfer S, Ruppert
U, Bange G, Thormann KM. 2015. The role of FlhF and HubP as polar
landmark proteins in Shewanella putrefaciens CN-32. Mol Microbiol 98:
727–742. https://doi.org/10.1111/mmi.13152.

63. Ringgaard S, Zepeda-Rivera M, Wu X, Schirner K, Davis BM, Waldor MK.
2014. ParP prevents dissociation of CheA from chemotactic signaling
arrays and tethers them to a polar anchor. Proc Natl Acad Sci U S A
111:E255–E264. https://doi.org/10.1073/pnas.1315722111.

64. Heering J, Ringgaard S. 2016. Differential localization of chemotactic
signaling arrays during the lifecycle of Vibrio parahaemolyticus. Front
Microbiol 7:1767. https://doi.org/10.3389/fmicb.2016.01767.

65. Heering J, Alvarado A, Ringgaard S. 2017. Induction of cellular differentia-
tion and single cell imaging of Vibrio parahaemolyticus swimmer and
swarmer cells. J Vis Exp 123:e55842. https://doi.org/10.3791/55842.

66. Alvarado A, Kjær A, Yang W, Mann P, Briegel A, Waldor MK, Ringgaard S.
2017. Coupling chemosensory array formation and localization. Elife
6:e31058. https://doi.org/10.7554/eLife.31058.

67. Yamaichi Y, Bruckner R, Ringgaard S, Cameron DE, Briegel A, Jensen GJ,
Davis BM, Waldor MK. 2012. A multidomain hub anchors the chromosome
segregation and chemotactic machinery to the bacterial pole. Genes Dev
26:2348–2360. https://doi.org/10.1101/gad.199869.112.

68. Fogel MA, Waldor MK. 2006. A dynamic, mitotic-like mechanism for
bacterial chromosome segregation. Genes Dev 20:3269 –3282. https://
doi.org/10.1101/gad.1496506.

69. Fogel MA, Waldor MK. 2005. Distinct segregation dynamics of the two
Vibrio cholerae chromosomes. Mol Microbiol 55:125–136. https://doi.org/
10.1111/j.1365-2958.2004.04379.x.

Meeting Review Journal of Bacteriology

August 2018 Volume 200 Issue 15 e00793-17 jb.asm.org 14

https://doi.org/10.1073/pnas.1104824108
https://doi.org/10.1073/pnas.1104824108
https://doi.org/10.1073/pnas.0905181106
https://doi.org/10.1073/iti0112109
https://doi.org/10.7554/eLife.02151
https://doi.org/10.7554/eLife.02151
https://doi.org/10.1021/bi5000614
https://doi.org/10.1021/bi5000614
https://doi.org/10.1021/bi500849p
https://doi.org/10.1021/bi500849p
https://doi.org/10.1126/science.8456299
https://doi.org/10.1126/science.8456299
https://doi.org/10.1046/j.1365-2958.2000.02044.x
https://doi.org/10.1038/sj.emboj.7601610
https://doi.org/10.1111/1758-2229.12265
https://doi.org/10.1111/1758-2229.12265
https://doi.org/10.1073/pnas.1415184111
https://doi.org/10.1073/pnas.1600216113
https://doi.org/10.1073/pnas.0308622100
https://doi.org/10.1073/pnas.0308622100
https://doi.org/10.1038/415081a
https://doi.org/10.1038/415081a
https://doi.org/10.1126/scisignal.2000724
https://doi.org/10.1126/scisignal.2000724
https://doi.org/10.1038/35020000
https://doi.org/10.1038/35020000
https://doi.org/10.1038/nrmicro1207
https://doi.org/10.1038/nrmicro1207
https://doi.org/10.1128/JB.187.24.8403-8410.2005
https://doi.org/10.1128/JB.187.24.8403-8410.2005
https://doi.org/10.1128/JB.184.6.1767-1771.2002
https://doi.org/10.1073/pnas.0308052101
https://doi.org/10.1371/journal.ppat.1004405
https://doi.org/10.1371/journal.ppat.1004405
https://doi.org/10.1101/gad.2061811
https://doi.org/10.1101/gad.2061811
https://doi.org/10.1111/mmi.13053
https://doi.org/10.1146/annurev-micro-090110-102946
https://doi.org/10.1073/pnas.1604693113
https://doi.org/10.1002/pmic.200400944
https://doi.org/10.1002/pmic.200400944
https://doi.org/10.1111/mmi.12887
https://doi.org/10.1111/j.1365-2958.2008.06227.x
https://doi.org/10.1111/j.1365-2958.2008.06227.x
https://doi.org/10.1111/mmi.12609
https://doi.org/10.1111/mmi.12609
https://doi.org/10.1101/gad.6.5.825
https://doi.org/10.1101/gad.6.5.825
https://doi.org/10.1111/j.1365-2958.2005.04880.x
https://doi.org/10.1111/j.1365-2958.2005.04880.x
https://doi.org/10.1128/JB.187.22.7840-7844.2005
https://doi.org/10.1128/JB.187.22.7840-7844.2005
https://doi.org/10.7554/eLife.01402
https://doi.org/10.7554/eLife.01402
https://doi.org/10.1111/mmi.13152
https://doi.org/10.1073/pnas.1315722111
https://doi.org/10.3389/fmicb.2016.01767
https://doi.org/10.3791/55842
https://doi.org/10.7554/eLife.31058
https://doi.org/10.1101/gad.199869.112
https://doi.org/10.1101/gad.1496506
https://doi.org/10.1101/gad.1496506
https://doi.org/10.1111/j.1365-2958.2004.04379.x
https://doi.org/10.1111/j.1365-2958.2004.04379.x
http://jb.asm.org


70. Yamaichi Y, Fogel MA, McLeod SM, Hui MP, Waldor MK. 2007. Distinct
centromere-like parS sites on the two chromosomes of Vibrio spp. J
Bacteriol 189:5314 –5324. https://doi.org/10.1128/JB.00416-07.

71. Galli E, Paly E, Barre FX. 2017. Late assembly of the Vibrio cholerae cell
division machinery postpones septation to the last 10% of the cell cycle.
Sci Rep 7:44505. https://doi.org/10.1038/s41598-016-0028-x.

72. Rudner DZ, Pan Q, Losick RM. 2002. Evidence that subcellular localization
of a bacterial membrane protein is achieved by diffusion and capture.
Proc Natl Acad Sci U S A 99:8701– 8706. https://doi.org/10.1073/pnas
.132235899.

73. Briegel A, Beeby M, Thanbichler M, Jensen GJ. 2011. Activated chemo-
receptor arrays remain intact and hexagonally packed. Mol Microbiol
82:748 –757. https://doi.org/10.1111/j.1365-2958.2011.07854.x.

74. McCarter L. 1999. The multiple identities of Vibrio parahaemolyticus. J
Mol Microbiol Biotechnol 1:51–57.

75. McCarter LL. 2004. Dual flagellar systems enable motility under different
circumstances. J Mol Microbiol Biotechnol 7:18 –29. https://doi.org/10
.1159/000077866.

76. Gode-Potratz CJ, Kustusch RJ, Breheny PJ, Weiss DS, McCarter LL. 2011.
Surface sensing in Vibrio parahaemolyticus triggers a programme of
gene expression that promotes colonization and virulence. Mol Micro-
biol 79:240 –263. https://doi.org/10.1111/j.1365-2958.2010.07445.x.

77. Stewart B, McCarter L. 2003. Lateral flagellar gene system of Vibrio
parahaemolyticus. J Bacteriol 185:4508 – 4518. https://doi.org/10.1128/JB
.185.15.4508-4518.2003.

78. Gestwicki JE, Lamanna AC, Harshey RM, Mccarter LL, Kiessling LL, Adler
J. 2000. Evolutionary conservation of methyl-accepting chemotaxis pro-
tein location in Bacteria and Archaea. J Bacteriol 182:6499 – 6502. https://
doi.org/10.1128/JB.182.22.6499-6502.2000.

Simon Ringgaard is a research group leader
at the Max Planck Institute for Terrestrial
Microbiology in Marburg, Germany. He
trained under the supervision of Prof. Kenn
Gerdes at the University of Southern Den-
mark, Denmark, and Newcastle University,
United Kingdom. He then continued as a
postdoctoral researcher in the lab of Mat-
thew K. Waldor at Harvard Medical School
and Brigham and Woman’s Hospital, Boston,
MA. A general theme of study during his
career has been the analysis of the mechanisms driving the spatiotem-
poral organization of bacteria. Using Vibrio species as a model organ-
ism, the Ringgaard laboratory focuses on how bacteria sense and
respond to changes in their environment. Of particular interest is how
they ensure the proper formation and intracellular localization of che-
motaxis signaling arrays.

Wen Yang is currently a Ph.D. candidate in
the Institute of Biology at Leiden University,
Netherlands, where she works under the
supervision of Ariane Briegel. She received
an M.Sc. in biochemical engineering from
the University of Melbourne, Australia. She
researched the structure and assembly of
functional amyloid as an assistant researcher
in the Institute of Biophysics, Chinese Acad-
emy of Sciences. She is now interested in
using electron cryotomography combined
with subtomogram averaging to reveal the architecture of macromo-
lecular complexes in bacterial cells. Her current research mainly focuses
on studying the structure and function of bacterial chemoreceptor
array.

Alejandra Alvarado received an M.Sc. de-
gree in biotechnology from West Virginia
State University in 2014. Thereafter, she
joined the Max Planck Institute for Terrestrial
Microbiology, where she is currently a doc-
toral candidate working under the supervi-
sion of Simon Ringgaard. She is currently
studying the intracellular organization of
bacteria, with a particular focus on mecha-
nisms regulating the formation and localiza-
tion of chemotaxis arrays in Vibrio species.

Kathrin Schirner studied biology at Tübin-
gen University, Germany, focusing on micro-
biology. She then joined Jeff Errington’s lab
at Newcastle University, United Kingdom, for
her Ph.D., where she studied different as-
pects of cell morphogenesis. From there, she
moved on for her postdoctoral research to
Suzanne Walker’s lab at Harvard Medical
School. A major focus of her work there was
studying cell surfaces and the impact of an-
tibiotics on bacterial cell wall synthesis, us-
ing her favorite methods of genetics, biochemistry, and microscopy in
combination. At present, she lives in Germany and works mainly as a
consultant in the area of drug safety, but her enthusiasm for science in
general and for bacterial cell biology in particular, and her well-
developed network of microbiologists, still enables her to play an active
part in current research.

Ariane Briegel is a professor at Leiden
University, Netherlands. She trained and
graduated under the guidance of Wolfgang
Baumeister and continued her training as a
postdoctoral researcher in the laboratory of
Grant Jensen. Both mentors are world-leading
experts in electron cryotomography (ECT).
Ariane Briegel was among the first scientists
worldwide to apply ECT to study bacterial
and archaeal ultrastructures and now has
over 15 years of experience using cryo-
electron microscopy. The Briegel laboratory focuses on investigating
how microbes sense and respond to their environment. In order to gain
insight into the structure and function of the molecular complexes
involved in these behaviors, the lab uses electron cryotomography and
correlative microscopy methods.

Meeting Review Journal of Bacteriology

August 2018 Volume 200 Issue 15 e00793-17 jb.asm.org 15

https://doi.org/10.1128/JB.00416-07
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1073/pnas.132235899
https://doi.org/10.1073/pnas.132235899
https://doi.org/10.1111/j.1365-2958.2011.07854.x
https://doi.org/10.1159/000077866
https://doi.org/10.1159/000077866
https://doi.org/10.1111/j.1365-2958.2010.07445.x
https://doi.org/10.1128/JB.185.15.4508-4518.2003
https://doi.org/10.1128/JB.185.15.4508-4518.2003
https://doi.org/10.1128/JB.182.22.6499-6502.2000
https://doi.org/10.1128/JB.182.22.6499-6502.2000
http://jb.asm.org

	CHEMOTAXIS
	STRUCTURE OF CHEMOTAXIS ARRAYS
	PURPOSE OF CHEMOTAXIS ARRAYS
	CHEMOTAXIS SYSTEMS AND ARRAYS IN V. CHOLERAE
	THE V. CHOLERAE CLUSTER III CHEMOTAXIS SYSTEM
	THE V. CHOLERAE CLUSTER I CHEMOTAXIS SYSTEM
	INTRACELLULAR LOCALIZATION OF CHEMOTAXIS ARRAYS
	POLAR LOCALIZATION OF CHEMOTAXIS SIGNALING ARRAYS IN VIBRIO SPECIES BY THE ParC/ParP SYSTEM
	HubP, A POLAR LANDMARK PROTEIN, DIRECTS ParC TO THE CELL POLE
	A DIFFUSION-AND-CAPTURE MECHANISM DRIVES CELL CYCLE-DEPENDENT LOCALIZATION OF ParC
	INTERACTION BETWEEN ParP AND ParC IS REQUIRED FOR PROPER LOCALIZATION OF CHEMOTAXIS ARRAYS
	THE C-TERMINAL AIF DOMAIN OF ParP MEDIATES ITS INTERACTION WITH CheA AND MCPs
	INTEGRATION OF ParP WITHIN CHEMOTAXIS ARRAYS STIMULATES THEIR FORMATION
	SUMMARY MODEL OF CELL POLE DEVELOPMENT IN VIBRIO SPECIES
	ParC-INDEPENDENT LOCALIZATION OF SIGNALING ARRAYS
	CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	REFERENCES

