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SUMMARY these chemoreceptors can monitor a variety of cytoplasmically

Chemoreceptors sense environmental signals and drive che-
motactic responses in Bacteria and Archaea. There are two main
classes of chemoreceptors: integral inner membrane and soluble
cytoplasmic proteins. The latter were identified more recently
than integral membrane chemoreceptors and have been studied
much less thoroughly. These cytoplasmic chemoreceptors are the
subject of this review. Our analysis determined that 14% of bac-
terial and 43% of archaeal chemoreceptors are cytoplasmic, based
on currently sequenced genomes. Cytoplasmic chemoreceptors
appear to share the same key structural features as integral mem-
brane chemoreceptors, including the formations of homodimers,
trimers of dimers, and 12-nm hexagonal arrays within the cell.
Cytoplasmic chemoreceptors exhibit varied subcellular locations,
with some localizing to the poles and others appearing both cyto-
plasmic and polar. Some cytoplasmic chemoreceptors adopt more
exotic locations, including the formations of exclusively internal
clusters or moving dynamic clusters that coalesce at points of con-
tact with other cells. Cytoplasmic chemoreceptors presumably
sense signals within the cytoplasm and bear diverse signal input
domains that are mostly N terminal to the domain that defines
chemoreceptors, the so-called MA domain. Similar to the case for
transmembrane receptors, our analysis suggests that the most
common signal input domain is the PAS (Per-Arnt-Sim) domain,
but a variety of other N-terminal domains exist. It is also common,
however, for cytoplasmic chemoreceptors to have C-terminal do-
mains that may function for signal input. The most common of
these is the recently identified chemoreceptor zinc binding (CZB)
domain, found in 8% of all cytoplasmic chemoreceptors. The
widespread nature and diverse signal input domains suggest that
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based signals, most of which remain to be determined.
INTRODUCTION

hemotaxis is a motility-based response that biases cell move-
ment toward beneficial molecules, called attractants, and
away from harmful molecules, also known as repellents. Che-
motaxis is initiated through the recognition of attractants and
repellents by chemoreceptors, which are the signal-sensing pro-
teins of the bacterial chemotaxis system. The chemoreceptors
transduce this information to the central regulator of bacterial
chemotaxis, the CheA kinase (Fig. 1) (reviewed in references 1 and
2), which in turn leads to the regulation of flagellar rotation. This
paradigm has been well studied in integral membrane chemore-
ceptors of Escherichia coli and has led to many key insights into
signal transduction. There are, however, entire classes of bacterial
chemoreceptors that are fundamentally different from those of E.
coli (3, 4). Studying these chemoreceptors will likely generate even
more insights into the fundamental properties of signal recogni-
tion and transduction. We focus here on one type of distinct bac-
terial chemoreceptor: those that lack transmembrane domains
and operate strictly cytoplasmically.
Chemoreceptors can be classed as either integral inner mem-
brane proteins or soluble cytoplasmic ones (Fig. 1). All chemore-
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FIG 1 Domain structure of transmembrane (left) and soluble (right) chemo-
receptors. Only one type of transmembrane receptor is shown, the so-called
class I receptor, with two transmembrane regions and a periplasmic ligand
binding region, as these are the best-studied types of transmembrane receptor.
Different transmembrane receptor topologies have been described (6, 7). As-
terisks indicate a domain that is not always present. Signal output coincides
with MA domain in chemorecptors shown. Cytoplasmic chemoreceptors are
shown positioned in proximity to the inner membrane but in most cases do
not interact with it directly.

ceptors are identified by the presence of a highly conserved cyto-
plasmic signaling domain, called the “MA” or “MCP signal”
domain, which interacts with the CheW coupling protein and the
CheA histidine kinase. Often, chemoreceptors are called methyl-
accepting chemotaxis proteins (MCPs) because of their ability to
be methylated, but we use the term chemoreceptor because most
so-called MCPs have not been experimentally tested for methyl-
ation. A substantial fraction of chemoreceptors are cytoplasmic.
Specifically, our analysis of 8,384 chemoreceptor proteins in the
SMART protein database (5) found that 14.5% lack transmem-
brane regions and are predicted to reside in the cytoplasm. These
cytoplasmic chemoreceptors presumably function similarly to
transmembrane chemoreceptors but detect intracellular ligands,
although there is little known regarding how they actually sense
and transmit signals (6, 7). Furthermore, chemoreceptors can
function in processes other than motility, e.g., gene regulation (8).
Cytoplasmic chemoreceptors, however, are known to play impor-
tant roles in many microbial processes, including pathogenesis (9,
10), fruiting body formation (8), as well as mediating taxis in
response to cellular energy stores (11, 12), redox (13, 14), and
metabolites (15). In this review, we first start with a discussion of
basic chemoreceptor attributes and then summarize the current
state of understanding about signal recognition, signal transduc-
tion, and the subcellular localization of cytoplasmic chemorecep-
tors.

CHEMORECEPTORS SIGNAL VIA INTERACTIONS WITH THE
KEY SIGNALING PROTEINS CheW AND CheA

Bacterial chemoreceptors contain signal output regions as well as
signal input regions that are, in some cases, clearly defined (4, 6).
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FIG 2 Schematic of chemotaxis signal transduction. Chemoreceptors exist in
a ternary complex with the CheW coupling protein and the CheA kinase. The
chemoreceptor in the absence of ligand activates CheA, which in turn phos-
phorylates the response regulator CheY. Phosphorylated CheY interacts with
the flagellar motor and affects the direction of motor rotation. CheR is a meth-
yltransferase that acts upon conserved glutamates in the adaptation region of
the receptors; methylation at these sites enhances CheA activation by chemo-
receptors. CheB is a methylesterase that catalyzes the removal of methyl
groups. Its activity is enhanced by phosphorylation via CheA. Additional ad-
aptations proteins, CheV, CheC, and CheD, are described in the text.

In all types of chemoreceptors, the signal output region is cyto-
plasmic and highly conserved because it interacts with the down-
stream signal transduction proteins CheW and CheA (Fig. 2).
Chemoreceptors mediate chemotaxis by controlling CheA’s ki-
nase activity (2). CheA phosphorylates CheY, which in turn inter-
acts with the flagellar motor and affects the frequency at which the
motor changes the direction of rotation.

Chemoreceptors interact with both CheW and CheA. CheW is
a coupling or scaffold protein that is essential to form connections
between chemoreceptors and CheA (Fig. 2). Interactions between
chemoreceptors and CheW/CheA occur in a subregion of the MA
domain called the protein interaction region (PIR) (2, 16). In
transmembrane chemoreceptors, the PIR is the portion of the
chemoreceptor most distal from the membrane (Fig. 1). The PIR
is a four-stranded coiled coil, with two strands originating from
each chemoreceptor monomer. Evidence suggests that the PIR
adopts the same structure in all receptors, whether cytoplasmic or
transmembrane (17). The interaction of CheW with the PIR has
been known for a long time and verified by numerous methods,
including nuclear magnetic resonance (NMR) chemical shifts
(18), targeted disulfide cross-linking (19), and genetic suppressor
mutations (20, 21). The interaction of CheA and the PIR, in con-
trast, has been appreciated only recently but has been documented
by several methods, including targeted disulfide cross-linking and
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mutagenesis (22-24). Interactions between chemoreceptors and
CheW, as well as those between chemoreceptors and CheA, are
important for controlling CheA kinase activity (23, 25, 26). Cyto-
plasmic chemoreceptors appear to participate in similar interac-
tions based on observations of interactions between CheW, CheA,
and the PIR within the Tm14 cytoplasmic chemoreceptor from
Thermotoga maritima (26). Based on these similar interactions,
the output of ligand binding in all receptors is likely to trigger
conformational changes at the PIR and in turn to affect CheA
activation.

All chemoreceptors contain the MA domain, which acts to
transduce signal input information to CheA. Only one copy of the
MA domain is present in transmembrane chemoreceptors, while
more than one copy of the MA domain can be found in cytoplas-
mic chemoreceptors. For instance, we identified 20 cytoplasmic
chemoreceptors with two MA domains. All 20 chemoreceptors
consist of an N-terminal region followed by two consecutive MA
domains. Eighteen of these chemoreceptors have only small N-
terminal regions (class IVb), described in more detail below, while
two have longer N-terminal regions (class IVa). None of these
chemoreceptors has an annotated sensing domain, and their func-
tions are not yet known. Interestingly, while the MA domains are
similar for all these receptors, their N-terminal regions are not,
suggesting that they are not strict orthologs. These receptors were
found only in Bacteria, within the Actinobacteria, Clostridia, Alp-
haproteobacteria, Betaproteobacteria, and Gammaproteobacteria.
The genome of Caldicellulosiruptor bescii DSM 6725 is the only
one containing more than one (two) of these receptors. On the
other hand, we found that the four Vibrio cholerae strains have the
same cytosolic chemoreceptor containing two MA domains (see
Table S1 in the supplemental material). The relevance of a chemo-
receptor having more than one MA domain is not yet known.

SIGNAL TRANSDUCTION IN CHEMORECEPTORS

The signal input region of chemoreceptors is extremely vari-
able, in contrast to the highly conserved signal output region.
Transmembrane chemoreceptors typically present an easily
identifiable region for signal input outside the cytoplasmic
membrane. In contrast, it is often difficult to identify the signal
input domain of cytoplasmic chemoreceptors, and it is not yet
clear if it always lies N terminal to the MA domain. Lacal and
colleagues reported that some cytoplasmic chemoreceptors
have a large N-terminal region, with a portion containing
known or predicted sensing domains, while other cytosolic
chemoreceptors have only a very short N-terminal domain that
has no identifiable sensing domains (7).

In transmembrane chemoreceptors, several different organiza-
tions have been described (6, 7). The most common organization
is typified by the E. coli receptors Tar and Tsr and consists of (i) a
short N-terminal sequence that acts as a transmembrane region,
(ii) a poorly conserved periplasmic region, (iii) a second trans-
membrane region, and (iv) a cytoplasmic region containing at
least the highly conserved MA domain (Fig. 1). The periplasmic
region is therefore flanked by two transmembrane regions, is very
diverse in length and sequence, and is responsible for sensing li-
gands directly or through the interaction with ligand binding pro-
teins (1). Ligand binding is thought to trigger a conformational
change in the chemoreceptor that consists of an ~1.4-A down-
ward slide of the long transmembrane helix that connects the
periplasmic and cytoplasmic regions (16, 27, 28). There have been
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no studies of ligand-driven conformational changes in cytoplas-
mic chemoreceptors. Numerous cytoplasmic chemoreceptors
contain putative N-terminal ligand binding domains, but C-ter-
minal ones also exist, as we describe below in this review. It is
unknown whether cytoplasmic receptors detect ligands by direct
binding, operate through protein partners, or both.

A frequently found signal transduction domain in E. coli
chemoreceptors is the HAMP domain, which lies between the
signal input and output domains (Fig. 1) (29). HAMP domains
are thought to function to transmit the transmembrane ligand
binding signal to the MA domain, although the exact mechanism
is not yet clear. HAMP domains are small 50-amino-acid homodi-
meric folds that adopt a four-helix bundle structure of two am-
phipathic helices joined by a linker segment (29). HAMP domains
have been observed in crystal structures to adopt multiple confor-
mations, varying by helix rotation, helix translation, and helix-
helix crossing angles (30, 31). These different conformations
are proposed to underlie signal transduction. About 80% of
transmembrane chemoreceptors contain a membrane-proximal
HAMP domain, based on our analysis of MA domain-containing
proteins in the SMART database (5). Sometimes, more than one
copy of the HAMP domain is found in chemoreceptors. However,
the HAMP domain may not be essential, since we found that al-
most 20% of the transmembrane chemoreceptors do not have an
annotated HAMP domain.

Given that HAMP domains are canonically thought to func-
tion in transmembrane signaling, it was not clear or known
whether cytoplasmic chemoreceptors would possess them. To fill
this gap, we determined the abundance of the HAMP domain in
cytoplasmic chemoreceptors using proteins obtained from the
SMART database that lack transmembrane domains (5). Five per-
cent of the 1,217 cytoplasmic chemoreceptors contained a HAMP
domain. In these chemoreceptors, the HAMP domain was always
N terminal to the MA domain and was frequently accompanied by
the PAS domain (~30% of cytoplasmic chemoreceptors) and
more rarely with the CHASE, hemerythrin, NIT, and Cache_1
domains (these domains are discussed below). Generally, HAMP
domains were prevalent in cytoplasmic chemoreceptors with long
N-terminal domains, so-called class IVa chemoreceptors (7). One
possibility is that cytoplasmic chemoreceptors with long N-termi-
nal regions are more likely to contain a signal-sensing domain in
this region and thus utilize a HAMP domain, similarly to trans-
membrane chemoreceptors, in coupling conformational changes
from a ligand binding domain to alter CheA kinase activity (29).
This possibility, however, remains to be confirmed.

ADAPTATION IN CHEMORECEPTORS

Chemoreceptors are capable of responding to a broad range of
chemoeffector concentrations through a process known as adap-
tation (1, 16). Adaptation typically occurs via posttranslational
modifications affecting a chemoreceptor’s ability to activate CheA
under conditions of prolonged stimulation. In the case of pro-
longed attractant stimulation, a bacterium’s swimming behavior
will return to the prestimulation direction change frequency after
a period of smooth swimming triggered by attractant addition.
The best-understood mechanism of adaptation occurs via the re-
versible methylation of glutamate residues located in the signal
output region of the chemoreceptors. Methyl groups are added by
the methyltransferase CheR and removed by the methylesterase
CheB (Fig. 2). Methylation of the chemoreceptors increases their
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ability to activate CheA. There is complex feedback between the
CheA kinase and the CheB portion of the methylation system.
Specifically, CheA phosphorylates CheB but on a slower time scale
than it does CheY. Phosphorylation of CheB activates its esterase
activity and leads to demethylation of chemoreceptors, diminish-
ing their capacity to activate CheA (16, 32, 33). A similar system
appears to operate in at least some cytoplasmic chemoreceptors,
based on the observation that these cytoplasmic chemoreceptors
possess a methylation consensus in the adaptation region (15, 34—
36). In most cases, however, methylation has not been confirmed,
nor is the specific role of methylation known.

Although methylation is the best-understood adaptation
method, there are at least two additional adaptation systems uti-
lized by chemoreceptors. These systems have been well character-
ized only for Bacillus subtilis, so these proteins may function dif-
ferently outside that system (37). Nonetheless, it is useful to keep
in mind that there are additional nonmethylation adaptation sys-
tems that may be used by cytoplasmic chemoreceptors. The first
system utilizes the CheV proteins, which are chimeras of CheW
plus a phosphorylatable receiver (REC) domain (38). CheV pro-
teins allow additional chemoreceptor-kinase control, dictated by
the variable phosphorylation state of the CheV REC domain. The
second alternative system relies on the CheD and CheC proteins.
Both of these proteins have enzymatic activity but additionally
perform adaptation via protein-protein interactions (39). CheD
interacts directly with chemoreceptors at the methylation region
and can deamidate them, thereby increasing their ability to acti-
vate CheA (39). CheD availability is modulated by CheC (40). A
model has been proposed whereby phosphorylated CheY causes
CheC to sequester CheD from the chemoreceptors, inducing ad-
aptation of the chemotaxis system (41). Many species that possess
CheD lack CheC, which supports the possibility of variation and
diversity in these adaptation systems. To date, no studies about the
role(s) of CheV or CheD/C have been done with cytoplasmic
chemoreceptors, so it is not yet known whether these types of
receptors utilize these diverse adaptation systems.

HIGHER-ORDER STRUCTURES OF CYTOPLASMIC
CHEMORECEPTORS

Chemoreceptors exist as homodimers, clustered into trimers of
dimers. Homodimers form extensive antiparallel four-helix-
bundle coiled-coil interactions that have been seen in struc-
tures of cytoplasmic chemoreceptors (42) as well as in soluble
cytoplasmic fragments of the Tsr and Tm1143c chemorecep-
tors (21, 43). These features are shared between different
chemoreceptors, supporting that all chemoreceptors are likely
to form homodimers (3).

Trimers of dimers are a higher-order form of chemoreceptors
that seem to be a universal state of chemoreceptors. Briegel et al.
reported that Tm14, a cytoplasmic chemoreceptor of T. maritima,
forms trimers-of-dimers in crystals (17). Recently, this work was
extended to show that cytoplasmic chemoreceptors from two dif-
ferent species formed trimer-of-dimer structures in cells (44).
Similar to transmembrane chemoreceptor arrays, cytoplasmic
clusters contain trimers of receptor dimers organized in 12-nm
hexagonal arrays. In contrast to transmembrane arrays, however,
cytoplasmic clusters comprise two CheA/CheW baseplates sand-
wiching two opposed receptor arrays. Those authors furthermore
showed that cytoplasmic fragments of normally transmembrane
E. coli chemoreceptors form similar sandwiched structures in the
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presence of molecular crowding agents. Together, these results
suggest that the 12-nm hexagonal architecture is fundamentally
conserved and that sandwiching and crowding can replace the
stabilizing effect of the membrane.

Chemoreceptors form extensive multichemoreceptor arrays,
composed of many trimers of dimers connected by CheW and
CheA at the chemoreceptor PIR (17, 45, 46). In accordance with
these observations, CheW and CheA are essential for extensive
multichemoreceptor array formation. To gain higher-resolution
information on the relative positions of each protein, a crystal
structure of a cytoplasmic chemoreceptor, Thermotoga Tm14, was
employed (17, 26). The high-resolution structure of Tm14 in
complex with CheA and CheW shows an unusual unzipped con-
formation of the chemoreceptors, into trimers of tetramers, with
CheW and CheA engaged in a ring around the PIRs. This unusual
unzipped conformation has not been observed in native situations
and is believed to be a nonnative feature. However, evolutionary
analysis of sequence conservation and mutation patterns suggests
that the contacts among the receptor, CheA, and CheW displayed
by the structure are relevant to the native chemosensory system
(26). This structural model bears strong similarity to interactions
predicted and observed for intact transmembrane chemorecep-
tors by using cryotomography, supporting the accuracy of this
idea (17, 44, 47).

CYTOPLASMIC CHEMORECEPTORS ARE PREVALENT IN
BACTERIA AND ARCHAEA

Although there are several examples of cytoplasmic chemorecep-
tors, their prevalence was unknown. We therefore conducted an
analysis of 8,384 chemoreceptors in complete genomes of the
SMART database (5). These chemoreceptors were defined by the
presence of the MA domain and included 207 from Archaea and
8,177 from Bacteria (Fig. 3). Of the bacterial chemoreceptors, 14%
(1,129) were cytoplasmic, based on the lack of transmembrane
domains. Cytoplasmic chemoreceptors were more abundant in
Archaea, with nearly 43% of all MCPs identified being cytoplasmic
(Fig. 3). We found three archaeal species with exclusively cyto-
plasmic receptors, including Thermofilum pendens Hrk 5 (one
chemoreceptor), Archaeoglobus fulgidus DSM 4304 (two chemo-
receptors), and “Candidatus Methanoregula boonei” 6A8 (four
chemoreceptors). Interestingly, in the archaeon Methanosphae-
rula palustris E1-9C, 11 out 12 of its chemoreceptors are cytoplas-
mic. Most genomes, however, have transmembrane chemorecep-
tors plus some cytoplasmic ones.

Cytoplasmic chemoreceptors had previously been called class
IV chemoreceptors (4) and were subsequently further divided
into two different classes according to the length of the polypep-
tide N terminal to the MA domain (7). Specifically, class IVa
chemoreceptors contain an N-terminal domain of at least 108
amino acids, whereas class IVb contains an N-terminal region of
<108 amino acids. Many of the class IVa receptors have predicted
ligand binding motifs, as described below, but for the most part,
we do not yet know the functional significance of long and short
N-terminal domains. However, class IVa chemoreceptors are ~2-
to 3-fold more abundant than class IVb chemoreceptors (Fig. 3).

LIGAND BINDING DOMAINS FOUND IN CYTOPLASMIC
CHEMORECEPTORS

How cytoplasmic chemoreceptors sense their ligands and respond
to them is a major remaining question in bacterial chemotaxis. To
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FIG 3 (Left) Abundances of cytoplasmic chemoreceptors in Archaea and Bac-
teria. Chemoreceptors were identified from complete genomes in the SMART
database (5) as proteins with annotated MA domains and further narrowed by
identifying those that had no transmembrane domains, to create a set of 1,217
cytoplasmic chemoreceptors. (Right) Results from analyses of only the cyto-
plasmic chemoreceptors, manually, to determine which chemoreceptors be-
long to class IVa, those with N-terminal domains of 108 amino acids or longer,
or class IVD, those with N-terminal domains of <108 amino acids.

Class IVb

help fill this gap, we used both the SMART and PFAM databases to
analyze the domain content of our set of 1,129 cytoplasmic
chemoreceptors obtained from the SMART database. We deter-
mined the prevalence of individual domains in cytoplasmic
chemoreceptors, the frequency of cooccurrences of domains, and
the position of these domains relative to the MA domain. Roughly
one-quarter of cytoplasmic chemoreceptors had no identifiable
domain other than the MA domain (Fig. 4). Several types of do-
mains were found fairly commonly in cytoplasmic chemorecep-
tors, including domains that sense small molecules or bind redox-
active cofactors and thus are predicted to drive a tactic response to
redox or cellular energy levels. Each of these domains is discussed
below. Interestingly, some domains were found N terminal to the
MA domain, as is typical in transmembrane chemoreceptors,
while others were found C terminal to the MA domain. The sig-
nificance of this positioning, however, is not yet known. Addition-
ally, we do not yet know whether ligand sensing at these domains
controls the conformation or availability of the PIR, as has been
suggested for transmembrane chemoreceptors (16, 23).

PAS domains are by far the most abundant sensing domains
annotated in cytoplasmic chemoreceptors, occurring in 47% of
analyzed proteins, and in most cases, several PAS domains were
found per protein (Fig. 4). PAS domains are found in many sig-
naling proteins, from human to bacteria, where they function to
bind small molecules (48). Many PAS domain proteins bind a
small molecule that in turn detects the signal. For example, heme
binding confers oxygen detection, and flavin adenine dinucleotide
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FIG 4 Domains most commonly found in soluble chemoreceptors. The set of
cytoplasmic chemoreceptors (1,217 proteins) was identified as described in the
Fig. 3 legend and used as the input for both the SMART (5) and PFAM data-
bases (76) to identify all additional annotated domains. Domains with several
subtypes were combined as follows: GAF contains GAF and GAF_2; FIST
contains FIST and FIST_C; PAS contains PAS_3, PAS_4, PAS_8, and PAS_9;
and Cache contains Cache_1 and Cache_2. Annotated domains with 3 hits or
less are not shown here but are included in Table 1. Brief descriptions of
domain functions can be found in Table 1.

(FAD) binding allows redox detection. In all cytoplasmic chemo-
receptors, the PAS domain was located N terminal to the MA
domain (Table 1). A few PAS-containing cytoplasmic chemore-
ceptors have been implicated in energy taxis, a motility-based re-
sponse for positioning cells in an optimum microenvironment for
energy generation (12, 15) (Table 1).

The second most common domain is the chemoreceptor zinc
binding (CZB) domain, found in ~8% of all cytoplasmic chemo-
receptors (Fig. 4). In all cases, the CZB domain was C terminal to
the MA domain (Table 1). The CZB domain was first identified in
the Helicobacter pylori TlpD (TlpDyp) chemoreceptor (49). It
consists of a set of conserved histidines and one cysteine and binds
zinc (49). The CZB domain is also found in nonchemoreceptor
proteins, including the diguanylate cyclase DgcZ/YdeH. In this
protein, it responds to zinc and exhibits zinc-dependent allosteric
control on the associated domain (50). The CZB domain was typ-
ically the sole identifiable domain in the chemoreceptors probed,
although in a few cases, a protoglobin domain was also found.

The third most common sensing domain found in cytoplasmic
chemoreceptors is the protoglobin domain, which occurred in 7%
of proteins analyzed (Fig. 4). The protoglobin domain is a mem-
ber of the hemoglobin superfamily and binds heme. The B. subtilis
cytoplasmic chemoreceptor HemAT has a heme-bound protoglo-
bin domain that drives aerotaxis (14). The protoglobin domain
was found exclusively N terminal to the MA domain (Table 1) and
was typically the sole identifiable domain in chemoreceptors, with
rare exceptions containing it in addition to the C-terminal CZB or
PilZ domain.

Several other domains were found in ~1% of cytoplasmic
chemoreceptors. Several domains were N terminal to the MA do-
main, including the FIST, GAF, Diacid_rec, and PocR domains.
Two domains were C terminal to the MA domain, the SBP_bac_5
and PilZ domains. One domain was found either N- or C-termi-
nally placed, the Cache_1 domain (Fig. 4 and Table 1). The first
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TABLE 1 Domains identified in cytoplasmic chemoreceptors”

Cytoplasmic Chemoreceptor Sensing and Signaling

% (total no.) of chemoreceptors with
domain located:

No. of chemoreceptors of Total no. of

Domain N-terminal C-terminal class IVa/class IVb proteins Database
PAS/PAC 100 (367) 0 362/5 367 SMART
CZB 0 100 (114) 17/97 114 PFAM
Protoglobin 100 (104) 0 10/22 104 PFAM
FIST 100 (14) 0 14/0 14 SMART
GAF 100 (14) 0 14/0 14 SMART
Cache_1 17 (2) 83 (10) 2/10 12 PFAM
Diacid_rec 100 (9) 0 1/8 9 PFAM
SBP_bac_5 0 100 (9) 0/9 9 PFAM
PilZ 0 100 (7) 6/1 7 PFAM
PBPb 0 100 (3) 0/3 3 SMART
Hemerythrin 0 100 (2) 2/0 2 PFAM
Fe_hyd_lg C 100 (2) 0 2/0 2 PFAM
HNOB 100 (2) 0 2/0 2 PFAM
NMT1 0 100 (1) 1/0 1 PFAM
CBS 100 (1) 0 1/0 1 SMART
NIT 100 (1) 0 1/0 1 PFAM
CHASE3 100 (1) 0 1/0 1 PFAM
Bac_globin 100 (1) 0 1/0 1 PFAM
DUE3365 100 (1) 0 1/0 1 PFAM

@ N-terminal indicates the percentage of chemoreceptors with the indicated domain found on the amino-terminal side of the MA domain, with the total number in parentheses.
C-terminal indicates the percentage of chemoreceptors with the indicated domain found on the carboxy-terminal side of the MA domain, with the total number in parentheses.

Class IVa chemoreceptors are cytoplasmic receptors with N-terminal domains that are 108 amino acids or longer, while class IVb chemoreceptors have N-terminal regions of <108
amino acids (7). “Database” indicates whether the domains were identified by using the SMART or PFAM database. The following domains were included in this table. PAS domain
proteins interact with and respond to small molecules through bound cofactors, including FAD and heme groups (48). CZB domains bind zinc through conserved histidines and
cysteines and in some cases are known to sense zinc, although this has not been confirmed for other CZB proteins (49, 50). PilZ domains bind and mediate a response to the
secondary messenger c-di-GMP (77). Protoglobin domains coordinate a heme group and can respond to oxygen (78). FIST domains are proposed to bind small ligands, including
amino acids (51). GAF domains interact with and respond to 3’,5’-cyclic GMP (cGMP) (53, 79). The Diacid_rec domain is proposed to bind and respond to carbohydrates (54).
The PocR domain is a variant of the PAS domain and is predicted to bind hydrocarbons (55). Cache_1 and SBP_bac_5 domains are predicted to have a role in small-molecule
recognition (56, 57). PBPb domains are high-affinity small-molecule binding domains characterized in ABC transporters (57). Hemerythrins bind and respond to oxygen through
coordinated iron atoms (80, 81) and have also been reported to mediate responses to nitric oxide (82). NMT1 domains have been characterized for their role in the synthesis of the
pyrimidine moiety of thiamine and are regulated by thiamine (83, 84). The HNOB domain coordinates heme and is predicted to interact with and respond to gaseous ligands,
including nitric oxide (85). CBS domains bind and respond to molecules with adenosyl groups, such as AMP and ATP or S-adenosylmethionine (86). The NIT domain binds and
responds to nitrate and nitrite (87). The CHASE3 domain has been characterized as an extracellular sensory domain, although the perceived ligand is unknown (88). The
Bac_globin domain coordinates heme as a prosthetic group and binds oxygen reversibly (14, 89). DUF3365 domains are present in bacteria but are functionally uncharacterized.

N-terminal domain, FIST, has been postulated to bind small li-
gands, such as amino acids, based on the chromosomal proximity
of FIST-encoding genes to those coding for proteins involved
in amino acid metabolism and transport (51). Interestingly, when
this domain is present, the HAMP domain is not, and this domain
was detected only in proteobacteria. Another N-terminal domain
is GAF. The GAF domain is named based on the proteins in which
it was originally found: cyclic GMP (¢cGMP)-specific phosphodi-
esterases, adenylyl cyclases, and FhlA (52, 53). The GAF domains
were often found in multiple copies per chemoreceptor (Table 1).
The Diacid_rec domain is found in several proteins characterized
as carbohydrate diacid regulators (54). It is always located N ter-
minal to the MA domain (Table 1). Lastly, the PocR domain is a
variant of the PAS domain and is predicted to bind hydrocarbons
(55). When present, it was the only annotated domain outside the
MA domain and was always N terminal to it (Table 1).

The Cache_1 domain was the only domain found to be located
either N or C terminal to the MA domain (Table 1). Cache_1 is
typically an extracellular domain that is predicted to have a role in
small-molecule recognition in a wide range of proteins, including
the animal dihydropyridine-sensitive voltage-gated Ca®>" channel
alpha-28 subunit and various bacterial chemotaxis receptors (56).
The name Cache comes from calcium channels and chemotaxis
receptors.
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Lastly, the SBP_bac_5 and PilZ domains were found exclu-
sively C terminal to the MA domain (Table 1). The SBP_bac_5
domain was originally characterized as an extracellular domain
that binds small molecules and participates in high-affinity trans-
port (57). Members include proteins such as the periplasmic oli-
gopeptide binding proteins (OppA), the periplasmic murein pep-
tide binding protein of E. coli (MppA), the periplasmic nickel
binding protein (NikA) of E. coli, and the heme binding lipopro-
tein (HbpA or DppA) of Haemophilus influenzae. In cytoplasmic
chemoreceptors, SBP-bac_5 was found only in clostridial species.
The PilZ domain, in comparison, binds the bacterial second mes-
senger cyclic di-GMP (c-di-GMP) (58). c-di-GMP is associated
with the regulation of biofilm formation, the control of exopoly-
saccharide synthesis, flagellar- and pilus-based motility, gene ex-
pression, and other aspects of bacterial physiology in diverse bac-
teria (58). The PilZ domain was found in soluble chemoreceptors
combined with a variety of other domains, e.g., PAS and proto-
globin domains N terminal to the MA domain and the CZB do-
main C terminal to the MA domain. PilZ domains were found
only in cytoplasmic chemoreceptors from alphaproteobacteria.
Recently, the Alexandre group showed that the PilZ domain at the
C-terminal end of a transmembrane chemoreceptor bound c-di-
GMP and modulated chemotactic signaling, supporting that li-
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gand binding at C-terminal domains can influence chemorecep-
tor function (59).

The diversity of domains in cytoplasmic chemoreceptors sug-
gests that these proteins sense and integrate a wide group of intra-
cellular signals. Furthermore, these domains may be divided pre-
sumptively into those that sense redox, such as the PAS domain;
those that sense oxygen, such as the protoglobin domain; and
those that respond to small molecules, such as the PAS and PilZ
domains. It remains unknown how cytoplasmic chemoreceptors
convert signals into a tactic response.

SUBCELLULAR LOCALIZATION OF CYTOPLASMIC
CHEMORECEPTORS

Transmembrane chemoreceptors localize predominantly at or in
the vicinity of the cell pole but can also be found in the lateral
membrane (60). In both locations, they form extensive multi-
chemoreceptor arrays, although the polar ones tend to be larger
(46). Cytoplasmic chemoreceptors, in contrast, appear to have a
wider subcellular distribution, ranging from colocalization with
transmembrane chemosensory clusters to a diffuse cytoplasmic
distribution and cytoplasmic cluster localization, as described in
more detail below. One point to consider in analyzing chemore-
ceptor localization is whether a particular microbe has only one or
more than one set of chemotaxis signaling proteins. Many bacteria
have multiple sets of chemotaxis signaling proteins that can act
under distinct conditions or even function in processes such as
twitching motility or transcription (32) (Table 2). Presumably, if
there is only one set of signaling proteins, all chemoreceptors must
share these proteins and therefore would be more likely to be
colocalized. The localization of cytoplasmic chemoreceptors is by
far the best-studied attribute of these proteins, so below, we sum-
marize a significant body of work in this area.

Cytoplasmic Chemoreceptors with Nearly Exclusive
Localization at the Pole with Transmembrane
Chemoreceptor Arrays

Some cytoplasmic chemoreceptors are found predominantly at
the pole of the cells. One such protein is Pseudomonas aeruginosa
McpS (we use the genus and species abbreviation as a subscript to
help differentiate the many similarly named chemoreceptors, e.g.,
McpSp,) (Table 2 and Fig. 5). The P. aeruginosa PAO1 genome
encodes 4 chemotaxis pathways with 26 chemoreceptors, 3 of
which lack transmembrane regions and are therefore predicted to
be soluble (34). McpSp, contains an N-terminal PAS domain and
predicted methylation sites, but it is not yet known what it re-
sponds to or whether it is methylated (34). McpSy, localizes to the
pole along with several other chemoreceptors, based on immuno-
fluorescence (34). Increasing McpSy, levels disrupted the polar
localization of transmembrane chemoreceptors, but McpSp, was
still observed at the pole. Increased levels of McpSy, also caused
decreased motility in a soft-agar chemotaxis assay. There have
been no studies on the proteins required for McpS;, polar local-
ization. Taken together, this cytoplasmic chemoreceptor appears
to reside in a polar complex with transmembrane chemorecep-
tors, and this macromolecular structure is sensitive to the concen-
tration of McpSp,, perhaps through displacing interactions be-
tween receptors or signaling proteins (34).

IcpA and McpY of Sinorhizobium meliloti (IcpAg,, and
McpYgy, respectively) are also found nearly exclusively at the pole
(Table 2 and Fig. 5). IcpAgy,; and McpYs,, are the two cytoplasmic
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chemoreceptors in the nine-chemoreceptor/two-pathway system
of S. meliloti. IcpAgy, contains a predicted protoglobin domain at
its N terminus, and McpYg,, contains two PAS domains in tan-
dem at its N terminus; the input signals of these two chemorecep-
tors, however, are not known (61). IcpAgy, and McpYgy, are both
located at the pole, based on analysis of green fluorescent protein
(GFP) fusion proteins (61). They furthermore colocalized with
the transmembrane chemoreceptor McpX and fluorescently
tagged CheA, suggesting that they are part of a large chemorecep-
tor signaling complex. Interestingly, McpYgy and IcpAg,, re-
quired different sets of proteins to localize to the pole. Specifically,
IcpAgy was not affected by the loss of other chemoreceptors,
CheA or both CheW1 and CheW?2, while the polar localization of
McpYgy, decreased without these proteins (61). Fractionation of
S. meliloti cells followed by Western blotting revealed that
McpYgy was found in the cytosolic fraction, while IcpAg,, was
present exclusively in the membrane fraction. This membrane
association was probed by mild treatment of membrane fractions
with detergent, after which IcpAg,, still showed an association
with the membrane fraction (61). The localization of IcpAgy is
intriguing, as it suggests that cytoplasmic chemoreceptors may
interact at the pole with partners apart from chemoreceptor arrays
and chemotaxis signaling proteins.

B. subtilis HemAT is yet another example of a polarly localized
cytoplasmic chemoreceptor (Table 2 and Fig. 5). B. subtilis en-
codes one chemotaxis system with 10 chemoreceptors, 2 of which
are soluble: HemAT and YfmS (62). HemAT mediates aerotaxis
via oxygen binding through a coordinated heme group at its N
terminus within a protoglobin domain (63). The ligand of YfmS is
unknown; the sole annotated domain in this protein is the MA
domain. The localization of yellow fluorescent protein (YFP)-
tagged HemAT and YfmS was studied by fluorescence micros-
copy, and they both localize primarily to the pole, similar to the
transmembrane receptor McpB (64). HemAT is also found in Ha-
lobacterium salinarum, but its localization in this microbe is not
known. It has been suggested that these receptors may be part of a
large membrane chemoreceptor array and undergo conforma-
tional changes upon ligand binding that propagate to neighboring
receptors. This hypothesis could explain the fact that aerotaxis is
more efficient when HemAT is not the sole receptor present (62).

Cytoplasmic Chemoreceptors with both Polar Colocalization
with Transmembrane Receptor Clusters and Diffuse
Cytoplasmic Localization

The localization of some cytoplasmic chemoreceptors seems to be
multifaceted, present in both soluble and membrane fractions.
This is the case for Azospirillum brasilense AerC (AerC,y) and
TlpDyyp (Table 2 and Fig. 5). A. brasilense codes for four che-
motaxis pathways, with 51 chemoreceptors. AerC,y is a cytoplas-
mic chemoreceptor that possesses two N-terminal PAS domains
and a C-terminal MA domain (12). AerC,p binds FAD at each of
two N-terminal PAS domains and is postulated to sense intracel-
lular redox, via the bound FAD, and direct an oxygen-repellent
response to support nitrogen fixation (12). AerC,;-YFP localiza-
tion was determined by fluorescence microscopy and was found
to be both diffuse in the cytoplasm and localized in foci at the pole,
depending on growth conditions (Fig. 5) (12). Under conditions
promoting nitrogen fixation, as opposed to growth in the presence
of ammonia, AerC, was found predominantly at the pole (12). In
contrast, growth in the presence of ammonia created dimmer po-
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TABLE 2 Characteristics of well-studied cytoplasmic chemoreceptors”

Domain(s) Methylation No. of chemosensory systems
Cytoplasmic receptor Species NH, COOH  Input or phenotype Localization(s)  Consensus  Verified  (source or database[s]) Reference(s)
TlpD (HP0599) H. pylori None CZB Electron transport chain blockage P/C No No 1 11,49
Tm14 (TM0014) T. maritima None None Unknown ND ND No 1 (Mist and MicrobesOnline) 26, 42
McpS (PA1930) P. aeruginosa PAS (2) None Overexpression disrupts polar P Yes ND 4 (Porter et al.) 34
localization of transmembrane
chemoreceptors
IcpA/McpE S. meliloti Protoglobin ~ None Unknown P No No 2 (Porter et al.) 61,90
(SMc03004)
McpY (SMc03087) S. meliloti HAMP, PAS  None Unknown P Yes ND 2 (Porter et al.) 61,90
HemAT (BSU10380) B. subtilis Protoglobin None Protoglobin-bound heme senses P Yes Yes 1 (Porter etal.) 14, 64
oxygen
YfmS (BSU07360) B. subtilis None None Unknown P ND ND 1 (Porter et al.) 14
AerC (AZOBR_70123)  A. brasilense PAS (2) None Cytoplasmic redox/oxygen via FAD ~ P/C ND ND 4 (Russell et al.) 12
bound in PAS domain
TIpC (RSP_1589) R. sphaeroides ~ None None Unknown CC No 3 (Porter et al.) 44,91
TIpT (RSP_0044) R. sphaeroides  None None Unknown CC No 3 (Porter et al.) 36, 67
FrzCD (MXAN_4141) M. xanthus None None Senses side-to-side contact from D,F Yes Yes 8 (Porter et al.) 74,92, 93
neighboring cells; fruiting body
formation
Mcp7 (MXAN_6962) M. xanthus None None Coupling between sporulation and P (sub) ND ND 8 (Porter et al.) 75
aggregation
McpB (CC_0428) C. crescentus Protoglobin None Unknown C Yes ND 2 (Mist, MicrobesOnline) 35
Car (OE_5243F) H. salinarum PAS None Arginine C ND ND 1 (Mist) 15

“ Domains are given as either amino terminal (NH;) or carboxy terminal (COOH) relative to the MA domain. Localization is indicated as follows: P, polar; P/C, polar and cytoplasmic; P (sub), subpolar; CC, cytoplasmic clusters; D,
cytoplasmic and dynamic; F, filaments; C, cytoplasmic but exact location unknown; ND, not determined. “Methylation consensus” indicates whether methylation consensus sequences have been identified in the protein, while
“verified” indicates whether these were experimentally confirmed (Yes) or not yet determined (ND). Numbers of chemotaxis operons and encoded CheA proteins were obtained from data reported previously by Porter et al. (32) and
Russell et al. (59) and in the Mist (94) and MicrobesOnline (95) databases, as indicated. This number is usually estimated based on the number of encoded CheA proteins.
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FIG 5 Examples of the diverse subcellular locations of cytoplasmic chemore-
ceptors. At the top are chemoreceptors that are primarily polar, shown as
distinct bright polar spots. (A) B. subtilis HemAT visualized as HemAT-YFP.
(Courtesy of George Ordal. Similar images can be found in reference 62.) (B)
B. subtilis YfmS visualized as YfmS-YFP. (Courtesy of George Ordal. Similar
images can be found in reference 62.) (C) S. meliloti IcpA-enhanced GFP.
(Adapted from reference 61 with permission.) (D) P. aeruginosa McpS, visu-
alized by using immunofluorescence with anti-His antibody to recognize His-
McpS. (Adapted from reference 34 with permission.) Shown at the bottom are
chemoreceptors that (i) are diffuse or polar under different environmental
conditions, (ii) reside in an internal cytoplasmic cluster that is distinct
from the polar transmembrane chemoreceptors, or (iii) are dynamic. (E) A.
brasilense AerC, visualized as AerC-YFP, under different growth conditions.
(Courtesy of Gladys Alexandre. Similar images can be found in reference 12.)
(F) R. sphaeroides TlpC visualized as TIpC-GFP. (Courtesy of Judith Armitage.
Similar images can be found in reference 66.) (G) M. xanthus FrzCD, visual-
ized with anti-FrzCD, and bacterial cells stained with FM4-64. (Reprinted
from reference 74 with permission.)

lar foci. Polar localization required proteins of the Chel operon
(CheAl, CheW1, CheB1, and CheY1) (12, 65) as well as specific
nitrogen-fixing growth conditions. FAD binding was not required
for AerC,y polar localization but did alter migration in a soft-agar
assay and abolished aerotaxis in oxygen gradients (12). Nitrogen
fixation is an energetically intensive process, and the enzyme re-
sponsible for splitting N,, nitrogenase, is inhibited by oxygen. In
this manner, AerC,; would help A. brasilense restrict nitrogen
fixation to low-oxygen environments.

TlpDyyp is found both at the pole with the other chemoreceptors
and throughout the cytoplasm (11). H. pylori possesses three
transmembrane chemoreceptors in addition to TlpDy,p, all part of
one chemotaxis pathway. TlpDy,, binds zinc at its conserved C-
terminal CZB domain (49). The direct signal of TlpDy;p is un-
known, but the receptor has been reported to mediate a repellent
response to inhibitors of the electron transport chain (11). TlpDyyp
hasbeen detected in cytoplasmic and membrane portions of fraction-
ated cells in approximately equivalent amounts (11). Membrane lo-
calization of TlpDyy, depends on the transmembrane chemorecep-
tors CheA, CheW, and CheV1l when assayed by subcellular
fractionation and Western blotting (K. D. Collins and K. M. Otte-
mann, unpublished data). This finding suggests that TlpD may exist
in a complex with the other chemotaxis proteins but is also able to
reside in the cytoplasm.
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Cytoplasmic Chemoreceptors That Form Clusters Distinct
from the Transmembrane Polar Receptors

Studies of Rhodobacter sphaeroides chemotaxis have provided an
intriguing case of cytoplasmic chemoreceptors that localize exclu-
sively internal to the cytoplasm, away from the polar transmem-
brane chemoreceptors (Table 2 and Fig. 5). R. sphaeroides
possesses three chemotaxis pathways with 13 chemoreceptors, in-
cluding 4 that lack predicted transmembrane domains. Two of
these, R. sphaeroides TlpC (TlpCgs) and TlpTys, have been stud-
ied. TlpCgg and TlpTyg localize to a cytoplasmic cluster (36) that
contains a repertoire of chemotaxis signaling proteins (66). Local-
ization of the cytoplasmic cluster is cell cycle dependent (36), and
duplication of the cluster occurs prior to cell division, allowing
segregation of each duplicated cluster to a daughter cells. Mecha-
nisms controlling the duplication of the cluster remain unknown.
Clusters contain TlpCyg, TlpTgs, CheA;, CheA,, CheW,, CheR,,
and a ParA homolog called PpfA (all encoded in the same operon)
(66). Cluster formation relies on the presence of TlpTyg and
CheW, (67), while the positioning and segregation of the cluster
rely on the presence of the N terminus of TIpTg and the activity of
PpfA (68, 69). Cells lacking ppfA do not form a second cytoplas-
mic cluster during cell division, and only one daughter inherits a
cluster as a result. Daughter cells lacking a cluster are nonchemot-
actic until they synthesize new cluster components (68). PpfA
interacts with TlpTyg via its N terminus, which is thought to stim-
ulate PpfA ATPase activity. Additional PpfA interactions with
chromosomal DNA may fix the cluster localization and allow the
cluster to be segregated during cell division with chromosomal
DNA (69). This localization mechanism may be widespread, given
that many cytoplasmic chemoreceptors are encoded in the same
operon as a protein with PpfA homology (46), and positioning of
chemosensory arrays in Vibrio also seems to depend on the pres-
ence and activity of a ParA-like protein, ParC (70, 71).

Cytoplasmic Chemoreceptors with Dynamic Cytoplasmic
Localization

The bacterium Myxococcus xanthus presents an interesting case
for soluble chemoreceptors in social behaviors and developmen-
tally regulated processes. This Gram-negative soil bacterium dem-
onstrates social behavior in coordinating movement during pred-
atory hunting and also undergoes fruiting body formation during
nutrient limitation, both of which are controlled in part by che-
mosensory systems (8, 72). M. xanthus contains eight chemotaxis
pathways that perform a variety of functions. It possesses two
soluble chemoreceptors, FrzCD and Mcp7 (Table 2). FrzCD con-
trols vegetative swarming and starvation-induced aggregation
prior to fruiting body formation (8), while Mcp7 regulates cou-
pling between aggregation and sporulation (73). FrzCD shows a
dynamic localization that appears to be sensitive to cell-cell con-
tacts and is organized in helical filaments spanning the length of
the cell (Table 2 and Fig. 5). M. xanthus employs two forms of
gliding motility, both of which rely on cellular reversals but are not
flagellar based (8). The Frz pathway, including FrzCD, along with
chemotaxis signaling proteins, including the FrzE histidine kinase,
control the frequency of reversals. Mutations in the Frz pathway
alter the frequency of reversals. Fluorescence microscopy revealed
that FrzCD localizes in helical filaments that cover the cell length
and that FrzCD is dynamic within these structures, continuously
changing its position, number, and intensity (74, 75). FrzCD in
one cell transiently aligns with that in another as cells make side-

Microbiology and Molecular Biology Reviews

ZNYD VINVS 41TvD 40 AINN Ad #102 ‘|| Jequedaq uo /Bi0° wse iquiwy/:diy woly papeojumoq


http://mmbr.asm.org
http://mmbr.asm.org/

to-side contacts. An intact Frz signaling pathway is required for
FrzCD localization, as an frzE mutant showed more diffuse FrzCD
clusters that were also less abundant than in the wild type. Clusters
within the frzE mutant were still dynamic, however, constantly
changing their number, position, and intensity. FrzCD is pro-
posed to operate as a regulator of reversal frequency through its
tracking along a cytoskeletal filament from one pole of the cell to
the other, and cell-cell contacts increase the frequency with which
FrzCD stimulates reversals (74). FrzCD appears to respond to the
presence of attractants and repellents through levels of methyl-
ation, and the modification appears to have consequences on
fruiting body formation (8). The second M. xanthus cytoplasmic
chemoreceptor, Mcp7, displays subpolar localization at either one
or both poles and was the most mobile of the M. xanthus chemo-
receptors (75). This chemoreceptor is encoded in the che7 locus
with cognate copies of CheA, CheW, CheY, CheB, CheR, and the
accessory protein Cpc7. Mcp7 mutants prematurely sporulate be-
fore cell populations aggregate. Mcp7 activity, specifically the
phosphorylation of CheY encoded in the che7 locus (CheY7), neg-
atively regulates sporulation. Phosphorylated CheY7 physically
interacts with Cpc7, and this complex negatively regulates sporu-
lation until cell aggregation is complete (73). These two soluble
chemoreceptors provide an important reminder that not all che-
mosensory modules are strictly involved in motility and may in-
stead provide a connection between sensing environmental sig-
nals and developmentally controlled behaviors or processes.

Cytoplasmic Chemoreceptors with Unknown Cytoplasmic
Localization

Several cytoplasmic receptors have been studied only by subcellu-
lar fractionation and clearly localize to the cytoplasmic fraction of
cells. It is not known, however, where within the cell (e.g., polar or
clustered) these chemoreceptors reside. Caulobacter crescentus
McpB (McpB) and Halobacterium salinarum Car are examples
of this class of cytoplasmic chemoreceptors (Table 2). The C. cres-
centus chemotaxis system consists of two chemosensory pathways
of 19 predicted chemoreceptors, with McpB. being one of five
cytoplasmic chemoreceptors. McpBo contains a predicted
N-terminal protoglobin domain and appears to be methylated
based on the migration of the protein in strains lacking either
CheB or CheR (35). The localization of McpB was determined
by cellular fractionation to be exclusively in the cytoplasmic frac-
tion (35). The presence of an N-terminal protoglobin domain,
similarly to HemAT, suggests that McpB may play a role in
aerotaxis, although this role has not been validated (35).

H. salinarum is a halophilic archaeon encoding one chemosen-
sory system with 18 chemoreceptors, 6 of which are predicted to
be cytoplasmic. Car is one of these cytoplasmic chemoreceptors
and possesses a PAS domain at its N terminus. Strains lacking Car
lose the ability to respond to arginine in a soft agar chemotaxis
assay but retain the ability to respond to other amino acids, sug-
gesting that this cytoplasmic chemoreceptor mediates a tactic re-
sponse to arginine (15). Car localizes to the cytoplasmic fraction,
based on subcellular fractionation (15). Car is believed to monitor
the concentrations of arginine in the cytoplasm, possibly as part of
a metabolism-dependent motility response (15).

CONCLUSIONS

Cytoplasmic chemoreceptors are common among microbes of the
bacterial and archaeal domains, comprising 14% and 43% of
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chemoreceptors, respectively. Existing studies, although limited,
suggest that cytoplasmic chemoreceptors share the same key
structural features as transmembrane chemoreceptors: a homodi-
meric trimer-of-dimer configuration, organized into 12-nm hex-
agonal arrays. However, the locations of the cytosolic chemore-
ceptor arrays vary. Certain cytoplasmic chemoreceptors have
been observed to localize to the pole with transmembrane chemo-
receptors, and signaling could occur through interactions with
other receptors in that array. Other chemoreceptors show diffuse
cytoplasmic and polar localizations, suggesting trafficking be-
tween these two locations. The localization of R. sphaeroides cyto-
plasmic chemoreceptors in internal clusters offers the most well-
studied example of solely cytoplasmic chemoreceptors, and these
receptors seem to be engaged in a complex that is capable of sig-
naling independently of transmembrane signaling centers. The
case of FrzCD offers an interesting alternative to other cytoplas-
mic chemoreceptor signaling as part of a dynamic structure that
operates along the length of Myxococcus. This paradigm of signal-
ing may not be unique to this bacterium and instead may offer
insight into cytoplasmic chemoreceptors in contexts outside
flagellar-driven chemotaxis. The driving force for distinct cellular
locations is not yet known. It may be the location of the signal,
some aspect of signal transduction, another factor, or some com-
bination of these that determines whether a receptor is cytoplas-
mic or polar, static or dynamic. Cytoplasmic chemoreceptors bear
diverse signal input domains, which are mostly N terminal to the
MA domain. Similar to transmembrane receptors, the most com-
mon signal input domain is the PAS domain, and a variety of other
N-terminal domains exist. It is also common, however, for cyto-
plasmic receptors to have C-terminal domains. The most com-
mon of these is the recently identified CZB domain, found in 8%
of all cytoplasmic chemoreceptors. The reason why some domains
are N terminal while others are C terminal to the MA domain is
not yet known. Some cytosolic chemoreceptors do not seem to
contain an input signal region in their sequence, suggesting that
these chemoreceptors might play some sort of structural role in-
stead of receiving signals or that there are as-yet-unidentified in-
put domains. There are many open questions about this interest-
ing group of chemoreceptor proteins. Future studies of these
chemoreceptors will undoubtedly generate significant insights
into the fundamental properties of signal recognition and trans-
duction.
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