
Single-domain response regulators: molecular switches with
emerging roles in cell organization and dynamics

Urs Jenal1 and Michael Y. Galperin2

1 Biozentrum, University of Basel, Klingelbergstrasse 50, CH-4056 Basel, Switzerland 2 NCBI, NLM,
National Institutes of Health, Bethesda, MD 20894, USA

Summary
Single domain response regulators (SD-RRs) are signaling components of two-component
phosphorylation pathways that harbor a phosphoryl receiver domain but lack a dedicated output
domain. The E. coli protein CheY, the paradigm member of this family, regulates chemotaxis by
relaying information between chemoreceptors and the flagellar switch. New data provide a more
complex picture of CheY-mediated motility control in several bacteria and suggest diverging
mechanisms in control of cellular motors. Moreover, advances have been made in understanding
cellular functions of SD-RRs beyond chemotaxis. We review recent reports indicating that SD-RRs
constitute a family of versatile molecular switches that contribute to cellular organization and
dynamics as spatial organizers and/or as allosteric regulators of histidine protein kinases.
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Introduction
For bacteria, growth and survival critically relies on the ability to sense and respond to
environmental information in order to adapt to an ever-changing environment. To shuttle
information through the membrane, most bacteria make use of conserved signal transduction
architectures, including one- and two-component systems. In two-component systems (TCSs)
information is relayed through an autophosphorylation reaction of the histidine protein kinase
(HPK) and subsequent phosphotransfer to the cognate response regulator (RR) [1] (Fig. 1).
RRs usually consist of an N-terminal (phosphoryl-) receiver domain and a wide range of
different C-terminal output domains that generate a cellular response [2]. The level of RR
phosphorylation ultimately determines the output response.

The RR receiver domain with its structurally conserved (βα)5 fold represents the central
regulatory switch of TCSs (Fig. 2). This domain catalyzes the transfer of a phosphoryl group
from the conserved histidine of the HPK to one of its own aspartic acid residues localized inside
a surface exposed acidic pocket. Receiver domains undergo dynamic structural changes with
phosphorylation shifting the distribution from the inactive to the active conformation [3-5]
(Fig. 2). Activation results in subtle conformational changes that are localized primarily to the
α4-β5-α5 face of the receiver domain surface [3-7]. Consequently, interactions of the receiver
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domain with downstream elements are largely mediated by different parts of the α4-β5-α5
interface (summarized in: [2]). This surface of the receiver domain influences the associated
effector domains either through direct interaction [8-10] or by the formation of receiver domain
dimers [6,7,11-14]. Similarly, isolated receiver domains, so-called single-domain response
regulators (SD-RRs), can engage in intermolecular interactions with downstream effector
proteins [15]. Although SD-RRs form the second largest class of response regulators [2,16]
little is known about their specific functions in bacterial signaling. Here we review some recent
progress in understanding the molecular and cellular role of members of this regulatory family.
This review does not cover SD-RRs of the Spo0F type that are involved in phosphotransfer
reactions as part of phosphorelays [17,18].

Distribution of single-domain response regulators
Single-domain response regulators are found in all three domains of life, Bacteria, Archaea
and Eukaryotes. Among Bacteria, they are encoded in the sequenced genomes of all bacterial
phyla except for Chlamydia, Fusobacteria and Tenericutes (Mollicutes). Among Archaea, SD-
RRs are widespread in members of Euryarchaeota but only poorly represented in
Crenarchaeota. SD-RRs are also found in certain eukaryotic microorganisms, such as ciliates,
diatoms, some yeasts, as well as in various green algae.

The number of SD-RRs per cell correlates with the genome size and the total number of the
encoded RRs (Fig. 3) and varies from none in many bacterial parasites to more than 30 in
certain α- and δ-proteobacteria [16]. The fraction of SD-RRs among all RRs encoded in a given
genome reaches 90-100% in such archaea as Archaeoglobus fulgidus, Methanococcus
aeolicus and N. maritimus but is under 30% in most other bacteria and archaea. Some important
pathogens, such as Shigella dysenteria Sd197 and Mycobacterium leprae, do not encode any
SD-RRs, despite their relatively large genome sizes (4552 and 3270 kb, respectively). Many
other bacteria encode just one or two, usually the chemotaxis response regulators of the CheY
family. Several SD-RRs have been experimentally characterized (Tables 1 and 2, supplemental
material); selected examples are discussed in detail below.

Role of CheY-like SD-RR in bacterial taxis
The concept of a response regulator was put forward by Dan Koshland to explain the
mechanisms of bacterial chemotaxis [19]. Accordingly, the prototype and best-characterized
single domain response regulator is the chemotaxis protein CheY from E. coli. Chemotaxis
refers to the process by which bacteria bias their motility to move towards favorable or away
from unfavorable environments. Changes in chemo-effector concentration are detected by a
series of ligand-specific MCP chemoreceptor proteins that assemble with the coupling protein
CheW and the HPK CheA to form large signal transduction clusters at the cell pole. CheA-
mediated phosphorylation of CheY increases its affinity for the FliM component of the flagellar
motor switch complex causing a change in flagellar rotation from counter-clockwise to
clockwise [20-23]. Binding of CheY~P to FliM is mediated by the same α4-β5-α5 face of the
receiver domain surface that normally mediates interaction with RR effector domains [24,
25].

Many bacteria have evolved more sophisticated engines and more complex chemo-sensory
pathways than E. coli. Some of these have multiple chemosensory systems with CheY
molecules having adopted novel roles in controlling motor activity. The flagellar motor of
Rhodobacter sphaeroides is modulated by a start-stop mechanism [26]. Two distinct
chemosensory clusters, one localized at the cell pole and one in the cytoplasm, control the R.
sphaeroides motor. Each cluster has dedicated CheA homologs that phosphorylate distinct
CheY molecules; CheA3 and CheA4 of the cytoplasmic cluster activate CheY6, while CheA2
from the polar cluster phosphorylates CheY3 and CheY4. Although all three CheY homologs
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are able to bind to the FliM switch component of the R. sphaeroides flagellum in a
phosphorylation-dependent manner, none of them can mediate chemotaxis alone [27•,28].
While CheY6 can stop the flagellar motor the effect of FliM binding by the other CheYs is
unknown. Based on this observation, it has been speculated that some CheYs compete for FliM
binding sites with CheYs that can stop motor rotation and by that contribute to signal integration
from the cytoplasmic and polar chemoreceptor cluster [27•]. Similarly, Sinorhizobium
meliloti requires two CheYs for chemotaxis. In this organism CheY2 is the main regulator of
flagellar rotation, while CheY1 modulates CheY2 activity by acting as phosphate sink [29].
CheY1 has lost the ability to interact with the motor but controls the phosphorylation state of
CheY2 by catalyzing rapid phosphotransfer from CheY2 via CheA to CheY1 under conditions
where CheA is inactive. Since S. meliloti lacks signal-terminating CheY phosphatases it is
assumed that this additional CheY protein fulfills the function of terminating the response in
the absence of signal input.

In addition to flagella-based motility, CheY homologs control twitching and gliding motility
(e.g. in Cytophaga and Flavobacterium), cyanobacterial swimming, and archaeal motility.
These systems are not homologous to bacterial flagella [30] and neither of them includes FliM-
related proteins. Components of these nanomotors that interact with CheY~P remain to be
identified. A fascinating picture of motility control emerges in Myxococcus xanthus. This
organism has a complex life cycle that includes surface motility based cell aggregation and
cell differentiation. M. xanthus cells lack flagella but are equipped with two distinct engines
[31], eight Che-like chemosensory systems [32] and a record number of 42 SD-RRs [16]. Cell
movement is powered by the extension and retraction of type IV pili (S-motility) and by the
action of a gliding motor (A-motility) (summarized in: [33,34]). By virtue of the two engines,
Myxococcus cells can move forward or backwards along their longitudinal axis. Directionality
of cell movement is accomplished through modulating the reversal frequency in response to
environmental stimuli, a process that requires strict spatial coordination of the two engines.
Recent work has indicated that Myxococcus cell reversal is associated with synchronized
oscillations of components of both motility systems to the leading and lagging cell pole,
respectively [35,36,37•,38•]. This dynamic behavior is orchestrated by a small Ras-like
GTPase, MglA, the only known protein to be essential for both S- and A-motility [39,40].
MglA acts as central recruitment factor for several key components of A- and S-motility
engines and thus appears to direct cell reversal through spatial coordination of the two motility
machineries [33].

Genetic evidence suggested that one of the eight M. xanthus chemosensory pathways, the Frz
system, controls cell reversal by interfering with MglA activity [41]. According to the E.
coli chemotaxis paradigm, signaling through the FrzCD chemoreceptor would activate the
CheA homolog, FrzE, which in turn would lead to cell reversal through the activation of the
CheY homolog FrzZ. However, in contrast to CheY, FrzZ is a “double-faced Janus” with two
functional receiver domains arranged in tandem. Both receivers have conserved aspartate
phosphoryl acceptor residues, which can be phosphorylated by FrzE in vitro [42•]. Consistent
with this observation, both receiver domains are required for FrzZ-mediated motility control
[42•]. Just how each receiver domain contributes to Frz signaling and which downstream
motility components they interact with, remains to be determined. It is possible that, analogous
to CheY2 in S. meliloti, one of the FrzZ receiver domains acts as a phosphate sink to control
the Frz output via its neighboring domain. Such a model would be in line with the observation
that inactivation of either one of the phosphoryl acceptor sites produces partial, but distinct
motility phenotypes [42•]. Alternatively, duplication of the receiver domain might increase the
versatility of FrzZ, e.g. by providing additional interaction surface for downstream signaling
components. This has recently been suggested for the Caulobacter crescentus RR PleD, which
uses tandem receiver domains for dimerization and dynamic sequestration to one cell pole
[7,43]. It is plausible that FrzZ, like some of its downstream components, dynamically
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oscillates between cell poles during cell reversal, where it might interact with spatial regulators
as well as downstream signaling components of the Frz system. Analogous to Janus, the double-
faced roman god, who according to a legend had received the gift to see both future and past,
the double receiver domain protein FrzZ could represent a branching point in the FrzZ pathway.
Whether FrzZ directly interacts with MglA to control its activity, remains to be shown.

SD-RRs as allosteric regulators of histidine protein kinases
Preliminary evidence for a novel molecular role of receiver domains again came from studies
of the M. xanthus Frz system. The CheA homolog FrzE has an additional receiver domain fused
at the C-terminus of its kinase domain. Hybrid HPKs with an additional CheY-like domain are
generally believed to be part of phosphorelays with the receiver domain being involved in
phosphotransfer from the conserved histidine of the kinase domain to the histidine of the
downstream phosphotransfer component [1]. However, recent work by Inclan and coworkers
[42•,44•] argues against such a role for the FrzE receiver domain. Both genetic and biochemical
data argue that the FrzE receiver domain is not involved in phosphotransfer to FrzZ and is not
required for normal co-ordination of A- and S-motility. Rather, the observation that the C-
terminal receiver domain inhibits FrzE autophosphorylation suggests that it plays a modulating
role in Frz signaling [44•]. Based on this and on additional experiments, Inclan and colleagues
speculate that in its unphosphorylated state the receiver domain might interact with the FrzE
HPT subdomain, thereby preventing it from interacting with the catalytic domain of the kinase.
Phosphorylation of the C-terminal receiver domain by another HPK could provide FrzE with
the possibility to crosstalk with other chemosensory pathways involved in M. xanthus motility
control. Alternatively, the observation that the C-terminal receiver domain can be
phosphorylated by the FrzE kinase itself opens up the possibility that this domain functions as
an intramolecular device to allosterically regulate FrzE kinase activity.

More direct evidence for a role of SD-RRs as allosteric effectors of HPK activity has recently
been provided by studies on Caulobacter crescentus development [45••]. C. crescentus divides
asymmetrically to produce two progeny cells with distinct developmental and cell cycle
programs. Whereas the sessile stalked cell immediately enters S-phase, the motile swarmer
progeny remains in G1 before it differentiates into a stalked cell and enters S-phase (Fig. 4A).
Two HPKs, DivJ and PleC, which are positioned to opposing poles of the Caulobacter
predivisional cell, control asymmetry and cell differentiation [46,47] (Fig. 4A). Genetic and
biochemical experiments have identified two RRs, which are directly controlled by PleC and
DivJ; DivK, a SD-RR, and PleD, an unorthodox RR with a GGDEF diguanylate cyclase output
domain [45••,48-51]. Although their molecular roles are distinct, the two RRs are not simply
part of diverging readouts but are functionally interconnected.

Phosphorylation of PleD during stalked cell differentiation results in dimerization-based
activation of its catalytic output domain and the concomitant sequestration of the regulator to
the differentiating cell pole where it directs flagellar ejection, hold-fast biogenesis, and stalk
formation [43,51]. Although it is not clear yet how synthesis of cyclic di-GMP orchestrates
pole morphogenesis, temporal control of PleD activity during the cell cycle is critical for
Caulobacter cell fate determination. But how could PleC and DivJ together mediate activation
of PleD during cell differentiation? This is where the essential SD-RR DivK comes into play.
DivK localizes to both poles of the predivisional cell in a phosphorylation-dependent manner,
but is released from the flagellated pole after completion of cytokinesis (Fig. 4A) [52]. While
the DivJ kinase is the main phosphodonor for DivK and responsible for its sequestration to the
cell poles [45••,53], PleC acts as phosphatase that displaces DivK from the flagellated pole by
maintaining DivK~P levels low in the swarmer cell [53,54••].
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Recent in vitro and in vivo studies provided convincing evidence that DivK acts as allosteric
regulator of both PleC and DivJ kinase activities [45••]. DivK stimulates PleC
autophosphorylation but not phosphatase activity, arguing that it can switch PleC from the
default phosphatase into the kinase state. Through allosteric activation of the DivJ autokinase,
DivK also stimulates its own phosphorylation and polar localization [45••]. Together these
data suggested that DivK is the central effector of an integrated circuit that operates via spatially
organized feedback loops to determine C. crescentus cell fate. In swamer cells DivJ levels are
low and PleC is in its phosphatase mode. As a result, DivK and PleD are inactive and
delocalized. As DivJ levels rise during G1-to-S DivJ-mediated phosphorylation localizes
DivK~P to the cell pole, where it forces PleC into the autokinase mode (Fig. 4A). At the same
time DivK mediated activation of DivJ creates a positive feedback loop that may promote a
sharp G1-to-S transition and, through the activation of PleD, rapidly and robustly commit cells
to the stalked program. Conversely, the proposed feedback loops could explain how the system
is reset as cells enter G1. During cytokinesis DivK localized at the flagellated pole is separated
from its main kinase DivJ. This results in a rapid reduction of DivK~P levels in this
compartment and a decrease of the DivK concentration at the cell pole below a threshold level
required for PleC kinase activation. As a consequence, PleC switches back into its default
phosphatase mode, thereby installing the swarmer cell program (Fig. 4A). According to this
model the role of DivK is to facilitate long-range communication between the asymmetric DivJ
and PleC antagonists and by that coordinate their activities. Ultimately, this mechanism is
responsible for C. crescentus cell fate determination through PleD and possibly additional
response regulators.

SD-RR as spatial regulators
Recent studies of the C. crescentus cell cycle indicate that SD-RR can actively contribute to
the spatial organization of bacterial cells. The C. crescentus master cell cycle regulator CtrA
impacts both cell cycle and development by regulating the transcription of a large set of genes
and by blocking the initiation of chromosome replication (for recent reviews see: [55,56]).
Upon entry into S-phase, the CtrA response regulator is inactivated via a dual level mechanism
involving dephosphorylation and degradation [57]. Cell cycle dependent degradation of CtrA
requires a specific spatial arrangement of the proteolytic machinery. During the G1-to-S
transition, both CtrA and its cognate protease ClpXP [58,59] sequester to the future stalked
cell pole where CtrA is degraded [60,61••]. CtrA is stabilized in mutants that fail to localize
either the protease or the substrate to this subcellular site, suggesting that the timing of CtrA
degradation is intimately linked to the dynamic spatial arrangement of these proteins during
the cell cycle [61••,62••,63•]. Polar targeting of ClpXP is controlled by the SD-RR CpdR,
which itself sequesters to the stalked cell pole subject to its phosphorylation state [62••]. CpdR
is phosphorylated and dispersed in swarmer cells. During the G1-to-S transition CpdR is
dephosphorylated and, as a result, sequesters to the stalked pole to recruit the ClpXP protease
(Fig. 4B). Later, in the predivisional cell, CpdR is re-synthesized but kept in the inactive,
phosphorylated form by the CckA phosphorylation cascade that also activates CtrA. Through
this elegant mechanism CtrA activity and stability are directly coordinated at this stage of the
cell cycle [64••]. The observation that immediately after CtrA proteolysis, ClpXP also degrades
CpdR at the cell pole implies that at this stage the protease detaches from the pole to further
protect newly synthesized CtrA [65] (Fig. 4B). Interestingly, cell cycle dependent
phosphorylation and dephosphorylation of CpdR appear to be antagonistically controlled by
the essential SD-RR DivK [64••,65].

CtrA localizes to the ST cell pole coincident with CpdR and ClpXP. CtrA localization is
regulated by PopA, a paralog of the PleD response regulator harboring two receiver-like
domains fused to a GGDEF output domain. In contrast to PleD, the PopA output domain lacks
diguanylate cyclase activity but has a conserved high-affinity binding site for c-di-GMP, the
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I-site. Like CpdR, PopA itself localizes to the ST pole and directs CtrA to this subcellular site
via the direct interaction with an additional degradation factor, RcdA [61••,63•]. But in contrast
to CpdR, PopA localization does not depend on its phosphorylation state, but requires binding
of c-di-GMP to its I-site. Although epistasis experiments suggested that PopA and CpdR define
two distinct polar recruitment avenues for the CtrA substrate and the ClpXP protease,
respectively [63•], how exactly these pathways are interlinked is not clear. Mutants lacking
CpdR, in addition to being unable to direct ClpXP to the cell pole, also fail to localize CtrA
and show a partial defect in localizing RcdA to the cell pole [62••]. Conversely, CpdR and
ClpX frequently mislocalize in popA mutants. Based on this and on the finding that CpdR
weakly interacts with RcdA it has been proposed that all of these proteins might be part of a
macromolecular complex that transiently assembles at the cell pole to activate protein
degradation in response to the appropriate signals during the cell cycle [63•].

Conclusions
One could consider SD-RRs and their downstream targets as split response regulators with
receiver and output domains being physically separated. As illustrated by the DivK example,
this allows for interactions with multiple, spatially separated targets. The possibility for
diverging signal transduction might be one reason for the relative abundance of this class of
proteins. Another might be the possibility to freely diffuse and communicate information in
the three-dimensional space of a cell. The role of CheY proteins in relaying information
between chemoreceptors and motors represents a well-studied paradigm for such a mechanism.
But apparently, CheY represents only the beginning of our appreciation of this large and
versatile protein family. Like CheY, many of these proteins might work as simple switch
modules for protein-protein interaction networks that operate through the phosphorylation-
dependent remodeling of their α4-β5-α5 surfaces. One of the most exciting recent findings is
that SD-RRs can contribute to cellular dynamics and organization. They do so not only by
acting as spatial regulators to recruit proteins to a specific subcellular site, but they can also
function as connectors by facilitating crosstalk, feedback, and long-range communication
within the two-component phosphorylation network. Undoubtedly, additional functions for
SD-RR will emerge in the future. It will be interesting to elucidate the molecular, cellular and
structural properties of some of these molecules in order to uncover how extensively nature
has made use of this simple protein-protein interaction module.
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Figure 1. Functional properties of single-domain response regulators
The domain structure of histidine protein kinases and response regulators are shown
schematically with continuous lines indicating phosphorylation reactions and dashed lines
summarizing the known regulatory mechanisms for SD-RRs.
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Figure 2. Structural changes upon activation of the response regulator receiver domain
The structure of the phosphorylated (red) and unphosphorylated (grey) Rec1 domain of PleD
is shown to demonstrate the conformational changes imposed upon activation of receiver
domain switches [7,66]. The acidic pocket is shown with the phosphoryl-acceptor residue
Asp53, a Mg2+ ion (magenta) and a BeF3 moiety. Two additional highly conserved sites, a
hydroxyl-containing residue (Thr83) at the C-terminus of β4 and an aromatic residue (Phe102)
in β5 are indicated. Upon phosphorylation of the active site aspartate the relative orientations
of these residues change from an inactive “outward” conformation (grey) to the active “inward”
conformation (yellow). Movement of this molecular lever results in subtle conformational
changes that are localized primarily to the α4-β5-α5 face of the receiver domain surface.
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Figure 3. Distribution of SD-RRs
(A) The number of SD-RRs per cell in various bacteria and archaea. Five organisms encoding
more than 30 SD-RRs are Acidobacteria bacterium Ellin345, Anaeromyxobacter
dehalogenans, Methylobacterium sp. 4-46, Myxococcus xanthus and Solibacter usitatus. (B)
The fraction of SD-RRs among all RRs. Blue diamonds, α-, β-, δ- and ε-proteobacteria; black
diamonds, γ-proteobacteria; cyan squares, cyanobacteria; brown squares, firmicutes; yellow
triangles, other bacteria; red triangles, archaea. For details, see supplemental material and the
RR census web site, http://www.ncbi.nlm.nih.gov/Complete Genomes/RRcensus.html.
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Figure 4. Role of SD-RRs in C. crescentus development and cell cycle
(A) Schematic of the C. crescentus cell cycle with polar appendices and localization patterns
for PleC, DivJ, DivK, and PleD. Kinase (PleCK) and phosphatase state (PleCP) of PleC are
indicated. For details see text. (B) Schematic of the C. crescentus cell cycle with spatial
distribution of CtrA, ClpXP CpdR, PopA, and RcdA. The succession of CtrA and CpdR
degradation is indicated. For details see text.
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