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Abstract

Two-component systems are a dominant form of bacterial signal transduction. The prototypical
two-component system consists of a sensor that responds to a specific input(s) by modifying

the output of a cognate regulator. Because the output of a two-component system is the amount

of phosphorylated regulator, feedback mechanisms may alter the amount of regulator, and/or
modify the ability of a sensor or other proteins to alter the phosphorylation state of the regulator.
Two-component systems may display intrinsic feedback whereby the amount of phosphorylated
regulator changes under constant inducing conditions and without the participation of additional
proteins. Feedback control allows a two-component system to achieve particular steady state
levels, to reach a given steady state with distinct dynamics, to express coregulated genes in a given
order, and to activate a regulator to different extents, depending on the signal acting on the sensor.
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INTRODUCTION

The two-component system is a family of signal transduction proteins present in all domains
of life (97). In bacteria, two-component systems constitute a dominant form of gene

control in response to changes in an organism’s surroundings. This protein family has been
implicated in the adaptation to a variety of stress conditions (23, 25, 30, 37, 44, 81), in
pathogenic (30, 51, 84) and symbiotic (65, 79) interactions with eukaryotic hosts, and in
essential cellular pathways (23, 78). The prototypical two-component system responds to

a change in an environmental condition by modifying gene expression; alternatively or in
addition, the output may be modification of the biochemical activities of target proteins.

Gene control systems often use feedback mechanisms to adjust their outputs (61). That is to
say, they make the output part of the input. Negative feedback is observed when a deviation
in the output results in changes in the direction opposite to the original deviation. Positive
feedback, by contrast, occurs when a deviation in the output gives rise to changes in the
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same direction as the original deviation. Negative feedback generally serves to stabilize the
state of a system, whereas positive feedback moves the system away from the original state.

Feedback mechanisms play critical roles in the response to stress conditions (30, 37) and in
developmental pathways (13). Moreover, they are essential for pathogens to cause disease
(89); for symbiotic organisms to reside within their eukaryotic hosts (100); and for the
synthesis of (87), resistance to (19), and persistence in the presence of (5) antibacterial
agents. In this article, I review the mechanisms and physiological significance of feedback
regulation of bacterial two-component systems. | begin with an introduction to the
architectural classes of two-component systems. Then, | describe the mechanisms by which
these systems adjust their output, and the significance of feedback-promoted adjustments.
Finally, I discuss how the investigation of feedback control of two-component systems has
uncovered novel principles about organismal responses to a change in conditions. Much

of my perspective on these feedback control systems derives from my own work on the
PhoP/PhoQ system (30), which I reference thoughout this review.

VARIATION IN THE ARCHITECTURE OF TWO-COMPONENT SIGNAL
TRANSDUCTION

Classical two-component systems consist of a sensor protein that responds to a physical

or chemical signal by modifying the phosphorylated state of a cognate regulatory protein
(Figure 1a). Regulators are often DNA-binding transcriptional repressors and/or activators,
and the consequence of an inducing condition for a two-component system is typically

a change in the transcriptional profile of an organism. Phosphorylation usually increases
the affinity of a regulator for its DNA target (28, 113, 114). Certain regulators lack DNA-
binding domains and exert their regulatory effects by establishing direct interactions with
protein (34) or RNA (91) targets.

Sensors use ATP to autophosphorylate at a conserved histidine residue. In addition to
using ATP, the senor MprB from Mycobacterium tuberculosis can autophosphorylate

with the high-energy molecule polyphosphate (). The phosphorylated sensor serves as a
phosphodonor to its partner regulator, which is phosphorylated at a conserved aspartic
acid residue. The vast majority of sensors also display phosphatase activity toward

their respective phosphorylated regulators. The recognition surfaces that confer specificity
between sensor and regulator as well as the biochemical properties of these proteins are
largely conserved across systems and species (49). By contrast, the signals acting on sensors,
and the genes regulated by the regulators, typically differ among two-component systems
(57). Differences in input signals and regulated genes/proteins have been reported even for
homologous systems of closely related bacterial species (19, 76).

When an organism experiences inducing conditions for a given two-component system, the
levels of phosphorylated regulator increase. This increase may come about from several
nonmutually exclusive effects exerted by the signal on the sensor. For example, an inducing
signal may promote sensor autophosphorylation, thereby elevating the concentration of
phosphorylated sensor, which constitutes the usual substrate for regulator phosphorylation.
Alternatively or in addition, the signal may inhibit the sensor’s phosphatase activity toward
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the phosphorylated regulator. A regulator may phosphorylate not only from a sensor that
autophosphorylates continuously but also from a small-molecular-weight phosphodonor,
such as acetyl phosphate (58a), the levels of which are modulated by the metabolic status of
the bacterial cell (47, 85). Furthermore, a signal may alter the synthesis and/or activity of a
protein(s) that modifies the ability of a sensor to act as an autokinase or phosphatase (39), or
of a phosphorylated regulator to be dephosphorylated by its cognate sensor (43).

Hybrid two-component systems constitute a protein family that harbors the sensor and
regulator domains of a classical two-component system fused in a single polypeptide (79)
(Figure 1b). That is to say, a hybrid two-component system comprises a signal-sensing
domain at the amino terminus followed by the sensor kinase domain, which, in turn, is
followed by a regulator domain containing the conserved aspartate site of phosphorylation,
and then by a DNA-binding domain at the carboxy terminus. Therefore, a hybrid two-
component system is typically an integral membrane protein with a periplasmic signal-
sensing domain and a DNA-binding domain.

The best characterized hybrid two-component systems are found in the mammalian
symbiotic bacterium Bacteroides thetaiotaomicron, where they control the expression of
genes involved in the uptake and utilization of carbohydrates. B. thetaiotaomicron harbors
over 30 hybrid two-component systems (79a and 110), each mediating growth on a different
carbohydrate as the sole carbon source. In addition to the hybrid two-component systems,

B. thetaiotaomicron harbors ~40 classical two-component systems, which are predicted to
mediate the response to stress conditions. Thus, hybrid and classical two-component systems
may be found in the same organism.

The phosphorelay is a version of the two-component system involving four sequential
phosphoryl transfer events (Figure 1c). In the phosphorelay, a sensor autophosphorylates at a
conserved histidine residue and serves as phosphoryl donor to a protein (or a domain of the
same protein) that becomes phosphorylated at an aspartate residue; the latter phosphorylated
protein or domain, in turn, donates the phosphoryl group to a third protein or domain,

which is phosphorylated at a histidine residue and ultimately donates the phosphoryl

group to a regulatory protein or domain whose activity changes when it is phosphorylated

at a conserved aspartate residue. The existence of multiple phosphorylated intermediates
provides ample opportunities to abort the phosphotransfer process in response to additional
inputs (70). In a phosphorelay, there are four sequential steps of phosphotransfer that take
place between different proteins and/or within individual domains of a given protein.

In the vast majority of two-component systems, the sensor only affects the phosphorylated
state of its cognate regulator (Figure 1a) (49, 101). However, certain regulators do
phosphorylate from both cognate and noncognate sensors (Figure 1d), enabling regulator
output to reflect the different inputs operating on cognate and noncognate sensors (14).
Thus, different signals acting on distinct sensors or altering the levels of particular
metabolites can converge on a given regulator (Figure 1d). In other cases, a given sensor
may serve as phosphodonor for multiple regulators (Figure 1e), thereby expanding the
spectrum of genes, proteins, and activities affected by the signal acting on a given sensor
(59).
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For two-component systems that regulate gene expression, the enzymatic activity of a
reporter gene product or the mRNA levels of the gene of interest are typically used

as surrogates for the output of a two-component system. These approaches are used

because measuring mRNA levels or determining enzymatic activities is less laborious

than determining the amount of phosphorylated regulator, and/or because of interest in a
particular gene or protein controlled by the regulator. However, ascribing properties of a
downstream output to a two-component system can be confounding because such properties
may only apply to a particular target of the system. As stated above, the phosphorylated
form of the regulator is the actual output of a two-component system. The in vivo levels of
phosphorylated regulator can be measured using cells grown with radiolabeled phosphate or
using polyacrylamide gels containing 1,3-bis[bis(pyridin-2-ylmethyl) amino]propan-2-olato
dizinc(1) complex, which allow the separation of the phosphorylated and unphosphorylated
forms of the regulator (7, 105).

Below, I discuss how two-component system proteins control their output by altering the
amount of active regulator. This control is exerted at the level of transcription of sensor and
regulator genes, by the sensor and regulator proteins modifying their biochemical activities,
or conducted by the products of the genes they control (Figure 2a).

TRANSCRIPTIONAL AUTOREGULATION OF TWO-COMPONENT SYSTEMS
AND ITS CONSEQUENCES

Transcriptional Control of Two-Component Systems

Two-component system proteins are often encoded in operons specifying cognate sensor-
regulator pairs. This gene arrangement makes sense physiologically, given that, in most
cases, sensors exclusively govern the phosphorylated state of their cognate regulators. Yet,
bona fide two-component system proteins are sometimes independently transcribed (12, 24,
54) and may be encoded in distant regions of a genome.

Two-component system genes must be transcribed at some basal level so that an organism
has enough sensor to detect a specific signal(s), and enough regulator to initiate a response.
In addition to the constitutive promoter providing basal levels of expression, many two-
component systems harbor a second, autoregulated, promoter. The latter promoter is
responsible for generating the amounts of active regulator necessary to carry out the genetic
program that will help the organism prosper in the environment denoted by the signal.

The location of the constitutive and autoregulated promoters often varies across systems
and/or species. For example, the two-component system operon p/10PQ is transcribed from
both a constitutive promoter and a positively regulated promoter in Salmonella enterica
serovar Typhimurium (96) and Escherichia coli (60). These two species differ in the
relative position of the two promoters: the constitutive promoter is proximal to the p/oP
coding region in S. enterica serovar Typhimurium but distal in £. co/i, and the converse

is true for the autoregulated promoter. Autoregulation of the phoPQ operon, which has
been experimentally demonstrated in S. enterica serovar Typhimurium (96), £. coli (60),
and Yersinia pestis (72) species, is likely conserved in other members of the family
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Enterobacteriaceae, because all investigated species carrying phoP and phoQ genes harbor a
binding site for the PhoP protein upstream of the p/0oP gene or of a gene upstream of phoP
and cotranscribed with phoP (72). For example, the autoregulated p/oP promoter is located
upstream of a gene preceding phoPand phoQ in both Y. pestis (72) and Pseudomonas
aeruginosa (53).

For certain two-component system operons, a single promoter is used to provide basal

and autoregulated expression. This is the case of the genes specifying the ComD/ComE
two-component system governing competence in the gram-positive bacterium Streptococcus
pneumoniae (56). Transcription of the comD and comE genes under noninducing conditions
requires both the sensor ComD and the ability of ComE to become phosphorylated.
Therefore, the regulator ComE is phosphorylated from the sensor ComD even under
noninducing conditions, and phosphorylated ComE is the form that promotes gene
transcription.

The RcsC/RcsD/RcesB system of enteric bacteria is a phosphorelay that controls several
properties, including motility and the properties of the bacterial cell surface (54). Curiously,
the resC, resD, and resB genes are transcribed in distinct fashions. Although resDis
followed by rcsB in what appears to be an operon, a separate promoter located within the
resD coding region drives resB transcription under conditions distinct from those operating
on the resD promoter (75). resB overexpression from a heterologous promoter (75) or
conditions that activate the Rcs system (74) repress transcription from the rcsD promoter.
RcsB represses the resD promoter directly by binding to the predicted —35 region (74). By
contrast, rcsB overexpression has little effect on the rcsB promoter and no effect on the
promoter of the rcsC gene (75), which is convergently transcribed toward rcsB (54).

That the resB, resC, and resD genes are independently transcribed may allow gene activation
by RcsB in atypical ways. For example, unphosphorylated RcsB generated in the absence

of ResC and ResD may regulate gene expression by forming heterodimers with other DNA-
binding proteins of the FixJ/NarL family (67). Moreover, in addition to the demonstrated
phosphotransfer from RcsD to ResB (98) and anticipated phosphotransfer from ResC to
RcsD, it has recently been reported that RcsB can phosphorylate directly from RcsC (73).
Therefore, the production of RcsC and ResD, as well as the signals acting on these proteins,
likely madifies transcription of RcsB-dependent targets based on whether they require the
phosphorylated form of RcsB or not.

The gene arrangement and transcriptional autoregulation of the rcs system described above
for S. enterica serovar Typhimurium appear to be conserved in other enteric bacteria (75).
However, autoregulation of two-component systems may differ even among closely related
bacterial species. For example, the osmolarity-responding OmpR/EnvZ two-component
system is autoregulated in S. enferica serovar Typhimurium (6, 18) but not in £. coli, from
which it diverged ~100 Mya (22, 66).
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Transcriptional Autoregulation Controls Both Steady State Levels and Kinetics of

Expression

Transcriptional autoregulation of a two-component system provides opportunities for fine-
tuning expression among genes controlled by a given regulator. For instance, when

the positively autoregulated p/ioP promoter from S. enterica serovar Typhimurium was
inactivated, transcription of some PhoP-activated genes was reduced and of others
completely eliminated (62). This finding indicates that the basal levels of regulator PhoP
and sensor PhoQ originating from the constitutively produced mRNA generate PhoP-P
amounts that activate only a limited subset of PhoP-dependent promoters. In agreement with
this notion, transcription of PhoP-dependent genes was restored to wild-type levels upon
replacement of the PhoP-activated phoP promoter by a strong constitutive promoter (62).

Autoregulation makes it possible for an organism to time expression of a group of target
genes controlled by a given regulator. For instance, when an organism faces conditions
inducing a positively autoregulated two-component system after experiencing noninducing
conditions for such a system, the number of phosphorylated regulator molecules will be
low. That low number will increase as the regulator promotes its own transcription, thereby
creating additional substrates to phosphorylate from the sensor. In the case of the PhoP/
PhoQ system, early on, PhoP binds to only those promoters with high-affinity binding
sites and/or those that are not subjected to strong silencing by nucleoid-associated proteins,
such as the histone-like nucleoid structuring protein H-NS (113, 114). As the concentration
of PhoP-P increases, promoters with lower-affinity binding sites and/or subjected to H-NS-
mediated silencing will be occupied, and transcription of the corresponding genes will take
place.

Positive feedback can create an expression hierarchy that reflects the number of active
regulator molecules and the properties of its regulated promoters within a given regulon.
This hierarchy may reflect physiological responses. For instance, in the phosphate
limitation—activated PhoB/PhoR system of E. coli, the autoregulated PhoB protein promotes
expression first of genes directly involved in phosphate uptake, and then of those that carry
out phosphate scavenging (28). By contrast, the expression hierarchy in the Sa/monella PhoP
regulon reflects gene ancestry (i.e., whether the regulated gene is horizontally acquired or
ancestral to the Enterobacteriaceae family), as opposed to the function of the corresponding
gene products (114).

In the Bacillus subtilis phosphorelay, lower levels of the phosphorylated regulator Spo0A
are required for expression of genes involved in bacterial cannibalism than are required for
expression of genes involved in sporulation (27). Moreover, a combination of experimental
and computational studies established that the gradual accumulation of SpoOA-P levels is
critical for the ordered expression of Spo0A-dependent genes and sporulation efficiency
(102). In other words, the fate of B. subtilis depends not only on achieving specific SpoOA-P
levels but also on the timing with which such levels are achieved.

The BvgA/BvgsS phosphorelay system governs virulence in the mammalian pathogens
Bordetella pertussis and Bordetella bronchiseptica (10). Positive feedback on BvgA dictates
the steady state levels of expression of BvgA-regulated genes, thereby increasing the
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sensitivity of the system to subtle changes in the intensity of the signal controlling the
sensor BvgS (106). In addition, positive feedback is required for the precise temporal
expression of four distinct phenotypic phases exhibited by Bordetella spp. upon a shift from
noninducing (i.e., Bvg™) to inducing (i.e., Bvg*) conditions. These phenotypic phases reflect
the action of the regulator BvgA at the individual promoters. BvgA-regulated promoters
differ in the affinity of the BvgA-binding sites for phosphorylated BvgA (BvgA-P), as well
as the number and location of such sites, which, in turn, determine their roles in activation
or repression (106). The requirement for BvgA/BvgsS autoregulation was bypassed if these
proteins were expressed constitutively at high levels. Curiously, positive autoregulation of
the BvgA/BvgsS system is not essential for the correct temporal expression when bacteria
experience a shift in the opposite direction: from inducing (Bvg™) to repressing (Bvg)
conditions (106).

Computer simulations of the BvgA/BvgS system support the notion that the four phenotypic
Bvg classes behave in distinct manners. For example, class 1 and class 3 genes exhibit
minimal dependence on positive feedback for their correct response to inducing signals, a
property ascribed to the high affinity of the corresponding promoters for BvgA-P. Class

1 and class 3 genes are BvgA-repressed and -activated genes, respectively. By contrast,
class 2 and class 4 genes demand positive feedback to generate the levels of BvgA-P
necessary to bind to the low-affinity binding sites in their promoters (77). The single class
2 gene described to date harbors a high-affinity binding site that promotes activation and a
low-affinity binding site that stimulates repression (77), thereby providing Bordetella spp.
with a defined window of opportunity in which to express this particular gene. Class 4
genes correspond to BvgA-activated genes harboring only low-affinity binding sites, and
their expression is delayed until enough BvgA-P is accumulated (77).

The need to promote transcription from multiple targets is not the sole reason for
transcriptional autoregulation of two-component systems. For example, the VanR/VanS
two-component system encoded in the transposon TnZ516'is autoregulated even though the
regulator VanR appears to regulate a single transcriptional unit specifying proteins mediating
resistance to glycopeptide antibiotics (4).

Positive feedback has been associated with switch-like responses and bimodality (i.e., the
presence of two phenotypically distinct populations in an genetically identical culture).
However, no such behavior has been reported for the well-characterized E. coli PhoB/PhoR
(28), Salmonella PhoP/PhoQ (89) and Bordetella BvgA/BvgS (106) systems.

As discussed above, many two-component systems positively regulate their own
transcription. How, then, does a bacterium prevent the accumulation of potentially toxic
amounts of sensor and regulator proteins once the organism successfully adapts to the stress
condition that activated the two-component system? As discussed below, the output of a
system (i.e., the amount of phosphorylated regulator) may decrease under constant inducing
conditions by mechanisms that are intrinsic to the sensor and regulator proteins, and/or
mediated by the products under control of the regulator.

Annu Rev Microbiol. Author manuscript; available in PMC 2021 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Groisman Page 8

Role of Transcriptional Autoregulation Under Different Stimulus Intensity

Under which conditions does autoregulation of a two-component system exert its strongest
effects? A combination of modeling and experimental approaches led to the proposal that
positive autoregulation of the £. coli phoPQ system has no effect over a large range of input
intensities. However, in the presence of a strong stimulus, there was an effect on the steady
state behavior of the PhoP/PhoQ system (63). By contrast, investigation of the Sa/monella
PhoP/PhoQ autoregulation revealed that positive feedback does have a significant impact
on the system’s steady state behavior under both low and high levels of stimulus (62).
Moreover, the impact of positive feedback is dependent on the strength of the constitutive
promoter providing basal transcription of the phoPQ operon (62). When the constitutive
promoter is weak, positive feedback influences strongly the output of the system (62). And
when the constitutive promoter is strong, the dependence of the output on the positive
feedback is minimal for both low and high stimulus levels (62), presumably because the
PhoP and PhoQ proteins are already produced at high levels.

The constitutive promoters providing basal expression for two-component system genes are
typically weak (62). This property is critical to avoid spurious activation of a two-component
system in the absence of the specific inducing signal acting on the sensor, which can

take place by two nonmutually exclusive mechanisms. First, regulators typically function
as homodimers and regulator phosphorylation often favors regulator dimerization (8, 15).
Therefore, conditions promoting regulator dimerization independently of phosphorylation
will activate a regulator. In agreement with this notion, expression of the Sa/monella

PhoP protein at 11 times its normal levels resulted in transcription of PhoP-activated

genes in a mutant lacking the sensor PhoQ, and with a PhoP variant where the aspartate
site of phosphorylation was substituted by a nonphosphorylatable amino acid (50). By
contrast, when the PhoP protein was produced at up to four times the physiological

levels, transcription of PhoP-activated genes required both a PhoQ-inducing signal and the
conserved aspartate site of phosphorylation in PhoP (88).

Second, elevated levels of sensor and/or regulator can result in nonphysiological cross talk
across two-component systems because of competition between cognate and noncognate
proteins, thereby altering the output of a system. It appears that during evolution, cross talk
between two-component system proteins has been avoided in two ways: by keeping basal
levels of expression of two-component system proteins low, and by utilizing feedback to
increase the levels of cognate sensor and regulator proteins only when the signal operating
on the sensor is present.

Transcriptional Autoregulation May Alter the Ratio of Sensor to Regulator

The number of sensor and regulator molecules for a given two-component system is not
constant under inducing and noninducing conditions, even when the corresponding genes are
part of an operon. In the vast majority of examined cases, the number of regulator molecules
is larger than the number of sensor molecules. This may reflect that a regulator, often having
multiple DNA, RNA, and/or protein targets, operates in a stoichiometric fashion, whereas
the sensor functions catalytically as an intermediate in the phosphorylation of the regulator.
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The use of different promoters to transcribe a two-component system operon can result in
different ratios of regulator to sensor when an organism experiences noninducing versus
inducing conditions. For example, the ratio of regulator PhoP to sensor PhoQ was 6.8:1
under noninducing conditions but increased to 18.3:1 under inducing conditions (112).
Keeping a physiological ratio of regulator to sensor is critical for the normal operation of
the PhoP/PhoQ system, as increased expression of the phoQ gene without a concomitant
increase in the expression of phoP abolished transcription of PhoP-activated genes in S.
enterica serovar Typhimurium (93). In E. coli, the PhoP:PhoQ ratio at steady state—inducing
conditions is 50:1 (63), and it is 35:1 for the OmpR:EnvZ system (17a).

Unlike other two-component system proteins where the regulator is present at higher levels
than the sensor, the ratio of regulator LiaR to sensor LiaS is 1:4 in B. subtilis (86). LiaS
exhibits both autokinase and phosphotransferase activity toward LiaR, and phosphatase
activity toward LiaR-P. Yet, an increase in LiaR levels results in increased transcription of
LiaR-activated genes owing to LiaR phosphorylation from acetyl phosphate even when LiaS
is present (86). By contrast, the OmpR/EnvZ system from E£. coli is reported to be robust to
changes in the amounts of OmpR and EnvZ (9).

Transcriptional Autoregulation Is Necessary for a Surge in Phosphorylated Regulator of
Classical Two-Component Systems

When an organism experiences an inducing signal for an autoregulated classical two-
component system there is a surge in the levels of phosphorylated response regulator, which
peaks and then decreases to levels that are 25-30% of the maximum (89) (Figure 2b). The
surge in phosphorylated regulator results in corresponding surges in promoter occupancy by
the regulator, and in MRNA levels of the target genes (89). The surge requires the ability of
a two-component system to positively regulate its own expression as well as the phosphatase
activity of the sensor toward its cognate phosphorylated regulator.

The physiological role of the surge was examined in the Sa/monella PhoP/PhoQ system by
comparing two isogenic strains that differed only in the nature of the promoters driving
transcription of the phoPQ operon from its normal chromosomal location. One strain
harbored the constitutive and the positively autoregulated p/foPQ promoters of wild-type

S. enterica serovar Typhimurium. The other strain harbored two constitutive promoters: the
original constitutive promoter from the wild-type strain and a promoter with a consensus
-35 sequence replacing the PhoP binding site required for positive regulation by PhoP. The
latter strain produced PhoP protein amounts constitutively at levels that were equivalent to
those of PhoP protein made by the wild-type strain after induction of the PhoP/PhoQ system
by low Mg?2* (89).

Both strains reached the same steady state levels of promoter occupancy by the PhoP-P
protein as well as PhoP-activated mRNAs within 60 minutes (89). However, they differed in
that the strain with the constitutive promoters reached steady state levels monotonically
whereas the one with the autoregulated promoter did so following a surge (89). The
organism expressing PhoP constitutively was highly attenuated for virulence—as attenuated
as mutants lacking the phoP or phoQ genes (89). This striking result established that

the surge in PhoP-P is required to jump-start the virulence circuit of S. enferica serovar
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Typhimurium. Moreover, it indicated that, as discussed above for the developmental

pathway controlled by SpoOA in B. subtilis, it is important for an organism not only what
particular steady state is achieved upon activation of a given regulatory system, but also how
a system reaches that steady state.

A surge has also been observed for the regulator PmrA when Sa/monella experienced Fe3*

(89), a signal that activates PmrA’s cognate sensor PmrB (108). These results indicate that
the surge behavior is not exclusive to a particular system or inducing signal. The only two
properties that the PhoP/PhoQ and PmrA/PmrB systems have in common are that both
systems positively regulate their own transcription (93, 109) and the sensors PhoQ and
PmrB are bifunctional: they autophosphorylate from ATP and exhibit phosphatase activity
toward their respective phosphorylated regulators (112). These results suggest that other
autoregulated two-component systems with bifunctional sensors may also display a surge
behavior upon experiencing their specific inducing signals. This appears to be the case

of the VanR/VanS system from vancomycin-resistant Streptomyces coelicolor (38) and the
CovR/CovsS system from S. pneumoniae (3), as indicated by the surge in mRNA levels for
the genes regulated by the VanR and CovR proteins, respectively.

How does the surge in phosphorylated regulator benefit an organism experiencing an
inducing condition for its cognate sensor? It may help an organism to establish a new
phenotypic state by producing large amounts of the transcripts encoding proteins that mount
a response to the new conditions. The levels of phosphorylated regulator achieved after the
surge may allow the organism to maintain the newly established phenotypic state (89).

FEEDBACK INTRINSIC TO SENSOR AND REGULATOR PROTEINS

The interactions that cognate sensor and regulator proteins establish with one another, and/or
with small nucleotides modifying their biochemical activities, can alter the output of a
two-component system. This form of control is intrinsic to the proteins that constitute a
two-component system because it does not require the participation of the genes specifying
sensor and regulator, or gene products regulated by the system.

A bifunctional sensor can display intrinsic feedback, modifying the levels of phosphorylated
regulator. For example, dynamic modifications in the levels of phosphorylated regulator
result from the opposing biochemical activities of the sensor, which changes from being in
an autokinase and phosphotransferase mode to being in a phosphatase mode (112) (Figure
2b). These modifications are triggered by the nucleotide occupying the nucleotide-binding
pocket in the catalytic subdomain of the sensor. Whereas a sensor typically binds ATP and
ADP with similar affinities, ATP promotes sensor autophosphorylation and phosphotransfer,
which increases the levels of phosphorylated regulator. By contrast, ADP favors the
unphosphorylated state of the regulator in two ways: first, by stimulating the sensor’s
phosphatase activity toward the phosphorylated regulator, and second, by inhibiting the
autokinase reaction when ADP prevents ATP binding to the nucleotide-binding pocket
(112). The ADP is generated endogenously from ATP in vitro. ADP is likely to be derived
from ATP in vivo as well, because the physiological ATP:ADP ratio is 10:1 (11, 16),

which would favor binding of ATP over ADP if these nucleotides were to diffuse into the
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nucleotide-binding pocket of the sensor. Because the biochemical activities that promote
and hinder the phosphorylated state of the regulator reside within the same protein (i.e., the
sensor), two-component systems with bifunctional sensors may be more easily tuned during
evolution. Such tuning may alter the intrinsic biochemical properties of the sensor, including
binding of allosteric regulators such as ADP and/or interaction with protein factors.

An emerging theme in two-component signal transduction is the allosteric regulation of
sensor and regulator proteins. For example, the crystal structure of the complex between
the sensor kinase ThkA and the regulator TrrA from Thermotoga maritima uncovered
interactions suggesting that the regulator affects the sensing and/or kinase activities of
the sensor (111). In the case of the cell fate—determining phosphorylation network of
Caulobacter crescentus, the regulator DivK allosterically switches the sensor PleC from
a phosphatase into an autokinase mode and stimulates the autokinase activity of the sensor
DivJ (69). These DivK activities have two important consequences. First, DivK, which
lacks an output domain, stimulates phosphorylation of the regulator PleD indirectly, by
stimulating the autokinase activity of the sensor PleC. And second, phosphorylated DivJ
serves as a phosphodonor for DivK, which favors DivK polar localization.

Certain interactions among sensors or between sensor and regulator have phenotypic
consequences independent of phosphorylation (79). For instance, in the DesK/DesR two-
component system from B. subtilis, the sensor DesK allosterically activates its cognate
regulator DesR in a process that is independent of phosphorylation (99). Interestingly, this
activation is regulated by temperature (99), which constitutes the physiological signal sensed
by DesK (1). The allosteric activation of the sensor facilitates regulator phosphorylation.
Moreover, it provides a plausible explanation why regulator phosphorylation is more
efficient when sensors are used as phosphodonors instead of small-molecular weight
phosphoryl donors (99).

FEEDBACK CONTROL BY GENE PRODUCTS REGULATED BY TWO-
COMPONENT SYSTEMS

When an organism experiences an inducing signal for a two-component system mediating a
response to a particular stress, a bacterium expresses proteins designed to help the organism
cope with such a stress. These proteins alleviate the stress, enabling the organism to prosper
in a stressful environment without destroying the stress. Feedback mechanisms enable
organisms to reduce expression of the stress response proteins once they reach a particular
level. In other cases, the opposite takes place: Production of stress response proteins further
enhances activation of a two-component system. Genes controlled by a given system may
target different steps in a signal transduction cascade—from signal perception to direct
interaction with sensor or regulator proteins.

Modifying Signal Access to the Sensor

The PmrA/PmrB two-component system controls the chemical modification of the
lipopolysaccharide (LPS) in the outer membranes of S. enterica serovar Typhimurium and £.
coli (19). The sensor PmrB is activated by a mildly acidic pH (71) and/or the presence of
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Fe3* in the periplasm (108). The regulator PmrA governs transcription of genes specifying
products involved in the chemical modification of the LPS in the outer membrane (109),
rendering the organism resistant to killing by Fe3* (64). The PmrA-dependent modification
of phosphate residues in the LPS hinders Fe3* binding to the bacterial cell surface,

thereby decreasing Fe3* availability for activation of PmrB (42) (Figure 3a). This regulatory
mechanism enables the bacterium to adjust the levels of PmrA-P dynamically, based on the
degree of LPS modification. In other words, the PmrB protein responds to the downstream
effects of the PmrA-regulated changes taking place on the bacterial cell surface. In addition
to the negative feedback exerted by the PmrA-regulated LPS-modifying gene products, the
sensor PmrB exhibits intrinsic negative feedback (112), and the regulator PmrA positively
regulates its own transcription (109).

The PhoP/PhoQ system governs Mg2* homeostasis in most enteric species (72). The

sensor PhoQ responds to low Mg?* in the periplasm by activating the regulator PhoP,

which promotes transcription of different genes, including two specifying Mg?* transport
proteins (31). In S. enterica serovar Typhimurium and £. coli, the PhoP protein governs
transcription initiation of the Mg2* transporter mgtA gene (60, 94). By importing MgZ* into
the cytoplasm (92), MgtA removes a repressing signal away from PhoQ’s Mg2*-sensing
domain in the periplasm, thereby increasing PhoP-P levels (68) (Figure 3b).

Transcription elongation into the mgtA coding region is controlled by the leader region

of the mgtA transcript, which operates as a MgZ*-responding riboswitch that allows
transcription elongation into the mgtA coding region when cytosolic Mg2* levels drop below
a certain threshold (20). The MgtA-dependent activation of PhoP specifically takes place
when the inducing signal acting on PhoQ is low Mg?*. By contrast, MgtA had no effect

on PhoP-dependent gene transcription when PhoQ was activated by a mildly acidic pH or

a cationic antimicrobial peptide (68), because MgtA does not, it appears, transport H* or
antimicrobial peptides. The MgtA-dependent positive feedback on PhoP-P enables timing
expression of a subset of PhoP-dependent genes to follow the cytosolic signal advancing
mgtA expression (68) and activity (Figure 3b).

The hybrid two-component system BT3334 governs the uptake and breakdown of
chondroitin in B. thetaiotaomicron. A regulatory scheme allows B. thetaiotaomicron to
respond to the rate at which a chondroitin is utilized as opposed to monitoring its presence/
absence. This scheme entails BT3334, which is activated in the periplasm by a disaccharide
generated during chondroitin breakdown, rather than by chondroitin itself (80), and a
periplasmic glycosyl hydrolase that splits the disaccharide into two monosaccharides. Even
though BT3334 and the glycosyl hydrolase exhibit similar affinities for the disaccharide, the
disaccharide binds preferentially to BT3334 upon exposure to chondroitin, because BT3334
is constitutively produced whereas the glycosyl hydrolase requires transcriptional activation
by BT3334. As the level of the glycosyl hydrolase increases, the amount of disaccharide
decreases, thereby reducing the concentration of the inducing ligand for BT3334, which
turns down expression of BT3334-activated genes (80).

Unlike the autoregulated PhoP/PhoQ and PmrA/PmrB systems, the BT3334 hybrid two-
component system is constitutively expressed. Yet, BT3334 displays a surge behavior that
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requires a BT3334-regulated gene product (i.e., the glycosyl hydrolase). This is in contrast
to the surge in PhoP/PhoQ and PmrA/PmrB, which is intrinsic to these proteins (80).

The abundance of hybrid two-component systems devoted to polysaccharide utilization
within and across Bacteroides species (110) raises the possibility of the response to
metabolic intermediates governing the activity of other hybrid two-component systems
operating in a manner analogous to that of BT3334.

Modifying the Activity of the Sensor

The CpxR/CpxA two-component system of £. coliis activated by a variety of membrane
stresses, including the presence of misfolded proteins (81). The regulator CpxR responds

to these stresses by promoting expression of proteins that facilitate protein folding and/or
degradation in the periplasm. The positively autoregulated CpxR/CpxA system is negatively
regulated by the CpxR-activated periplasmic protein CpxP (82), which exerts its effect by
binding to the sensor CpxA (36) (Figure 3c). When CpxP is titrated by misfolded proteins,
it is no longer available to silence CpxA, allowing expression of CpxR-activated genes (21).
As the bacterium recovers from the stress, the number of misfolded proteins decreases,
liberating CpxP to exert its repressing action on CpxA.

Two PhoP-activated gene products exert negative feedback on the sensor PhoQ: MgrB and
SlyB. The 47—amino acid inner membrane peptide MgrB binds to PhoQ, thereby decreasing
transcription of PhoP-activated genes in £. coli (52). MgrB appears to target the periplasmic
domain of PhoQ, because MgrB no longer exerted its repressive effect in a strain with a
PhoQ variant harboring the PhoQ periplasmic domain from £ aeruginosa instead of its own
(52). The MgrB-mediated action is likely to take place in other members of the family
Enterobacteriaceae, because highly conserved mgrB homologs are found in several species
and also because the Yersinia mgrB gene rescued an £. coli mgrB mutant (52).

Second, inactivation of the Sa/monella slyB gene derepressed transcription of PhoP-
dependent genes by a factor of 1.5 to 2, including that of the mgrB (also designated yobG)
gene (72). SlyB is a lipoprotein predicted to localize to the outer membrane. Overexpression
of the slyB gene inhibited Sa/monella growth in low but not in high MgZ*, presumably
because the PhoP/PhoQ system failed to fully express the regulated target(s) necessary for
growth in low Mg2* (72). Despite the high degree of amino acid identity between the SlyB
proteins from S. enterica serovar Typhimurium and £. coli, inactivation of the s/yB gene

did not alter PhoP-dependent gene transcription in the latter species (52). These results
suggest that certain feedback mechanisms are species specific even when mediated by
highly conserved genes.

The SaeR/SaeS two-component system controls virulence gene expression in the gram-
positive pathogen Staphylococcus aureus. It is encoded in an operon that also includes two
additional genes specifying the SaeP and SaeQ proteins, which form a complex with the
sensor SaeS. SaeP and SaeQ are required for SaeS’s phosphatase activity toward SaeR-P,
suggesting they help S. aureus decrease the output of the system (40).
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In B. subtilis, the LiaR/LiaS two-component system is activated by particular antibiotics
that perturb cell wall synthesis (58). In addition to the positive transcriptional autoregulation
exerted by LiaR, two products encoded in the operon of /iaRand /iaS (i.e., LiaH and LiaF)
(41) exert negative control on the activity of the system (86). LiaF exerts its effects via LiaS,
because it had no effect on LiaR-dependent gene transcription when LiaR was activated by
acetyl phosphate (86).

Several two-component systems depend on auxiliary factors for sensing particular signals
(17). These auxiliary factors typically associate with the sensor, often operating as
cosensors, and are under transcriptional control of the regulator. For example, the DcuR/
Dcus system from E. coli governs the uptake and breakdown of C,4-dicarboxylates such as
succinate and fumarate. DcuR controls transcription of the dctA and deuB genes, which
specify a C4-dicarboxylate transporter and a fumarate/succinate antiporter, respectively.
Whereas the sensor DcusS can respond to the presence of Cy4-dicarboxylates, the transporters
DctA and DcuB enable tuning of the DcuR/DcusS system to the flux of C,4-dicarboxylates
(107). A flux-sensing mechanism also controls resistance to antimicrobial peptides in several
gram-positive species. The two-component system BceR/BceS associates with a transporter
specified by the BceR-activated bceA and bceB genes and confers resistance to bacitracin.
The behavior of the system reflects the concentration of the antibiotic outside the bacterium
as well as dynamic changes in the levels of transporter proteins (26).

Modifying the Activity and/or Levels of the Regulator

The regulator PmrA is normally activated by a mildly acidic pH (71) or Fe3* (108) sensed
by its cognate sensor PmrB. In addition, transcription of PmrA-dependent genes is induced
when S. enterica serovar Typhimurium experiences the signals activating the noncognate
sensor PhoQ (43, 48, 95). The PhoP-activated gene product PmrD is responsible for the
latter activation: PmrD binds to PmrA-P, preventing dephosphorylation by PmrB (46, 48,
95). PmrA, in turn, represses pmrD transcription by binding to the pmrD promoter (45).

Certain regulators are active in the unphosphorylated form. For example, the regulator SreR
from the plant-associated bacterium Xanthomonas campestris binds to some of its targets
when unphosphorylated. The unphosphorylated form of SreR is promoted by the SreS
protein, which acts as a phosphate sink by competing with SreR for the phosphoryl group of
the sensor SreK (104).

As discussed above, RcsB can regulate gene transcription in both its phosphorylated and

its unphosphorylated forms. RcsB phosphorylation is required when RcsB operates as a
homodimer or RcsB-RcsA heterodimer, but not when it functions as a heterodimeric protein
with BglJ, MatA, or GadE (67). This raises the possibility of conditions that promote
expression of the latter proteins preventing RcsB-P-dependent gene control by titrating RcsB
away in heterodimeric complexes. Heterodimer formation is not exclusive to the regulator
RcsB from enteric bacteria, as the orphan regulators BIdM and Whil from Streptomyces
coelicolorform a heterodimer that controls transcription of a different set of genes than the
BldM homodimer (2).
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Certain two-component systems are feedback regulated by small regulatory RNAs (see for
References 29 and 55 for reviews). For example, the regulator OmpR of £. coli promotes
transcription of the SRNAs OmrA and OmrB, which, when overproduced, decrease the
levels of the ompR transcript, thereby creating a negative feedback loop (33). Likewise, the
regulator CpxR protein is a direct transcriptional activator of the gene rprA, which specifies
an sRNA that, upon overexpression, downregulates coxR mRNA levels (103).

There are two consequences of feedback control by gene products controlled by a given
regulator. First, it helps maintain and/or establish particular levels of activation of a given
two-component regulatory system. Of course, the protein products exerting feedback by
direct interaction with a sensor and/or regulator proteins operate faster on the output of

a two-component system than SRNAs controlling the stability and/or translation of the
corresponding transcripts. And second, the gene products mediating feedback are often
subjected to regulation by signals other than those acting on the sensor and/or regulator of a
two-component system. This raises the possibility of integration of additional inputs into the
output of a two-component system.

FINAL CONSIDERATIONS

The information developed over the last 25 years on feedback control of two-component
systems has enabled the development of regulatory circuits with defined properties. For
example, the incorporation of positive feedback to the constitutively expressed copper-
responding CusR/CusS system from £. colihad three consequences (83). First, it increased
the sensitivity to copper, enabling activation at copper concentrations 10 times lower than
those activating the original system present in wild-type organisms. Second, it amplified the
output of the system twofold. And third, it extended the duration of the response to high
copper concentrations.

The positive feedback that two-component systems exert on their own expression can give
rise to what has been referred to as a learning behavior. That is to say, an organism that
autoregulates a two-component system responds faster and to a greater degree when exposed
for a second time to the signal activating the sensor. In the case of the phosphate limitation—
inducible system PhoB/PhoR of E. coli, a faster response was observed in organisms that
had experienced low phosphate up to 2 h before (35). The learning behavior reflects that
PhoB/PhoR positively activates transcription of the phoBphoR operon (32, 90), and that the
initial activation created a pool of PhoB protein that could be readily phosphorylated when
the organism experienced the PhoR inducing signal a second time.

Finally, feedback mechanisms operating on two-component signal transduction pathways
provide organisms with the ability to continuously adjust their behavior, even in the presence
of a constant stress signal. Therefore, they enable bacteria to incorporate information about
the status of the cell into the gene control triggered by an extracellular stress.
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Avrchitectural classes of two-component signal transduction systems, and of signaling
pathways using two-component system proteins. (&) In classical systems, the sensor
harboring an input domain and a histidine kinase (HK) domain responds to an input by
autophosphorylating at a conserved histidine residue. The phosphorylated sensor serves as a
phosphoryl donor to the regulator harboring a response regulator (RR) domain and an output
domain. The phosphorylated regulator generates an output. (4) A hybrid system harbors all
the domains described for the classical system in panel &, in a single polypeptide. (¢) In

a phosphorelay, there are four consecutive phosphotransfer events, starting when a sensor
responds to an input by autophosphorylating from ATP at a conserved histidine residue.

The phosphory!l group is then transferred to a conserved aspartate in the RR domain and
from there to a histidine residue in the histidine-containing phosphotransferase domain, and
ultimately to an RR domain, which upon phosphorylation modifies the output domain to
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generate an output. The sequential phosphotransfer may occur between different domains
of a single polypeptide, as depicted here, or between separate proteins harboring these
domains. (d) In a convergent signaling pathway, distinct signals activate different sensors
that modify the phosphorylation state of a single regulator to generate an output. The
phosphorylation state of a regulator may also be modified by metabolites such as acetyl
phosphate. (¢) In a divergent signaling pathway, a sensor responds to a signal by modifying
the phosphorylation state of two regulators, thereby generating two different outputs.
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Figure2.
Feedback control of two-component systems. (&) Extrinsic control of two-component

systems by a regulator governing transcription of the genes specifying the sensor and
regulator, and by an Effector encoded by a gene under transcriptional control of the
regulator. The Effector may affect input access to the sensor (42, 68, 80), bind to the

sensor modifying its enzymatic activities (36, 40, 52, 82, 86), or modify the phosphorylation
state of the regulator in a direct or indirect fashion (104). Effectors may act at other levels
and are not necessarily proteins. (6) Intrinsic feedback by a sensor (from /eftto righi) that
responds to an input by binding to ATP, autophosphorylating at a histidine residue, and
leaving ADP in the nucleotide-binding pocket. The regulator (RR) phosphorylates from the
phosphorylated sensor. The ADP-bound sensor is in the phosphatase mode that promotes
dephosphorylation of the phosphorylated regulator. The inset graph depicts the changes in
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the levels of phosphorylated regulator when an organism is switched from noninducing to
inducing conditions for the sensor. Abbreviation: HK, histidine kinase.
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Feedback mechanisms altering sensor access of an inducing signal, a repressing signal, and
a protein with regulatory properties. (4 Under noninducing conditions for the sensor PmrB,
the regulator PmrA is not active and the outermost part of the outer membrane is negatively
charged owing to the phosphate residues in the lipopolysaccharide. The positively charged
Fe3* binds to the negatively charged outer membrane, which increases Fe3* levels in the
periplasm, where it serves as an inducing ligand for PmrB and results in a superactive
PmrA. The covalent modification of the negative charges in the lipopolysaccharide by
PmrA-activated gene products reduces the negative charge of the outer membrane, which
decreases Fe3* binding, further diminishing access to PmrB and activation of PmrA. () The
sensor PhoQ is activated when periplasmic Mg?* levels are low, resulting in phosphorylation
of the regulator PhoP and transcription of PhoP-activated genes. The PhoP-activated mgtA
gene specifies a Mg2* transporter that imports Mg2* from the periplasm into the cytoplasm,
thereby removing an inhibitory signal for PhoQ. Thus, MgtA increases the levels of
phosphorylated PhoP. (¢) Misfolded proteins in the periplasm activate the sensor CpxA,
favoring phosphorylation of the regulator CpxR and transcription of the CpxR-activated
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genes, including cpxP. The CpxP protein binds to misfolded proteins in the periplasm; as the
levels of these proteins decrease, CpxP binds to the CpxA, decreasing its activation.
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