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Abstract

Bifunctional sensor transmitter modules of two-component systems exert both positive and
negative control on the receiver domain of the cognate response regulator. In negative control, the
transmitter module accelerates the rate of phospho-receiver dephosphorylation. This transmitter
phosphatase reaction serves the important physiological functions of resetting response regulator
phosphorylation level and suppressing cross talk. Although the biochemical reactions underlying
positive control are reasonably well-understood, the mechanism for transmitter phosphatase
activity has been unknown. A recent hypothesis is that the transmitter phosphatase reaction is
catalyzed by a conserved GlIn, Asn or Thr residue, via a hydrogen bond between the amide or
hydroxyl group and the nucleophilic water molecule in acyl-phosphate hydrolysis. This
hypothetical mechanism closely resembles the established mechanisms of auxiliary phosphatases
such as CheZ and CheX, and may be widely conserved in two-component signal transduction. In
addition to the proposed catalytic residues, transmitter phosphatase activity also requires the
correct transmitter conformation and appropriate interactions with the receiver. Evidence suggests
that the phosphatase-competent and autokinase-competent states are mutually exclusive, and the
corresponding negative and positive activities are likely to be reciprocally regulated through
dynamic control of transmitter conformations.

Introduction

Two-component signal transduction is a common signaling mechanism in bacteria. Bacterial
species, on average, contain about two dozen two-component systems (Barakat et al., 2011),
which exhibit versatile functions but remarkably conserved architectures. These systems
regulate most aspects of bacterial physiology, including chemotaxis, nutrient uptake, stress
response, central metabolism, and virulence.

Signal transduction in most two-component systems occurs between the transmitter module
of a sensor protein and the receiver domain of the cognate response regulator (Stock et al.,
1989, Parkinson & Kofoid, 1992). The sensor transmitter module is organized into an
amino-terminal DHp (Dimerization and Histidine phosphotransfer) domain and a carboxyl-
terminal CA (Catalytic and ATP-binding) domain. The DHp domain is a dimeric four-helix
bundle, formed by two helical hairpin monomers (Gao & Stock, 2009). The DHp amino-
terminal helix ol features the characteristic H box sequence motif, where the phospho-
accepting His resides. The monomeric CA domain adopts an a/p sandwich fold related to
the Bergerat nucleotide-binding fold of the GHL (Gyrase, Hsp90, MutL) ATPase family
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(Gao & Stock, 2009). CA domain sequences exhibit conserved motifs, residues from which
form an ATP-binding cavity and a flexible ATP lid.

A number of distinct transmitter sequence subfamilies have been distinguished according to
conserved residues in both the DHp and CA domains (Grebe & Stock, 1999). The Pfam
database (Finn et al., 2010) aggregates several closely-related DHp domain sequence
families into the large HisKA family (pfam00512). A smaller but widespread DHp domain
sequence family is denoted as HisKA_3 (pfam07730).

Receiver domains of response regulators also are structurally conserved, formed by a five-
stranded P sheet surrounded by five o helices (Bourret, 2010). The majority of response
regulators control output through a carboxyl-terminal regulatory domain, the most common
of which bind DNA. However, approximately 17% of bacterial response regulators only
contain the receiver domain (Galperin, 2006).

The sensor transmitter module exerts both positive and negative control on the receiver
domain. Positive control results from transmitter autokinase activity at an invariant His
residue, followed by phosphotransfer to an invariant Asp residue on the receiver domain.
Receiver phosphorylation induces conformational changes that alter output, including a
relative rearrangement of the receiver and regulatory domains. Dimerization or
oligomerization is also commonly observed in phosphorylated response regulators (Gao &
Stock, 2009).

Negative control results from transmitter-mediated receiver domain dephosphorylation,
termed transmitter phosphatase activity (Song et al., 2004). Phospho-receiver domains
exhibit characteristic rates of autodephosphorylation, with half-lives ranging from seconds
to hours at physiological temperatures (Bourret, 2010). In many two-component systems,
however, the receiver dephosphorylation rate is substantially enhanced by the cognate
sensor transmitter module. Therefore, the signal-adjusted balance between positive and
negative control determines output response (West & Stock, 2001, Gao & Stock, 2009).

Although a considerable body of literature exists for positive regulation, comparatively less
is available on negative regulation in two-component signaling. In particular, the mechanism
of transmitter phosphatase activity has been a long standing question. This missing
information is important for understanding many aspects of bacterial physiology. For
example, negative control is critical in systems regulating virulence or antibiotic resistance,
such as PhoQ-PhoP (Chamnongpol et al., 2003), VanS-VanR (Depardieu et al., 2003), and
QseC-QseB (Kostakioti et al., 2009). This review aims to highlight recent advances in the
study of sensor negative function, including its physiological role and mechanism. A
comparison of negative control among different sensors suggests that a common mechanism
for transmitter phosphatase activity is widespread in two-component signal transduction.

Most transmitters are bifunctional

As early work on two-component systems demonstrated that phosphorylation is the
underlying mechanism of signal transmission, it also was discovered that the sensor can
exhibit phosphatase activity on the response regulator (Ninfa & Magasanik, 1986, Keener &
Kustu, 1988, Igo et al., 1989). Since then, it has been recognized that most of the sensors
studied are bifunctional, acting to both phosphorylate and dephosphorylate the cognate
response regulator (Gao & Stock, 2009).

Exceptions to this are the monofunctional transmitters in chemotaxis and in multistep
phosphorelays. In chemotaxis, receiver phosphorylation is catalyzed by CheA, whereas the
phospho-receiver is dephosphorylated by auxiliary phosphatases such as CheZ or CheX
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(Silversmith, 2010). The Bacillus sporulation phosphorelay similarly employs the Rap and
SpoOE auxiliary phosphatases (Perego et al., 1996, Silversmith, 2010). Since these proteins
lack positive function, auxiliary phosphatase activity is distinct from the transmitter
phosphatase activity exhibited by bifunctional sensors. In other multistep phosphorelays,
response regulator dephosphorylation occurs through reverse signal decay as described
below.

Physiological functions of transmitter phosphatase activity

Transmitter phosphatase activity counterbalances the transmitter autokinase plus
phosphotransfer functions in two-component signal transduction. The ratio of these two
sensor functions determines the response regulator equilibrium between phosphorylated and
dephosphorylated forms, which in turn regulates output signal (West & Stock, 2001, Gao &
Stock, 2009). Thus, mutants with phosphatase-defective sensors exhibit aberrant physiology.
For example, NtrB (NRII) transmitter phosphatase mutants confer growth defects in
minimal media (Pioszak & Ninfa, 2003a), and EnvZ transmitter phosphatase mutants exhibit
a constitutive high-osmolarity phenotype (Russo & Silhavy, 1993). Systems at steady state
are assumed to exhibit equal rates of positive and negative control (Russo & Silhavy, 1993).
A related function presumably is to reset the baseline signaling state rapidly upon stimulus
depletion (Gao & Stock, 2009).

A second function is to suppress cross talk (Fig. 1), which results from unwanted
phosphorylation of the receiver by sources other than the cognate transmitter module (Stock
et al., 1989, Wanner, 1992). Indeed, the absence of a bifunctional sensor is a prerequisite for
in vivo cross talk and in vitro non-cognate phosphotransfer (Laub & Goulian, 2007,
Siryaporn & Goulian, 2008, Groban et al., 2009). The bifunctional sensor thus counters
inappropriate receiver phosphorylation by small phosphodonors and non-cognate sensors.
The QseB response regulator, for example, is phosphorylated through cross talk in the
absence of the bifunctional QseC sensor. Consequently, gseC null mutants exhibit
pleiotropic metabolic phenotypes and are attenuated for virulence (Kostakioti et al., 2009,
Hadjifrangiskou et al., 2011).

Whereas the phosphotransfer reaction can occur in vivo between certain non-cognate
sensors and response regulators, transmitter phosphatase activity appears to be specific for a
cognate pair. Non-cognate transmitter phosphatase activity is negligible both in vivo and in
vitro (Siryaporn & Goulian, 2008, Groban et al., 2009). However, laboratory evolution of
the sensor CpxA for stronger cross talk with the non-cognate response regulator OmpR also
transforms CpxA to being bifunctional on OmpR. In this case, combining CpxA missense
substitutions that individually increase OmpR phosphorylation gives rise to CpxA
transmitter phosphatase activity on phospho-OmpR. Additionally, the bifunctional,
phosphatase-competent CpxA mutant interacts more strongly with OmpR than
monofunctional mutants. These substitutions are in DHp domain residues known to
determine interaction specificity. Therefore, transmitter phosphatase activity requires strong
interaction between transmitter and receiver (Siryaporn et al., 2010).

Support for this notion comes from analysis of missense substitutions in the sensor NarX
DHp domain. Certain of these decrease transmitter phosphatase activity toward the cognate
response regulator NarL, and also eliminate phosphotransfer toward the cross-regulated
response regulator NarP (Noriega et al., 2010). Therefore, these substitutions likely perturb
transmitter-receiver interactions, which in turn diminish phospho-NarL transmitter
phosphatase activity, while retaining substantial NarL phosphotransfer function.
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Receiver domain phosphorylation and dephosphorylation

The receiver domain catalyzes its own phosphorylation, using the phosphorylated DHp
domain as a high affinity substrate. The receiver active site is an acidic pocket formed by
three Asp, one Lys, and one Thr or Ser residue. The phosphoryl group is covalently bound to
the phospho-accepting Asp, and forms a salt bridge with the Lys and a hydrogen bond with
the Thr or Ser (Stock et al., 2000, Bourret, 2010). The phosphotransfer reaction proceeds
through an in-line nucleophilic attack by the phospho-accepting Asp carboxylate group on
the phosphorous atom, which is thought to go through a bipyramidal, pentavalent transition
state. A Mg2* ion, required for this transition state, is coordinated by all three active site Asp
residues (Stock et al., 2000, Bourret, 2010).

The phospho-receiver catalyzes acyl-phosphate hydrolysis in a mechanism similar to that of
the phosphotransfer reaction (Fig. 2A). A nucleophilic water molecule is positioned in-line
and attacks the phosphorous atom of the leaving phosphoryl group (Wolanin et al., 2003). In
addition, receiver autophosphatase activity requires a Mg2* ion (Lukat et al., 1990), as well
as the conserved Lys residue of the active site. Whereas substitutions for this Lys have
minimal effects on Mg2* binding and the phosphotransfer reaction, they greatly diminish the
rates of both autophosphatase and regulated phosphatase activities of phospho-receiver
(Lukat et al., 1991, Pioszak & Ninfa, 2004).

Despite their conserved structures, different receiver domains exhibit widely variable
autophosphatase rates (Bourret, 2010). This variability results in part from sequence
determinants that dictate differential access of the nucleophilic water to the active site (Pazy
etal., 2010).

Reverse signal decay in multistep phosphorelays is distinct from transmitter phosphatase

Phosphorelays transfer phosphoryl groups along four steps in series, in the order His(1)-
Asp(1)-His(2)-Asp(2) (Fig. 3A) (Appleby et al., 1996, West & Stock, 2001). The His(1)
residue lies within a conventional transmitter module, which catalyzes phosphotransfer to
the Asp(1) residue in a downstream conventional receiver domain. The phosphoryl group
then is passed to the His(2) residue in a His-containing phosphotransfer (HPt) domain, and
finally to the Asp(2) residue in the receiver domain of the response regulator. The
receiver(1) and HPt domains may be in separate polypeptides, as in the KinA-SpoOF-
Spo0B-Spo0A phosphorelay for Bacillus sporulation, or may be part of a hybrid sensor.
Some hybrid sensors incorporate only the receiver(1) domain, as in the SIn1-Ypd1-Skn7 and
LuxN-LuxU-LuxO phosphorelays, whereas others contain both the receiver(1) and HPt
domains, as in the BvgS-BvgA and ArcB-ArcA phosphorelays.

Receiver(1) autodephosphorylation appears to underlie response regulator
dephosphorylation in multistep phosphorelays. In this reverse signal decay, the phosphoryl
group is transferred in reverse, in the order Asp(2)-His(2)-Asp(1), as demonstrated both in
vivo and in vitro for BvgS-BvgA and ArcB-ArcA (Fig. 3B) (Georgellis et al., 1998, Pefia-
Sandoval et al., 2005, Uhl & Miller, 1996). Detailed kinetic analysis demonstrates that SIn1-
Ypd1-Skn7 phosphotransfer is reversible between the receiver(1), HPt and receiver(2)
domains (Janiak-Spens et al., 2005). By contrast, the transmitter domain is required neither
for efficient dephosphorylation of the receiver(1) domain in vitro (Uhl & Miller, 1996, Ault
et al., 2002), nor for negative regulation in vivo (Pefia-Sandoval et al., 2005).

Thus, receiver(1) autodephosphorylation (Uhl & Miller, 1996, Ault et al., 2002) drives
receiver(2) dephosphorylation by reverse signal decay through the HPt domain. This
concept is supported by the function of the Rap phosphatases, which dephosphorylate SpoOF
to drain phosphoryl groups, via SpoOB, from SpoOA (Perego et al., 1996). Therefore,
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negative regulation in phosphorelays reflects signal decay through the reverse phosphorelay,
and is distinct from transmitter phosphatase activity.

Hypotheses for the mechanism of transmitter phosphatase activity

The mechanism for bifunctional sensor transmitter phosphatase activity has been elusive. It
is established that this function resides in the DHp domain, because the isolated domain
displays transmitter phosphatase activity both in vivo and in vitro (Jiang et al., 2000, Zhu et
al., 2000, Carmany et al., 2003). An early hypothesis suggested reverse phosphotransfer to
the phospho-accepting His residue, but this was later disproved. Catalytic involvement of
the phospho-accepting His residue for hydrolysis also has been proposed. Finally, a
recently-hypothesized mechanism, analogous to that for auxiliary phosphatases, is based on
a conserved, catalytic amide or hydroxyl group near the phospho-accepting His residue
(Huynh et al., 2010). A key element of this hypothesis is that, although auxiliary
phosphatases and bifunctional sensors display different structures and interactions with their
partner proteins, the phosphatase mechanism nevertheless is conserved (Fig. 2).

Reverse phosphotransfer does not explain transmitter phosphatase activity

Reverse phosphotransfer denotes the backward phosphorylation of the transmitter His
residue by the phospho-receiver (Dutta & Inouye, 1996, Zhu et al., 2000). This proposed
mechanism is not to be confused with the distinct Asp(1)-His(2) forward phosphotransfer
and reverse signal decay described above for multistep phosphorelays. Instead, the reverse
phosphotransfer hypothesis for transmitter phosphatase activity was prompted by analysis of
an EnvZ mutant with the N347D missense substitution in the CA domain N box motif
(Dutta & Inouye, 1996). This mutant lacks autokinase activity but retains strong transmitter
phosphatase activity. Reverse phosphotransfer from phospho-OmpR to EnvZ(N347D) is
observed only in the absence of Mg2*, and is inhibited by ADP. In the presence of Mg?*,
reverse phosphotransfer is not observed, and inorganic phosphate is released from phospho-
OmpR (Dutta & Inouye, 1996). Moreover, reverse phosphotransfer is not observed with
wild-type EnvZ (Zhu et al., 2000), nor with CpxA (Raivio & Silhavy, 1997), PhoR
(Carmany et al., 2003), or WalK (Gutu et al., 2010). Finally, at least partial transmitter
phosphatase activity is retained by certain phospho-accepting His substitution mutants of
EnvZ (Hsing & Silhavy, 1997, Skarphol et al., 1997), NtrB (H139N) (Atkinson & Ninfa,
1993) and PhoQ (H277A) (Chamnongpol et al., 2003). Together, these observations provide
direct evidence against the reverse phosphotransfer mechanism.

Histidine hypothesis for transmitter phosphatase activity in HisKA sensors

Whereas the reverse phosphotransfer route is disproved, the phospho-accepting His residue
nevertheless may be important for transmitter phosphatase function. In particular, Hsing &
Silhavy (1997) suggested that the His residue acts as a general base to activate the
nucleophilic water molecule. This role for the His residue recently was supported by
analysis of the HK853-RR468 complex, which is thought to represent interaction of
phospho-RR468 with the transmitter phosphatase conformation of HK853 (Casino et al.,
2009). This structure contains a sulfate ion between the transmitter His-260 and the receiver
Asp-53. One O atom from this sulfate ion is speculated to represent the nucleophilic water,
coordinated by His-260 (Casino et al., 2009).

On the other hand, EnvZ, PhoQ and WalK mutants with Ala substituted for the phospho-
accepting His residue retain at least partial transmitter phosphatase activity (Hsing &
Silhavy, 1997, Chamnongpol et al., 2003, Gutu et al., 2010). Thus, His per se cannot be
essential for activating the nucleophilic water. Perhaps the disparate effects of different
substitutions (Hsing & Silhavy, 1997, Skarphol et al., 1997) result from structural
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perturbation. Alternatively, it is possible that the His residue plays an ancillary role in
transmitter phosphatase activity.

Auxiliary phosphatase activity

A recent hypothesis, described below, is based on mechanisms for diverse auxiliary
phosphatases, which employ a conserved GlIn, Asn or Asp residue to orient the nucleophilic
water and thereby stimulate the rate of acyl-phosphate hydrolysis (Fig. 2B) (Silversmith,
2010). The chemotaxis auxiliary phosphatases CheZ and CheX exhibit the conserved
DxxxQ and ExxN motifs, respectively, and catalyze the phospho-CheY phosphatase
reaction though essentially identical mechanisms. The conserved Gln and Asn residues
provide an amide group to orient the nucleophilic water, whereas the Asp and Glu residues
form a salt bridge with the receiver active site Lys residue (Zhao et al., 2002, Pazy et al.,
2010). Similar to CheZ and CheX, the sporulation auxiliary phosphatase RapH inserts a
catalytic Gln residue into the SpoOF active site, but apparently does not require a second,
acidic residue for phosphatase activity (Parashar et al., 2011). On the other hand, the
sporulation auxiliary phosphatase SpoOE exhibits a similar but reversed QELD motif, in
which the roles of Asp and Gln residues are swapped: Asp appears to be catalytic, whereas
GlIn stabilizes interactions (Diaz et al., 2008). Thus, SpoOE likely coordinates the
nucleophilic water molecule via a carboxyl group rather than an amide group. Overall, these
auxiliary phosphatase mechanisms are reminiscent of ©-phosphate group hydrolysis by Ras-
like GTPases. These o/f proteins also rely on a catalytic GIn or Asn residue, which is
located on a conserved switch helix and acts in a similar planar transition state (Vetter &
Wittinghofer, 2001, Li & Zhang, 2004). Therefore, an overall consensus mechanism is
observed in different phosphatase families. Although occurring in different alignment
geometries of the catalytic, attacking groups in the phospho-receiver active site, these
phosphatase reactions are catalyzed via the coordination of the nucleophilic water by a
conserved amide or carboxyl group.

Amide hypothesis for transmitter phosphatase activity in HisKA_3 sensors

Recent work identified a conserved DxxxQ motif on the DHp helix a1, immediately
adjacent to the phospho-accepting His residue (Fig. 4A). The DxxxQ motif defines the
active site for CheZ auxiliary phosphatase activity (Zhao et al., 2002), as summarized above.
In the DesK X-ray structures, the invariant Asp and highly conserved GIn residues from this
motif are separated by one helical turn on the DHp-receiver interaction surface (Albanesi et
al., 2009). Analysis of NarX revealed that the Gln residue is essential for transmitter
phosphatase activity both in vivo and in vitro (Huynh et al., 2010). Mutants in which the Gin
residue is substituted with Ala, Glu or His retain autokinase and phosphotransfer activities,
yet are severely defective for transmitter phosphatase activity. By contrast, the Asn
substitution mutant retains substantial transmitter phosphatase activity, consistent with the
notion that an amide group is important for catalysis.

Thus, by analogy with CheZ, it is hypothesized that the Gln residue catalyzes the
phosphatase reaction by providing an amide group for the correct alignment of the
nucleophilic water molecule in phosphoryl group hydrolysis, and the Asp plays an ancillary
role by stabilizing the Lys residue of the receiver active site, perhaps via a hydrogen bond
(Fig. 2C). However, the Asp residue is essential for autokinase activity (Huynh et al., 2010),
and also participates in DHp-CA domain interactions (Trajtenberg et al., 2010).

Analysis suggests that the phospho-accepting His residue is irrelevant for the transmitter
phosphatase activity of HisKA_3 family sensors. Strong activity is retained in most
missense mutants examined, including DesK (H188V) (Albanesi et al., 2004), AbsAl
(H202A) (Sheeler et al., 2005), and NarX (H399Q) (Huynh et al., 2010). Moreover, the
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DesK X-ray structures, representing the HisKA_3 family, suggest that the phospho-
accepting His residue lies within the DHp coiled-coil interior in the transmitter phosphatase
conformation (Albanesi et al., 2009).

Currently, transmitter-receiver structural models exist only for the HisKA family (Casino et
al., 2009, Yamada et al., 2009), and the DesK transmitter structures display distinct
conformational differences in comparison to HisKA family structures (Stewart, 2010).
Therefore, it presently is not possible to evaluate the HisKA_3 amide hypothesis by
examining a cocrystal structure.

About 30% of HisKA_3 sequences have His in place of GIn in the DxxxQ motif, so the His
side-chain must provide the nucleophilic water-orienting function in this proposed
mechanism. However, the NarX Q404H mutant is severely defective for transmitter
phosphatase activity (Huynh et al., 2010) although the AbsA1 sensor, which has the DxxxH
sequence, displays strong transmitter phosphatase activity (Sheeler et al., 2005). Thus, future
experiments with diverse HisKA_3 family sensors are necessary to establish the roles for
individual residues in transmitter phosphatase activity.

Hydroxyl/amide hypothesis for transmitter phosphatase activity in HisKA sensors

The HisKA family constitutes the majority of sensors. The HisKA DHp domain sequences
exhibit a conserved E/DxxN/T motif, immediately adjacent to the phospho-accepting His
residue. This E/DxxXN/T motif is reminiscent of the CheX ExxN motif, which acts in a
virtually identical mechanism to the CheZ DxxxQ motif (Pazy et al., 2010). The conserved
Asn/Thr of the E/DxxN/T motif is critical for phosphatase function (Fig. 2D and 4B).
Among the substitutions for the EnvZ Thr-247 residue, only Ser and Asn retain activity
whereas seven others do not (Dutta et al., 2000). Furthermore, the permissibility of the Thr
to Asn substitution underlines the interchangeability between amide and hydroxyl at this
position, consistent with the presence of Asn at this position in many HisKA family sensors
including NtrB and ThkA. Substitutions for the analogous, conserved CpxA Thr-253, PhoR
Thr-220 and VanS Thr-238 residues also abolish transmitter phosphatase activity, although
the Asn substitution is not permissible in PhoR (Yamada et al., 1989, Baptista et al., 1997,
Raivio & Silhavy, 1997).

Structural analysis is consistent with the hypothesis, that the conserved Thr or Asn residue in
the E/DxxN/T maotif coordinates the nucleophilic water for transmitter phosphatase activity.
Yamada et al. (2009) noted that the modeled ThkA-TrrA complex has ThkA residue
Asn-551 in close proximity to TrrA residue Asp-57, similar to CheZ and CheY residues
GIn-147 and Asp-57, respectively. Casino et al. (2010) superimposed the CheX-CheY and
HK853-RR468 cocrystal structures, revealing that HK853 residue Thr-264 is positioned
similarly to the CheX catalytic residue Asn-99.

Although the similarity of the CheX ExxN and HisKA E/DxxN/T motifs is striking, HisKA
transmitter phosphatase activity may not involve the Asp/Glu residue (Huynh et al., 2010).
First, the NtrB E140A and E140Q mutants retain transmitter phosphatase activity but are
defective for autokinase activity (Atkinson & Ninfa, 1993). Second, in the HK853-RR468
complex (Casino et al., 2009), HK853 residue Glu-261 is turned away from the receiver
active site and seems unlikely to interact with the conserved Lys in the receiver domain.
Instead, residue Arg-263 (also highly conserved in HisKA sequences) makes a hydrogen
bond to RR468 residue Lys-105. Together, these observations suggest that the conserved
Glu/Asp residue in HisKA family transmitters does not function like CheX residue Glu-96
to coordinate the receiver domain Lys residue (Pazy et al., 2010).
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Transmitter-receiver interaction

Transmitter phosphatase activity involves interactions between the DHp and receiver
domains. In the HK853-RR468 cocrystal structure and ThkA-TrrA modeled complex, the
receiver domain inserts its helix ol between DHp helices al and a2. Since each sensor
dimer interacts with two response regulator molecules, this interaction creates a six-helix
bundle structure, stabilized by the further insertion of the receiver p5-a5 loop in the DHp
domain (Casino et al., 2010, Szurmant & Hoch, 2010). Similar interactions are present in the
analogous SpoOF-Spo0B cocrystal (Szurmant & Hoch, 2010).

Besides its major interactions with the DHp domain, the receiver also makes additional
contacts with the CA domain and the DHp-CA domain linker. The receiver p4-a4 loop,
besides interacting with the C-terminus of DHp helix a2, also makes lateral contacts with
the CA domain (Zapf et al., 2000, Casino et al., 2009). Furthermore, RR468 blocks the ATP
lid of the ATP-bound HK853 CA domain (Casino et al., 2009).

Mutational and covariance analyses independently have shown that specificity determinants
for cognate transmitter-receiver interactions are localized toward the carboxyl-terminal end
of the DHp domain a1 helix for sensors of both the HisKA family (Tomomori et al., 1999,
Skerker et al., 2008, Capra et al., 2010) and the HisKA_3 family (Noriega et al., 2010).
Replacing these amino acids on the EnvZ DHp domain with those of a different sensor
switches the transmitter specificity for the corresponding receiver (Skerker et al., 2008).
Accordingly, the co-varying amino acids on the receiver domain are located mostly on helix
al (Capra et al., 2010), congruent with conclusions made from analysis of sensor-response
regulator co-crystal structures as described immediately above.

EnvZ, NtrB, and NarX kinase-active, phosphatase-defective mutants have alterations in both
DHp helices a1l and a2, which likely affect interaction specificity and DHp domain
conformation (Hsing et al., 1998, Jiang et al., 2000, Pioszak & Ninfa, 2003a, Noriega et al.,
2010). Conversely, CpxA mutations that enhance DHp-receiver interactions can give rise to
transmitter phosphatase activity toward the non-cognate response regulator OmpR
(Siryaporn et al., 2010).

Whereas the DHp domain alone encompasses the transmitter phosphatase activity, this
function is enhanced by interaction with the CA domain, as demonstrated in vitro with EnvZ
and NtrB (Jiang et al., 2000, Zhu et al., 2000). Moreover, EnvZ, NtrB, NarX and VanB
transmitter phosphatase mutants have been isolated with alterations in the CA domain
(Hsing et al., 1998, Depardieu et al., 2003, Pioszak & Ninfa, 2003a, Noriega et al., 2010).
Finally, the in vitro transmitter phosphatase function of many sensors is accelerated by ATP,
ADP and non-cleavable ATP analogs (Table 1). For these ATP-responsive sensors,
nucleotide binding to the CA domain likely causes a conformational change that is distinct
from the kinase-competent state, since the y-phosphate group need not be hydrolyzed.
Moreover, nucleotide-enhancement of transmitter phosphatase activity requires the presence
of the CA domain (Jiang et al., 2000, Zhu et al., 2000). Therefore, the nucleotide-bound CA
domain probably stabilizes the transmitter-receiver interactions during the phosphatase
reaction. Note however that phosphatase-deficient CA domain alterations have been isolated
even for sensors such as VVanS and NarX for which transmitter phosphatase activity is not
stimulated by nucleotides, suggesting that these sensors also employ CA-receiver
interactions for this reaction. Finally, it is suggested that ATP-lid closure, resulting from
receiver-CA domain interaction, is also conducive for transmitter phosphatase, since the
transmitter autokinase reaction is inhibited (Casino et al., 2009).

It is not obvious why nucleotide stimulates transmitter phosphatase activity for some sensors
but not others. There is no apparent correlation with DHp domain sequence subfamily or
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with the phosphorylation half-life for the cognate response regulator (Table 1). It remains to
be seen if the differential dependence on nucleotide results from structural, mechanistic or
regulatory differences.

Another important structural element in transmitter phosphatase is the Per-ARNT-Sim
(PAS) domain, present in approximately one-third of sensors (Gao & Stock, 2009). The PAS
domain can function either in ligand binding or in signal conduction (Mdglich et al., 2009b).
Recent structural and mutational analyses of WalK and ThkA indicate that deletion of the
PAS domain greatly diminishes transmitter phosphatase activity while leaving the
autokinase and phosphotransfer functions mostly undisturbed (Yamada et al., 2009, Gutu et
al., 2010). In the ThkA-TrrA complex, the requirement of the PAS domain results from its
interaction with the receiver helix a4 (Yamada et al., 2009).

Control of transmitter phosphatase activity

In order to mediate environmental response, two-component sensors must differentially
regulate their autokinase and transmitter phosphatase activities. Theoretical analysis shows
that a population of bifunctional sensors is in “on/off” equilibrium between a single on-state
(autokinase) and a single off-state (transmitter phosphatase) (Bornhorst & Falke, 2003).
Output is controlled over a range of input stimulus through adjusting the ratio between these
mutually-exclusive states (Russo & Silhavy, 1991). Recent analysis of sensor crystal
structures (Stewart, 2010) supports the hypothesis, that the two states represent different
conformations in which the autophosphorylation site is either exposed or hidden (Pratt &
Silhavy, 1995). The structures suggest that rotational movement within the DHp domain
helical bundle influences both accessibility of the phospho-accepting His residue as well as
interactions with the CA domain (Albanesi et al., 2009, Casino et al., 2009). These motions
likely also control accessibility of the hypothesized transmitter phosphatase active residues
in the DxxxQ or E/DxxT/N motifs (Fig. 4). Thus, autokinase and transmitter phosphatase
are reciprocal activities resulting from mutually-exclusive transmitter conformations.

In some cases, on/off equilibrium is mediated by auxiliary regulators (Buelow & Raivio,
2010). For example, NtrB transmitter phosphatase is stimulated by PIl (GInB) protein,
which senses 2-oxoglutarate and adenylate energy charge. P1I binds to both the DHp and CA
domains, and presumably mediates the conformational shifts described above (Pioszak &
Ninfa, 2003b, Jiang & Ninfa, 2009). However, most two-component systems do not involve
auxiliary regulators, and so conformational control must result from coiled-coil dynamics in
response to signal input (Albanesi et al., 2009, Mdglich et al., 2009a, Stewart & Chen,
2010). Environmental stimuli can be either positive or negative, depending on how the input
and signal conversion modules are tuned. For example, stimulus shifts NarX sensor
equilibrium to the on-state (Williams & Stewart, 1997), whereas it shifts PhoQ sensor
equilibrium to the off-state (Chamnongpol et al., 2003).

For some sensors, it is reported that only autokinase or phosphatase is regulated, with the
opposite activity being constitutive (Stock et al., 2000, Gao & Stock, 2009, Stewart, 2010).
This can pertain to sensors, such as NtrB and KdpD, for which auxiliary regulators shift the
on/off equilibrium. In other cases, available information favors reciprocal regulation of a
two-state on/off equilibrium (Raivio & Silhavy, 1997, Chamnongpol et al., 2003). Finally,
the signal-insensitive “phosphatase” described for the LuxN and LuxPQ sensors refers to
signal decay through reverse phosphorelay (Fig. 3B) rather than transmitter phosphatase
activity (Long et al., 2009). In this case, signal decay likely represents the favored
phosphotransfer equilibrium in the absence of signal-responsive transmitter autokinase
activity.
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Concluding remarks

The search for unity, a powerful impetus in biology, can impede a proper appreciation of
life's diversity (Thaler & Stahl, 1988)

Negative regulation through transmitter phosphatase activity is a widespread mechanism in
two-component signal transduction, and is essential for proper function within and between
signaling pathways. Current hypotheses suggest that sensors provide a catalyst for the
receiver autodephosphorylation reaction, by coordinating inline attack by the nucleophilic
water molecule. The DHp domain active sites for autokinase, phosphotransfer and
transmitter phosphatase activities overlap substantially, and therefore individual residues
likely serve multiple functions. Nevertheless, plausible mechanistic hypotheses help to
stimulate attention on transmitter phosphatase activity control, physiological roles in two-
component signaling, and relationship to transmitter-receiver specificity.

The hypothesized mechanism for transmitter phosphatase activity provides a unifying basis
for thinking about this function and for designing future experiments (Huynh et al., 2010).
Yet, it also incorporates considerable diversity, postulating amide, hydroxyl and even
imidazole side-chains as water-orienting catalysts. This diversity, together with the large
number of distinct sensor sequences, seemingly assures that variations in mechanism will be
encountered. Hints of this already are apparent from the different effects of nucleotides and
of substitutions for the phospho-accepting His residue.
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Figure 1. Cross talk suppression by transmitter phosphatase activity

During cross talk, the receiver domain is phosphorylated by small molecule phosphodonors,
illustrated here as acetyl phosphate, and by non-cognate sensors. The transmitter
phosphatase function of the cognate sensor reduces cross talk noise by dephosphorylating
phospho-receiver, therefore returning the receiver to the inactive state and resetting the
signal.
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Figure 2. Different phosphatase activities in bacterial two-component signaling

A. The phospho-receiver exhibits autophosphatase activity, during which the phosphoryl
group is hydrolyzed by a nucleophilic water molecule. The invariant Lys residue participates
directly in dephosporylation reactions.

B. Auxiliary phosphatases, illustrated here as CheZ, do not exhibit positive function (note
the absence of a phospho-accepting His residue). The CheZ conserved Gln residue catalyzes
the phosphatase reaction by aligning the nucleophilic water for phosphoryl group hydrolysis.
CheZ also has a conserved Asp residue which forms a salt bridge with the receiver Lys
residue.

C. The HisKA_3 transmitter phosphatase activity is hypothesized to follows a similar
mechanism to auxiliary phosphatase, employing a catalytic GIn residue to coordinate water
hydrolysis of the phosphory! group and an Asp residue that interacts with the receiver Lys
residue.
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D. The HisKA transmitter phosphatase activity is hypothesized to employ a conserved Asn

or Thr residue in an analogous mechanism to HisKA_3 transmitters. The role for the
phospho-accepting His residue is uncertain.
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Figure 3. Phosphotransfer and reverse signal decay routes in phosphorelays

A. A generic phosphorelayis illustrated between a hybrid sensor and the receiver domain of
its cognate response regulator. The phosphoryl group is transferred through the His(1) and
Asp(1) residues on the sensor to the His(2) residue on the Hpt domain (which may be part of
the sensor or may be separate), and subsequently to the Asp(2) residue on the response
regulator receiver domain.

B. In reverse signal decay, the phosphoryl group is transferred through the Asp(2)-His(2)-
Asp(1) residues, and is hydrolyzed at the Asp(1) residue. The His(1) residue on the
transmitter module is not involved in this reaction.
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A. DeskK B. HK853

Figure 4. HisKA_3 and HisKA DHp domains showing the catalytic residues. The monomeric
DHp domains of DesK and HK853 are shown with the phospho-accepting His residue (red) and
the conserved residues hypothesized to be involved in the transmitter phosphatase function

A. The DesK Asp (D189, green) and GlIn (Q193, orange) correspond to the HisKA_3
DxxxQ motif. The structure is the phosphatase-competent H188Vb form (PDB accession
3EHH).

B. The HK853 Thr (T264, magenta) residue corresponds to the HisKA conserved Asn/Thr
residue in the E/DxxN/T motif. The structure is from the HK853-RR468 cocrystal (PDB
accession 3GL9).
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