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Abstract

The environment of a cell has a profound influence on its physiology, development, and evolution. 

Accordingly, the capacity to sense and respond to physical and chemical signals in the 

environment is an important feature of cellular biology. In bacteria, environmental sensory 

perception is often regulated by two-component signal transduction systems (TCSTs). Canonical 

TCST entails signal-induced autophosphorylation of a sensor histidine kinase (HK) followed by 

phosphoryl transfer to a cognate response regulator (RR) protein, which may affect gene 

expression at multiple levels. Recent studies provide evidence for systems that do not adhere to 

this archetypal TCST signaling model. We present selected examples of atypical modes of signal 

transduction including inactivation of HK activity via homo- and hetero oligomerization, and 

cross-phosphorylation between HKs. These examples highlight mechanisms bacteria use to 

integrate environmental signals to control complex adaptive processes.
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Abbreviated Summary

Recent studies have defined atypical modes of bacterial histidine kinase interactions, which enable 

complex signal integration. We highlight some of these unusual examples and discuss their 

significance within this MicroReview.
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Introduction

Standard two-component signal transduction systems (TCSTs) are composed of a sensor 

histidine kinase (HK) and a cognate response regulator (RR). Generally, HK proteins are 

homodimers that can exhibit autophosphorylase, transphosphorylase and dephosphorylase 

activities (Stock et al., 2000). These activities are regulated by a variable N-terminal sensory 

domain that can respond to a variety of physical signals (e.g. light, temperature, osmolarity) 

or chemical ligands (e.g. organic and inorganic nutrients and other small molecules). Once 

an HK becomes phosphorylated at a conserved histidine (HK~P) it can transfer this 

phosphoryl group to a conserved aspartate residue on its cognate RR protein (Figure 1A). In 

some cases, HKs dephosphorylate an RR protein. Phospho-RR (RR~P) affects cellular 

responses by DNA binding/transcription or modulating protein-protein interactions 

(Galperin, 2006). Transfer of a phosphoryl group from an HK to its cognate RR is 

kinetically efficient and highly specific for the majority of characterized TCST (Laub & 

Goulian, 2007, Podgornaia & Laub, 2013, Skerker et al., 2005).

While insulated, linear signaling systems composed of a single HK (input) and single RR 

(output) seem to be the most common forms of TCST in bacteria, there are instances of 
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systems that deviate from this paradigm. Well studied examples include the complex, 

multiprotein phosphorelays that control sporulation in Bacillus subtilis (Kroos, 2007, 

Stragier & Losick, 1996) and asymmetric cell division in Caulobacter crescentus and related 

Alphaproteobacteria (Collier, 2016). In addition, there are examples of TCST cross-

regulation in which multiple systems interact in both cognate and non-cognate fashion as 

reviewed in (Laub & Goulian, 2007). More recently, studies of general stress adaptation in 

Alphaproteobacteria have provided evidence for a system in which multiple HWE-family 

histidine kinases integrate information about the physicochemical state of the environment 

via phosphorylation or dephosphorylation of a single RR protein as reviewed in (Fiebig et 
al., 2015, Francez-Charlot et al., 2015). While there are other examples of TCST that deviate 

from a paradigmatic signaling model, we focus here on select systems that have unusual 

modes of signaling by HK proteins.

Regulation of Rhodobacter histidine kinase activity by oligomerization

The RegB-RegA two-component signal transduction (TCST) system is broadly conserved in 

the proteobacteria, and is capable of sensing changes in the redox state of the cell. RegB 

(a.k.a. PrrB) HK and RegA (a.k.a. PrrA) RR proteins display a high level of conservation at 

the amino acid sequence level, and are found in species adapted for growth in a variety of 

niches, including plant roots and surfaces, aquatic and soil environments, and within 

mammalian hosts (Philippot et al., 2010, Wu & Bauer, 2008). Arguably this system has been 

best studied in Rhodobacter capsulatus and Rhodobacter sphaeroides, hereafter referred to as 

Rhodobacter spp. In Rhodobacter spp., the RegB-RegA TCST serves as a central regulator 

of photosystem synthesis, carbon and nitrogen fixation, respiration, electron transport and 

aerotaxis in response to changes in oxygen levels (Elsen et al., 2004, Schindel & Bauer, 

2016). Phosphorylated RegA (RegA~P) binds to the promoters of several operons that 

directly activate expression of many photosystem and electron transport operons (Imam et 
al., 2014, Du et al., 1998, Swem & Bauer, 2002, Qian & Tabita, 1996, Willett et al., 2007).

RegA phosphorylation is controlled by the bi-functional HK RegB, which can both 

phosphorylate and dephosphorylate RegA (Swem et al., 2003, Swem et al., 2007, Bird et al., 
1999). Under aerobic conditions, RegB is autokinase inactive and thus unable to affect 

transcription via RegA. In semi-aerobic or anaerobic conditions, RegB is autokinase active 

and able to phosphorylate RegA (Wu & Bauer, 2008). Redox regulation of RegB autokinase 

activity occurs by three distinct mechanisms in Rhodobacter spp.; (1) monitoring the ratio of 

oxidized to reduced ubiquinones via a conserved transmembrane sensing region that 

represses RegB autokinase activity under aerobic conditions (Swem et al., 2006, Wu & 

Bauer, 2010), (2) sulfenic acid formation on a conserved cysteine 265 (Cys-265) of RegB 

inhibits autokinase activity (Wu et al., 2013) under aerobic conditions, and (3) disulfide 

bond formation mediates tetramerization via Cys-265 thereby inhibiting RegB autokinase 

activity (Swem et al., 2003). The roles of each of these molecular mechanisms in regulation 

of RegB are described below (Figure 1B).

Mutating the ubiquinone binding site of RegB results in autophosphorylation under high 

oxygen conditions, which leads to expression of photosystem in conditions where it is 

typically repressed (Swem et al., 2006, Wu & Bauer, 2010). However, earlier studies on 
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RegB lacking the ubiquinone binding site reported that RegB autokinase activity remained 

responsive to redox levels, thus indicating that redox control of RegB requires more than 

simple ubiquinone binding (Swem et al., 2003). Mutation of a second site of regulation, 

Cys-265, eliminates redox control of RegB autokinase activity (Swem et al., 2003) and 

eliminates formation of inactive RegB tetramers, which exist under oxidative conditions in 
vitro and in vivo (Swem et al., 2003). In the wild-type protein, shifting RegB toward 

reducing conditions dissociates tetramers and activates autokinase activity. Like mutation of 

the quinone binding site, mutation of Cys-265 results in increased expression of downstream 

genes in conditions where transcription is otherwise inactive. An additional layer of RegB 

control by the oxidative state of the environment occurs by formation of cysteine sulfenic 

acid at Cys-265, which represses RegB autokinase activity (Wu et al., 2013). Together, these 

diverse signal detection mechanisms allow for integration of various redox signals by the 

RegB HK. A particularly notable feature of this system is the ability of RegB to form higher 

order inactive HK tetramers. This is similar to unrelated eukaryotic kinases that can be 

regulated by alterations in their oligomeric state (Endicott et al., 2012).

Open questions:

• Do higher order oligomers have a role in control of other bacterial HKs? 

While not having a demonstrated role in kinase regulation, there are other 

examples of HKs existing in unusual oligmeric states, including hexameric 

HK ExsG from Rhizobium NT-26 (Wojnowska et al., 2013), and the 

monomeric HK, EL346 from Erythrobacter litoralis (Rivera-Cancel et al., 
2014).

• How does tetramerization of RegB inactivate autokinase activity at the 

molecular level?

Regulation of a Pseudomonas virulence by a multi-kinase signaling 

network

Pseudomonas aeruginosa is a remarkably adaptable microbe as evidenced by its prevalence 

in a range of environments, and its ability to infect numerous hosts including plants, insects, 

nematodes, and mammals (Silby et al., 2011). In humans, P. aeruginosa can cause a number 

of acute and chronic infections (Gellatly & Hancock, 2013). The regulatory mechanisms that 

underlie P. aeruginosa virulence are controlled in part by a complex signaling cascade 

regulating the RR protein GacA (Tan et al., 1999, Reimmann et al., 1997). GacA controls 

the expression of two untranslated regulatory RNAs (sRNA), RsmZ and RsmY (Brencic et 
al., 2009), which serve redundant roles in binding to the RNA-binding protein RsmA. 

RsmA, a CsrA homolog, both positively and negatively controls the expression of many 

genes required for acute and chronic infection (Brencic & Lory, 2009, Gooderham & 

Hancock, 2009, Intile et al., 2014). Increasing the cellular RsmY/Z levels decreases the free 

RsmA levels thus relieving RsmA-dependent repression at many promoters (Heurlier et al., 
2004).

While GacA itself is a typical response regulator comprised of a N-terminal REC domain 

and C-terminal HTH domain, the upstream regulatory cascade controlling its 
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phosphorylation is highly complex and involves multiple HK proteins. To date, the only 

described direct regulator of GacA phosphorylation is the HK GacS (Lapouge et al., 2008, 

Chambonnier et al., 2016). However, there appear to be several other HKs that coordinate 

with GacS to modulate GacA phosphorylation levels as discussed below (Figure 1C). GacS 

is a hybrid HK, so named because it contains a both a N-terminal kinase domain, and C-

terminal REC and Hpt domains (Ulrich & Zhulin, 2010). When GacS is cued by an as yet 

undefined signal, it stimulates phosphorylation of a conserved histidine residue in the kinase 

domain (HKin), and transfers the phosphoryl group to the conserved aspartate in the REC 

domain (DREC) before subsequent transfer to the histidine residue in the Hpt domain (HHpt) 

(Hkin->DREC->HHpt). GacS ultimately transfers this phosphoryl group to GacA 

(Chambonnier et al., 2016).

The ability of GacS to autophosphorylate is influenced directly or indirectly by the kinases 

RetS (Laskowski & Kazmierczak, 2006), LadS (Ventre et al., 2006) and PA1611 (Kong et 
al., 2013). RetS was one of the first HKs with a demonstrated role in regulating GacS-GacA 

activity; a ∆retS mutant attenuates multiple virulence pathways in P. aeruginosa through its 

function as a negative regulator of the Gac system (Zolfaghar et al., 2005). RetS directly 

controls GacS activity through the formation of hetero-oligomers; though it is uncertain if 

these hetero-oligomers consist of a single GacS and single RetS protein (GacS:RetS 

heterodimers), or if they form higher-order multimers such as oligomers of homo-dimers. 

GacS:RetS form a high affinity complex (Kd ~33 nM) (Goodman et al., 2009). If 

GacS:RetS, do indeed form heterodimers, this affinity is significantly higher than the 

estimated dissociation constant measured for homodimers of the standard HKs EnvZ and 

RstB, from E. coli (Kd of ~0.3 µM) (Ashenberg et al., 2011). GacS:RetS hetero-oligomers 

prevent GacS autophosphorylation, though this repression does not require the conserved 

sites of phosphorylation in RetS (Goodman et al., 2009). Interestingly, mutation of the 

conserved phosphorylation sites in RetS does alter survival in a murine model of acute 

pneumonia, providing evidence that RetS may phosphorylate other protein substrates under 

certain conditions (Laskowski & Kazmierczak, 2006). It is not known what controls 

formation of GacS:RetS hetero-oligimerization, but it is likely regulated by ligand 

interaction with the RetS extracellular sensory domain (Vincent et al., 2010, Jing et al., 
2010), as well as by the HK PA1611 (discussed below) (Kong et al., 2013)

HK PA1611 functions as a negative regulator of RetS activity in P. aeruginosa. Like GacS, 

PA1611 can hetero-oligimerize with RetS (PA1611:RetS), thereby altering the activity of 

RetS. Consistent, with the function of PA1611 as a negative regulator, overexpression of 

PA1611 phenocopies a ∆retS mutant in motility, type III secretion (T3SS) activity, and 

biofilm formation by influencing GacA dependent expression of RsmY/Z (Kong et al., 

2013). The PA1611:RetS interaction also does not require the conserved sites of 

phosphorylation in PA1611, though PA1611 does exhibit phosphorelay activity: PA1611 

directly phosphorylates the HptB protein involved in P. aeruginosa virulence (Hsu et al., 
2008). Thus PA1611 appears to have at least two distinct regulatory roles: a) a 

phosphotransfer independent function as a RetS regulatory protein and b) a kinase role 

involving direct phosphorylation of HptB.
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In contrast to RetS and PA1611, which appear to control GacS activity by dimerizing with 

GacS, LadS regulates the GacS-GacA TCST system by cross-phosphorylation of GacS. 

Here we define cross-phosphorylation as one HK autophosphorylating and then 

phosphorylating another HK protein (Chambonnier et al., 2016). Like the other HKs in the 

pathway, LadS is a hybrid HK with a conserved histidine in the kinase domain (HKin) and C-

terminal REC domain containing a conserved aspartate residue (DREC). LadS 

autophosphorylates on the HKin and transfers to DREC. LadS can subsequently transfer this 

phosphoryl group from DREC to GacS-HHpt (LadS-HKin->LadS-DREC->GacS-HHpt). In this 

manner, LadS functions as a positive regulator of GacA phosphorylation. While unusual, 

cross-phosphorylation, has been reported in other systems, such as the EspA/EspC system in 

Myxococcus xanthus (Schramm et al., 2012), and PvrS/RcsC fro Pseudomonas aeruginosa 
(Mikkelsen et al., 2013).

As evidenced by the above examples, acute and chronic P. aeruginosa infection is controlled 

at multiple levels, in part by the sensor HK proteins GacS, LadS, RetS, and PA1611. These 

HK proteins serve as important upstream regulators of P. aeruginosa infection biology by 

affecting the activity of a single RR protein GacA. The ability to form HK hetero-oligomers 

could potentially enable an enhanced ability to integrate environmental signals into a single 

pathway, and thus allow for control of RR phosphorylation without direct HK-RR 

interaction. This ability of the system to integrate signals from multiple HK is further 

enhanced by the cross-phosphorylation capability of LadS-GacS.

Open questions:

• What is the stoichiometry of HK hetero-oligomers formed between RetS, 

GacS and PA1611? Do these HK form heterodimers, or do they form 

higher order oligomers?

• How does RetS:GacS hetero-oligomerization inhibit GacS autokinase 

activity?

• What fraction of GacS is hetero-oligomeric in the cell? Does PA1611 

affect GacS:RetS hetero-oligomers, and conversely does GacS affect 

RetS:PA1611 hetero-oligomers?

• How common is HK hetero-oligomerization in other organisms?

• If the sites of phosphorylation in RetS and PA1611 are dispensable for 

heterodimer formation and GacA regulation, do they phosphorylate other 

RR protein targets?
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Perspective

It stands to reason that complex cellular processes in bacteria require regulatory systems 

capable of integrating complex physical and chemical information both inside and 

outside the cell. The examples we’ve briefly highlighted detail an emerging 

understanding of atypical activities of bacterial HKs including hetero-oligomerization 

and cross-phosphorylation. Going forward it will be interesting to see if these modes of 

HK interaction and regulation are more broadly conserved.
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Figure 1. 
(A) Architecture of typical two-component signaling systems (TCST), which are comprised 

of a membrane bound dimeric histidine kinase (HK – in red) and a soluble DNA-binding 

response regulator (RR – in blue). When the HK becomes activated, it transfers a phosphoryl 

group to the RR, which can then bind DNA to either positively or negatively regulate gene 

expression. (B) The HK - RegB (red) and RR RegA (blue) regulate a redox responsive 

TCST. The kinase activity of RegB is negatively regulated by a redox active cysteine, 

binding of oxidized quinone, and formation of an inactive tetramer. (C) Regulation of the 

RR - GacA (blue), by the PA1611 (grey), RetS (yellow), GacS (red), and LadS (green) HKs. 

The GacS-GacA phosphotransfer event is negatively regulated by hetero-oligomer formation 

with RetS, and positively activated by cross-phosphorylation involving LadS.
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