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Abstract

To exist in a wide range of environmental niches, bacteria must sense and respond to a myriad of

external signals. A primary means by which this occurs is through two-component signal

transduction pathways, typically comprised of a histidine kinase that receives the input stimuli and

a response regulator that effects an appropriate change in cellular physiology. Histidine kinases

and response regulators have an intrinsic modularity that separates signal input, phosphotransfer,

and output response; this modularity has allowed bacteria to dramatically expand and diversify

their signaling capabilities. Recent work has begun to reveal the molecular basis by which two-

component proteins evolve. How and why do orthologous signaling proteins diverge? How do

cells gain new pathways and recognize new signals? What changes are needed to insulate a new

pathway from existing pathways? What constraints are there on gene duplication and lateral gene

transfer? Here, we review progress made in answering these questions, highlighting how the

integration of genome sequence data with experimental studies is providing major new insights.
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Overview

Two-component signal transduction systems are a predominant means by which bacteria

sense and respond to their environments. These systems are generally comprised of a

receptor histidine kinase that senses a specific signal and translates that input into a desired

output through the phosphorylation of a cognate response regulator. The success of two-

component signaling as a strategy for coupling changes in the environment to changes in

cellular physiology is underscored by their prevalence throughout the bacterial kingdom.

These signaling proteins have been found in the genomes of nearly all sequenced bacteria,

with the majority of species encoding dozens, and sometimes hundreds, of two-component

proteins. They have been uncovered in countless genetic screens and shown to respond to an

enormous range of signals and stressors (for reviews, see (42; 77)).
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While tremendous progress has been made in understanding the structure and function of

some individual systems, two additional aspects of these pathways have garnered significant

interest. First, how does a single cell coordinate so many highly-related signaling pathways?

The kinases and regulators encoded by a given organism are often very similar, yet cells are

able to match specific inputs with the desired output. How is unwanted cross-talk avoided?

Do cells leverage the similarity of these proteins to integrate signals or diversify responses?

The second, related, area of interest centers on understanding the evolution of these systems.

How do two-component pathways evolve and how are new pathways introduced? How are

new pathways insulated from one another? And finally, how do new pathways lead to new

functions and new signaling capabilities?

Here we review recent progress in tackling these questions, focusing in particular on the

evolution of two-component signaling proteins. Gene duplication and lateral gene transfer

provide the raw materials for producing new pathways and, in either case, the introduction

of new signaling proteins requires a flurry of changes if the new proteins are to be

maintained over the course of evolution. The new pathway must gain a new function to

provide a selective advantage and to warrant maintenance in the genome. Domain shuffling

likely plays a critical role and recent work has begun to reveal how, at a mechanistic level,

this process occurs. New pathways must also avoid cross-talk with other pathways, and vice

versa, leading to changes in the specificity determinants of these pathways at multiple

levels, including receptor dimerization and kinase-substrate partnering.

Although much of what is known about the evolution of two-component signaling is based

on sequence and phylogenetic analyses, there are new efforts to integrate experimental

approaches. Throughout the review we will highlight ways in which computational,

phylogenetic, and experimental studies are being combined to provide new insights and we

highlight areas ripe for future investigation. We begin with a brief review of the structure

and function of two-component signaling; for more comprehensive reviews of the

mechanistic aspects of two-component signaling, see (12; 24; 25; 77; 85).

The two-component signal transduction paradigm

The eponymous two-component signaling pathway contains a sensor histidine kinase and a

cognate response regulator (Fig. 1a). Upon receipt of a stimulus, the histidine kinase

typically catalyzes an autophosphorylation reaction on a conserved histidine residue. This

phosphoryl group is then transferred to a conserved aspartate on a cognate response

regulator. Phosphorylation of the regulator usually drives a conformational change that

activates its output response, often leading to changes in gene expression. These systems

thus represent versatile, powerful ways to couple changes in external or environmental

conditions to corresponding changes in cellular physiology and gene expression. In most

cases, histidine kinases are bifunctional such that, when not stimulated to autophosphorylate,

they act as phosphatases for their cognate response regulators; thus it is ultimately the ratio

of kinase to phosphatase activity that is responsible for modulating the output response (36;

93). In some cases, input signals may promote the phosphatase state rather than stimulating

autophosphorylation (65).
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All histidine kinases contain two highly conserved domains, the dimerization and histidine

phosphotransfer (DHp) domain harboring the conserved histidine that is the site of both the

autophosphorylation and phosphotransfer reactions, and the catalytic and ATP-binding (CA)

domain. Histidine kinases also usually contain at least one, and often several, additional

domains N-terminal to the DHp domain (Fig. 1b). For the vast majority of kinases this

includes 1–13 transmembrane domains (20) with signal recognition occurring primarily in

the periplasmic or extracellular portion of the protein. Although some common domains

have been noted, signal recognition domains tend to be more variable than the other

domains. Most kinases also have at least one domain between the transmembrane and DHp

domains, with PAS, HAMP, and GAF domains by far the most common (23). These

domains can either relay signals from the periplasmic sensory domains to the DHp and CA

domains or, in some cases, directly recognize cytoplasmic signals (52; 57).

Response regulators share a common, well-conserved receiver domain (RD) that catalyzes

phosphotransfer from its cognate histidine kinase. Phosphorylation then promotes a

conformational change in one face of the receiver domain, which in turn effects an output

(24). In single domain response regulators, the conformational change in the receiver

domain allows the protein to directly produce an output response. Most response regulators,

however, contain a DNA binding output domain (21) (Fig. 1b). For these regulators,

phosphorylation induces homodimerization of the receiver domain, stimulating DNA

binding and leading to transcriptional changes. Other common output domains include

diguanylate cyclases and methyltransferases.

A common variant of the two-component paradigm is the so-called phosphorelay (8) (Fig.

1a). These extended pathways typically initiate with a hybrid kinase, which is a histidine

kinase with a receiver domain fused to its C-terminus. After autophosphorylation and an

intramolecular phosphotransfer to the receiver domain, the phosphoryl group is shuttled to a

histidine phosphotransferase, and from there to a terminal response regulator that effects an

output. Nearly 25% of all histidine kinases are hybrids (15) suggesting that phosphorelays

are common.

Evolution of genome content and gene number

Two-component signaling proteins are among the most prevalent genes in bacteria and

histidine kinases and response regulators constitute the two largest paralogous gene families

in bacteria (20). Both kinases and regulators are easily identified by sequence homology, in

contrast to many eukaryotic signaling systems in which protein kinases are easily identified

but their substrates are not. Many histidine kinases are encoded in the same operon as their

cognate regulators, allowing for cognate pairs to be identified through sequence analysis

(Fig. 2a). Census-taking is thus straightforward and easily applied to fully sequenced

bacterial genomes (Fig. 2a). Such analyses have revealed that the total number of two-

component genes per genome typically grows as a square of the genome size (20) (Fig. 2b).

In addition, the number of two-component genes appears to correlate strongly with

ecological and environmental niche (1; 20; 23; 38). Bacteria that live primarily in constant

environments typically encode relatively few two-component signaling genes, even taking

into account their smaller genome sizes and characteristic reductive genome evolution. In
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the extreme, many obligate intracellular parasites and endosymbionts harbor only a few

pathways or sometimes none at all, as with Mycoplasma and Amoebophilus. By contrast,

bacteria that inhibit rapidly changing or diverse environments typically encode large

numbers of these signaling proteins. Extreme cases include Myxococcus xanthas with 136

histidine kinases and 127 response regulators and Nostoc punctiforme with 160 kinases and

98 regulators (81) (Fig. 2). In some species, nearly 3% of the genome encodes for histidine

kinases alone (20). These patterns of gene content strongly suggest that organisms expand

their set of two-component signaling genes to help adapt to fluctuations in their

environment.

Although most abundant in the genomes of Gram-negative bacteria and cyanobacteria, two-

component signaling genes are found in all three domains of life (38; 71). However, they are

considerably less abundant in archaea and eukaryotes. The majority of systems found in

eukaryotes involve hybrid kinases and phosphorelays; whether there is selective pressure

against canonical systems is unknown. Many of the archaeal and eukaryotic systems likely

originated through multiple, independent lateral gene transfers from bacteria (37; 38); plants

likely gained two-component pathways through the integration of chloroplast genes into the

nuclear genome (48). In plants, the two-component genes obtained through lateral transfer

likely expanded through duplication and diversification and now play integral roles in

diverse developmental pathways (69).

While two-component genes are found in yeasts, filamentous fungi, slime molds, and plants,

they are conspicuously absent from higher eukaryotes and metazoans. The absence of two-

component signaling proteins from humans, combined with their well-documented role in

bacterial pathogenesis (28; 49), has made these proteins attractive new targets for antibiotic

development (30). Evolutionarily, their absence begs the question as to why they were

supplanted as the primary means of signaling by pathways employing serine, threonine, and

tyrosine phosphorylation. Although a definitive answer is lacking, we speculate that the

intrinsic lability of phosphoryl groups on aspartates may have contributed. In eukaryotes, a

need for longer, more stable outputs may have been desirable, and perhaps necessary, for

transmitting signals from the cell membrane to the nucleus without signal loss en route in

the form of phosphoryl group hydrolysis. Consistent with this idea, many of the two-

component pathways in eukaryotes do not regulate transcription and instead target other

cytoplasmic proteins. For example, in S. cerevisiae, the Sln1-Ypd1-Ssk1 phosphorelay

modulates the activity of a MAP kinase pathway that is also located in the cell membrane

(61). Nevertheless, there are some cases of eukaryotic response regulators that directly affect

transcription, particularly in plants. However, in these cases a histidine phosphotransferase

typically shuttles phosphoryl groups from a cytoplasmic hybrid histidine kinase to a

response regulator in the nucleus that is constitutively associated with the DNA (31; 34).

Signal transmission may be successful in these cases because a histidyl-phosphate moiety is

considerably more stable than an aspartyl-phosphate.

Where did two-component signaling pathways, in any organism, evolve from in the first

place? Given their ancient origin, an unequivocal answer to this question may not be

attainable. However, one clue is that histidine kinases share distant homology in their ATP-

binding domains to Hsp90, the mismatch repair protein MutL, and type II topoisomerases
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(17; 18). These proteins, members of the so-called GHKL superfamily, are thought to bind

ATP in similar ways and share significant structural similarities; in some cases this domain

is used to drive ATP hydrolysis, while in the case of histidine kinases the gamma

phosphoryl group is transferred to a histidine in the DHp domain. It is thus plausible that

histidine kinases emerged from one of these ATPases. In contrast to histidine kinases, there

are no such weak homologies for response regulators and their origin remains a mystery.

There are likely two sources of histidine phosphotransferases. Some, particularly those that

are monomeric (80; 91), may have evolved de novo from a range of other proteins, as there

are few structural and sequence requirements to function as a histidine phosphotransferase

beyond a phosphorylatable histidine within an alpha-helical bundle. Others are dimeric and

may have evolved through the degeneration of histidine kinases. For example, B. subtilis

Spo0B has two domains with significant similarity to those in histidine kinases (83; 94). The

domain that contains the crucial histidine is structurally similar to the DHp domain of

histidine kinases, while the other is topologically and structurally similar to a CA domain

but lacks key residues usually involved in ATP binding. A similar scenario of recruitment

and degeneration of a histidine kinase may hold for the phosphotransferase ChpT in C.

crescentus (7). In general, however, evolutionary analysis of histidine phosphotransferases

has been limited by the difficulty of identifying these proteins from sequence alone, in

contrast to histidine kinases and response regulators.

Mechanisms for evolving changes in two-component signaling gene

content

Given the prevalence of two-component signaling pathways in bacterial genomes, it is

natural to ask how new proteins and pathways arise. The possibilities fall into two broad

categories: gene duplication and divergence, sometimes also referred to as lineage-specific

expansion, and lateral (or horizontal) gene transfer (LGT). To assess the contributions made

by these two mechanisms, one study systematically examined the origins of histidine kinases

from 207 genomes, using BLAST to identify the closest homologs of each kinase (1). For

those most closely related to a kinase within the same genome, gene duplication, or lineage-

specific expansion, was inferred as the source. If the closest homolog was from a closely

related species, and if a gene tree built from all homologs matched a species tree, the kinase

was classified as ancient and vertically transmitted. If, however, the closest homolog for a

given kinase was from a distantly related species, lateral gene transfer was invoked. This

interpretation assumes that multiple gene losses is less parsimonious and hence less likely to

have occurred. However, gene loss occurs at very high rates in bacteria. In addition,

inferences of lateral transfer can be confounded by the inaccuracy of sequence-based

distances and heterotachy, the notion that substitution rates in different lineages often vary

significantly (41).

Nevertheless, lateral gene transfer of two-component pathways undoubtedly has occurred

and these systematic studies provide a general sense of the frequency, both across all species

and within individual genomes (1). Overall, lineage-specific expansion, or gene duplication,

appears to explain the origin of the vast majority of kinases. However, the relative balance

of duplication and lateral transfer varies substantially from species to species. For example,
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in Streptomyces coelicolor, essentially all of its 140 histidine kinases appear to be ancient or

derived from lineage-specific expansions. By contrast, in Pseudomonas syringae and

Ralstonia solanacearum, many of the recently derived kinases probably came from lateral

transfer events.

The lateral transfer of genes in bacteria can occur in several ways, including through phage

and plasmids, by direct conjugation, or by competence and the direct uptake of extracellular

DNA. There are examples of two-component signaling genes encoded on plasmids, such as

the VanR-VanS system found in Enterococci that senses and responds to vancomycin (2;

89). In R. solanacearum, many of the laterally-derived histidine kinases are encoded on a

megaplasmid that may have moved laterally (70). There are also cases of two-component

signaling proteins encoded on pathogeneicity islands, such as the SpiR-SsrB system in

Salmonella, which frequently move through conjugation (16). However, for many

chromosomally-encoded two-component genes derived by lateral transfer, the mechanism of

transfer remains difficult to infer.

It should also be emphasized that both gene duplication and lateral transfer events have

occurred more frequently than suggested by phylogenetic analysis. However, in most cases

the newly introduced genes were likely eliminated from the genome, and thus are no longer

present in extant species. Bacteria typically have high rates of gene loss through mutation

and deletion. Indeed, histidine kinases and response regulators are among the most common

pseudogenes present in bacterial genomes (45); these pseudogenes likely arose through

relatively recent duplications or lateral transfers, and were then inactivated, but have not yet

been removed from the genome. To be fixed in a population, duplicated or laterally

transferred genes must provide a substantial selective advantage within a relatively short

period of time, as gene loss and pseudogeneization occur rapidly in bacteria (33; 40).

The function of a particular two-component system can also influence its evolutionary

history. For example, a recent analysis of six species of Xanthomonas compared the

complement of signaling genes present in each genome and found extensive gene loss (63).

Notably, those pathways involved in Xanthomonas pathogenesis were never lost or

duplicated, while other, presumably less critical, pathways experienced more flux. Similarly,

in C. crescentus, where two-component signaling proteins play important roles in cell cycle

progression and development, those that are essential for viability are highly-conserved in

other α-proteobacteria, whereas those that are non-essential in C. crescentus are less well-

conserved (74). In most species there is probably a core set of two-component proteins that

is maintained and relatively fixed, while an additional set can be lost, or modified, more

easily.

This notion of fixed core signaling genes and malleable auxiliary factors has been well-

characterized in the context of bacterial chemotaxis, which centers on a two-component

pathway, CheA-CheY. In E. coli, where chemotaxis has been best studied, signal

recognition requires a methyl-accepting chemoreceptor protein (MCP) and an adaptor

protein CheW. Virtually all chemotactic bacteria encode orthologs of these core

components: MCP, CheW, CheA, and CheY (90). In contrast, many of the auxiliary

components, including the methyltransferase CheR and the methylesterase CheB that
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influence signal adaptation, are not universally conserved and are often missing or replaced

by other types of regulators (90).

Gene fusions, rearrangements, and duplications

Many two-component genes are encoded in operons as cognate kinase-regulator pairs,

allowing for the duplication or lateral transfer of an intact signaling pathway. It is rare to see

operon shuffling and the mixing and matching of genes encoded in operons. Hence, for a

given kinase-regulator pair, the orthologs are also usually found together in an operon and in

the same relative order (38; 86). Fusions of kinases and regulators to create hybrid kinases

also seem to be rare, but there are some examples. For instance, analysis of six species of

Xanthomonas found that the individual domains of a hybrid histidine kinase in one species

were most similar to, and likely derived from, an operonic kinase-regulator pair encoded as

separate open reading frames in the closely related species. Such fusions probably occur

through the mutation of stop codons in operons where the histidine kinase is upstream of the

response regulator, although hybrid kinases may also form through the fusion of previously

separated genes (63; 86; 96). As might be expected, fusion events that create hybrid kinases

are rare for response regulators that contain DNA-binding output domains (15; 96). There

are, however, examples of such hybrid kinases (75), but the mechanism by which these

systems regulate transcription remains unclear.

Although E. coli encodes 55 of its 62 two-component genes in operons, many organisms

encode a substantial fraction of their two-component genes as orphans. Frequently only one

gene from an operon will be duplicated (or both are duplicated and one is lost) resulting in

the production of orphan two-component signaling genes. An orphan kinase may, however,

retain the ability to phosphorylate the regulator in the operon from which it was derived.

Such duplication events, coupled with a change in kinase input domain, may be a primary

mechanism for generating cross-regulated systems in which multiple, independent signals

can trigger the same response. A classic example is in B. subtilis, where the five orphan

kinases KinA/B/C/D/E, which likely evolved through duplication, can each phosphorylate

Spo0F and initiate the sporulation phosphorelay (76). Similarly, duplication of just a

response regulator can lead to a scenario in which a single sensor kinase can drive multiple

outputs. For example, in cyanobacteria NblS-RpaB forms an essential two-component

system. During divergence of the cyanobacteria in the clade including Synechococcus

species, a duplication of RpaB produced a second response regulator SrrA. This regulator

retained the ability to be phosphorylated by NblS, but appears to affect transcription in a

different manner than RpaB (46).

Evolution of signaling protein structure and function

Gene duplication and lateral transfer ultimately provide the raw material for generating new

two-component signaling pathways. But what happens immediately after new signaling

genes are introduced? Due to large population sizes and selective pressure to minimize

genome size (50), new signaling proteins presumably must quickly gain new functions to be

retained. There are undoubtedly many mutations that must occur to produce a pathway that

can respond to a new input or effect a new output. These mutations presumably include
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single amino acid substitutions, although rapid changes in function may rely heavily on

larger scale rearrangements such as domain shuffling. Below we summarize our current

understanding of how cells generate new signaling functions from duplicated genes,

focusing on (i) changes in kinase sensory domains and pathway inputs, (ii) changes in

response regulators and pathway outputs, and (iii) changes required to insulate new

pathways from existing pathways.

Histidine kinase sensory domain evolution

After the duplication of a histidine kinase, whether alone or with a cognate response

regulator, the duplicate histidine kinases must differentiate themselves and find new roles

within the signaling network of a cell. One mechanism to accomplish this is through changes

in the sensory domains of one or both kinases (14; 39). For most orthologous kinases, the

sensory domains are less well-conserved than their catalytic domains. The ability to sense a

new signal often arises via domain shuffling, which may occur coincident with, or shortly

after, a duplication. Over 70% of recently duplicated histidine kinases show a different input

domain structure than that of their closest paralog (1). Domain shuffling can occur between

histidine kinases and other proteins. Sequence analyses indicate that the sensory domains of

some histidine kinases are closely related to domains found on other types of proteins,

including serine/threonine kinases (99), chemotaxis proteins, and diguanylate cyclases (97).

The domain shuffling observed in histidine kinases suggests that these proteins are

intrinisically modular and, consequently, that the rational design of new kinases may be

possible. Indeed, several groups have successfully fused the conserved phosphotransfer and

catalytic domains from a histidine kinase to the sensory domain of another kinase, or even

the sensory domain of completely unrelated proteins. The first such example, dubbed Taz,

was a chimeric protein that fused the sensory domain of the aspartate chemoreceptor Tar

with the DHp and CA domains of the model histidine kinase EnvZ, producing an aspartate-

responsive kinase (82). In addition to demonstrating the fundamental modularity of histidine

kinases, the Taz protein has been used to dissect the functions and activities of EnvZ in vivo

(19; 36; 98). Other functional chemoreceptor-EnvZ constructs have also been made (4; 68).

How does domain shuffling, either during evolution or during rational construction of

chimeric proteins, produce successful, signal-responsive proteins? Is there a particular way

in which sensory domains must be fused to the catalytic domains to function? This question

was recently examined in the context of a chimeric protein that fused a light-sensing PAS

domain, taken from the B. subtilis protein YtvA (which is not a histidine kinase), with the

DHp and CA domains of the histidine kinase FixL from Bradyrhizobium japonicum.

Successful fusions of the PAS domain to FixL led to light-responsive changes in FixL

signaling and FixL-FixJ-dependent gene expression (51). Intriguingly, successful fusions

had linkers, which form coiled coils, separating the PAS and DHp domains that differed in

length by exactly seven amino acids. Inspection of other histidine kinases containing PAS

domains further revealed that the linkers are of variable lengths, but often differ by multiples

of seven. Together, these results suggest that maintaining the heptad periodicity of the

coiled-coil linker may be critical to the construction of functional chimeras, either during

evolution or for rational engineering purposes. Further work demonstrated that, by following
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similar rules, multiple PAS domains could be engineered into the same kinase, allowing it to

integrate multiple signals (53). Naturally occurring histidine kinases also often have multiple

input domains, suggesting that partial gene duplications, where only a single input domain is

duplicated, may be a common mechanism for generating input diversity. In sum, these

efforts to engineer novel proteins are not only producing valuable tools, but are providing

important new insights into how domain shuffling occurs and how it contributes to the

origin of new two-component signaling pathways in nature.

An additional mechanism for acquiring new input signals is through accumulated

substitutions in a sensory domain rather than its complete replacement. A prime example

comes from the NarX and NarQ sensor kinases in E. coli. A gene duplication event led to

the emergence of these two related kinases, although which is more ancestral is unclear.

Nevertheless, studies of signal recognition have demonstrated that NarQ responds to both

nitrate and nitrite whereas NarX responds preferentially to nitrate (64). Although the

periplasmic domains of NarQ and NarX are significantly diverged, they do share substantial

similarity, particularly in a region critical to ligand binding (13). Notably, a single point

mutation in this region of NarX that substitutes a lysine with an isoleucine, as found at the

equivalent position in NarQ, reduced the ability of NarX to discriminate between nitrate and

nitrite, rendering a more NarQ-like response pattern (87). This study highlights how the

accumulation of single point mutations is a plausible means of rapidly generating new and

different inputs to two-component signaling pathways.

Divergence and evolution of pathway outputs

Within a two-component signaling pathway, the response regulator is the ultimate arbiter of

physiological change. How does the output of a response regulator evolve, and how are new

output responses generated by response regulators after they emerge through duplication or

following lateral transfer? As the majority of response regulators direct changes in gene

expression, the evolution of pathway outputs can be easily studied by following changes in

target genes.

One of the best-studied examples is the PhoQ-PhoP system found in the Enterobacteriaceae.

In response to low extracellular concentrations of Mg++, the histidine kinase PhoQ drives

phosphorylation of PhoP, which then regulates gene expression. The direct regulon of PhoP

has been mapped in both Salmonella enterica serovar Typhimurium and Yersinia pestis (60),

which probably shared a common ancestor ~200 million years ago. Strikingly, only three

genes were directly regulated by PhoP in both species: the autoregulated phoQ and phoP

genes and slyB, which encodes a lipoprotein thought to be a critical regulator of PhoQ

activity (Fig. 3a). There were also some genes, such as pbgP and ugd, that were directly

regulated in one species, but indirectly regulated in the other; the overall regulatory logic for

these genes was thus conserved, but the precise mechanism has changed. Despite these

examples, the vast majority of genes directly regulated by PhoP in each organism were not

conserved. Instead, transcriptional rewiring appears to have been prevalent since the

divergence of Salmonella and Yersinia, leading to the gain and loss of PhoP-regulated genes

in each species (Fig. 3a). It is tempting to speculate that these changes have tailored the

response of each species to magnesium limitation.
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Notably, the change in PhoP regulons between Salmonella and Yersinia may not always

result from a simple gain or loss of PhoP binding sites. In some cases, regulon differences

may reflect changes in (i) the orientation of, and distance between, a PhoP binding site and

the transcriptional start site and (ii) concomitant changes in how PhoP recruits RNA

polymerase. For instance, the promoter of mgtC in Yersinia is located in a position and

orientation that enables gene activation by Yersinia PhoP, but not by Salmonella PhoP,

despite the fact that Salmonella PhoP can bind the mgtC promoter (59). The ability to

change the targets of a response regulator without necessarily changing DNA binding sites is

also seen in Desulfovibrio, where two recently duplicated response regulators share DNA

binding motifs but regulate non-overlapping target genes (66). Point mutations in OmpR

have also been identified which allow it to activate the kdpABC operon, usually activated by

KdpE, not by changing DNA binding but by changing the ability to interact with RNA

polymerase while bound to the promoter (55). Thus with a single point mutation, and

without any changes needed in the promoters of target genes, a duplicated response

regulator can regulate a new set of target genes. Collectively, these studies demonstrate that

two-component pathway outputs can evolve through changes in the DNA-binding sites of

response regulators or through changes in how response regulators interact with RNA

polymerase. They also highlight the critical need to couple computational analyses of

binding sites with experimental studies to reveal the functional and evolutionary

consequences of binding site conservation or loss.

Changes in response regulator outputs may also frequently occur after duplication or lateral

transfer events. For gene duplication, changes in the output response of one or both

regulators is likely a critical step in the establishment of new functions and, consequently,

the maintenance of the duplicated proteins. For instance, in E. coli, a duplication event likely

gave rise to the paralogous systems NarX-NarL and NarQ-NarP which respond to nitrate

and nitrite in anaerobic conditions (64). While the regulators NarP and NarL share

significant similarity and even recognize highly similar consensus binding sites, divergent

evolution has enabled each response regulator to recognize different promoter architectures

and to activate different genes (62). The duplication of the Nar two-component system has

thus led to an increase in complexity of the transcriptional control of genes necessary for

growth in anaerobic conditions.

The evolution of response regulator outputs in response to lateral gene transfer has also been

explored recently. A particularly illuminating example comes from studies of Salmonella

pathogenicity island-2, SPI-2, which encodes a two-component signaling system called

SpiR-SsrB (Fig. 3b–c). In addition to regulating the expression of other SPI-2-encoded

genes, the response regulator SsrB directly regulates the expression of genes outside SPI-2

(88), indicating that SsrB-binding sites probably evolved de novo within the promoters of

these genes. This hypothesis was recently tested by examining the evolution of a Salmonella

gene called srfN (56). This gene is ancestral to the Salmonella lineage and present in both S.

enterica and S. bongori. By contrast, SPI-2 and SsrB are found in S. enterica but not S.

bongori (Fig. 3b). A comparison of the cis-regulatory regions of srfN indicated that the

binding site for SsrB was not present in S. bongori meaning it likely arose in the lineage

leading to S. enterica (Fig. 3c). Importantly, this recruitment of an ancestral gene into the
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regulon of a horizontally-acquired response regulator provided S. enterica with an adaptive

advantage as a pathogen. When the promoter of S. enterica srfN was replaced with that

found in S. bongori, cells were rendered significantly less virulent compared to the wild-

type.

Conversely, the genes encoded on SPI-2 have evolved to be regulated by ancestral two-

component pathways. A case in point is the expression of ssrB and spiR, which are

themselves regulated by OmpR and PhoP, two response regulators found throughout the γ-

proteobacteria (6; 44). By controlling spiR and ssrB, these ancestral regulators likely help to

ensure that virulence genes are maximally expressed when Salmonella enters host cells. For

instance, the PhoQ-PhoP system is activated by the low magnesium conditions that

Salmonella experiences inside host macrophages; the consequent activation of ssrB and spiR

would then drive the expression of virulence genes.

Although we have only discussed a few cases, it is clear that response regulator outputs can,

and do, change rapidly. The changes to transcriptional circuitry observed suggest that

bacteria are resilient to, and capable of, transcriptional rewiring (58). This notion was

recently tested systematically by artificially rewiring transcriptional connections; promoters

for 26 different sigma and transcription factors (including some response regulators) were

combined with the open reading frames of 23 of these transcriptional regulators and

introduced into E. coli cells on a high-copy plasmid (35). Strikingly, over 95% of these

constructs, many of which led to substantial transcriptional rewiring, were tolerated, with

little to no growth defect under standard laboratory conditions. One implication of this study

is that after a new DNA-binding response regulator is introduced by gene duplication or

lateral transfer, there is time to “scan” different regulatory possibilities. A new combination

that yields even a slight benefit could then be selected and rapidly fixed in a population.

Finally, the evolvability of response regulators and their outputs may also benefit from the

fact that most prokaryotic transcription factors regulate only a few genes, either directly or

indirectly (47), decreasing the number of binding sites that would need to co-evolve with the

DNA-binding domain of a response regulator, thereby increasing the likelihood that they can

change (67).

Evolution of phosphotransfer specificity and the insulation of pathways

The flow of information through two-component signaling pathways depends critically on

the transfer of phosphoryl groups from a histidine kinase to its cognate response regulator.

Despite early suggestions of rampant cross-talk, there is little evidence for such promiscuity

in vivo with most kinases having one response regulator substrate, or occasionally two or

three (43; 74; 92). This in vivo preference is mirrored in vitro, with histidine kinases

harboring a strong kinetic preference for phosphotransfer to their in vivo partner. For

example, a systematic, global study of phosphotransfer from E. coli EnvZ to each of the 32

response regulators in E. coli demonstrated that OmpR was the preferred substrate. EnvZ

only transferred to other substrates after extended incubation times (74). These in vitro

studies demonstrate that the specificity of two-component signaling pathways is based

primarily on molecular recognition rather than relying on scaffolds or other cellular

strategies. This observation further suggests that the information necessary for promoting
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the “correct”, or desired, interaction and preventing “incorrect” interactions is encoded at the

sequence level (10; 73).

A consequence of relying on molecular recognition for specificity is that, during the course

of evolution, any mutation in a residue contributing to a kinase-regulator interaction may

disrupt signaling and place cells at a strong fitness disadvantage. Survival would then

depend on reversion of the mutation or a compensatory mutation in the partner protein.

Consistently, computational analyses of large sets of cognate kinase-regulator pairs have

revealed extensive amino acid coevolution (9; 10; 73; 84). Conspicuously, the most

significantly coevolving pairs of residues map to the molecular interface formed during

phosphotransfer (11) suggesting they mediate the specificity of this protein-protein

interaction (Fig. 4a-b). Using E. coli EnvZ as a model kinase, a subset of these residues was

shown to be sufficient, when mutated, to reprogram substrate specificity both in vitro and in

vivo (73). For example, mutating as few as three residues in EnvZ to match those found at

equivalent positions in RstB led EnvZ to preferentially phosphorylate RstA instead of

OmpR (Fig. 4a-b, also see Fig. 5b). Similarly, response regulators, including OmpR from E.

coli and CheY from R. sphaeroides, have been rationally rewired to interact with non-

cognate kinases by mutating the coevolving, specificity-determining residues (5; 10).

Directed evolution has also been used to rewire two-component specificity. For example,

mutants of the E. coli kinase CpxA were selected that phosphorylate and dephosphorylate

OmpR; many of the mutated residues were also identified in the studies of kinase-regulator

coevolution (72).

Although specificity-determining residues do coevolve, these correlated changes appear to

be rare events as the specificity residues of many kinase-regulator systems are nearly

invariant over relatively long time scales. So when and why do specificity residues change,

and coevolve? One strong possibility is that substitutions occur following gene duplication,

helping to insulate the duplicate kinase-regulator pairs from each other (Fig. 5a). That is, a

series of mutations presumably must occur to prevent cross-talk between two duplicated

pathways, while maintaining the interaction within each pair. Such an accumulation of

changes in specificity residues is, however, inherently risky business for a bacterium. Due to

large population sizes, even slightly deleterious mutations are likely to be quickly removed

from the population. Hence, for a new kinase-regulator pair to be maintained in the genome,

the mutational intermediates between its initial state and its final, insulated state must be

neutral, or nearly neutral. In other words, cognate kinase-regulator pairs must retain their

ability to interact as the specificity residues coevolve and find a region of sequence space in

which they are insulated from other two-component proteins within the cell. Similarly, after

a lateral gene transfer event involving two-component signaling genes, the newly introduced

kinase-regulator pair may need to accumulate substitutions in phosphotransfer specificity

residues to avoid cross-talk with existing systems, thereby maintaining the fidelity of

information flow within the cell.

What mutational trajectories do two-component proteins follow during evolution? In

particular, how do duplicated proteins move through the sequence space defined by the

specificity-determining residues of histidine kinases and response regulators? Answering

these questions through sequence analysis alone is problematic as transient intermediates
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may not be captured in extant sequences and the behavior of ancestral or intermediate states

is difficult to infer from sequence alone. To circumvent these issues, one recent study

experimentally examined all possible specificity intermediates between two E. coli histidine

kinases, EnvZ and RstB (10). These kinases likely arose through duplication and divergence,

and, as noted above, the specificity of each can be converted to that of the other by just three

mutations (10; 73) (Fig. 5b). Similarly, their cognate response regulators, OmpR and RstA,

can be rewired, with respect to partner specificity, through a small number of mutations. It

was thus feasible to build all possible mutational intermediates and characterize their

phosphotransfer specificity in vitro.

The results of this systematic study demonstrated that a cognate kinase-regulator pair can, in

fact, move in sequence space from the region occupied by EnvZ-OmpR to that of RstB-RstA

while (i) introducing only one mutation at a time, (ii) maintaining the interaction between

the kinase and the regulator, and (iii) avoiding the introduction of cross-talk to other closely

related pathways such as CpxA-CpxR (10) (Fig. 5b). Notably though, only a small fraction

of all possible mutational trajectories satisfy these criteria, indicating that the evolution of

signaling proteins post-duplication may be fundamentally constrained. These studies further

suggest that kinase-regulator pairs occupying relatively isolated regions of specificity

sequence space may be easier to duplicate and retain. In addition, for cases where a severely

limited number of trajectories are accessible, there may be cases of convergent evolution in

which independent duplication events have led to similar mutational trajectories.

The notion of insulation, or orthogonality, in sequence space can be extended from

individual, recently duplicated pairs of signaling proteins to the entire complement of two-

component signaling proteins in a given organism. For example, all 29 histidine kinases in

E. coli ultimately arose through some combination of gene duplication and lateral transfer.

The net result is a system of signaling pathways that are, with a few exceptions, insulated

from one another in sequence space and with respect to phosphotransfer, as observed by

global phosphotransfer profiling (Fig. 5c). This system-wide insulation suggests that

negative selection and the avoidance of cross-talk are powerful forces influencing the

evolution of two-component signaling proteins. Negative selection has been suggested to

influence other paralogous signaling protein families, such as SH3-domain-containing

proteins found in eukaryotes (95). One notable exception to the orthogonality of

phosphotransfer specificity in E. coli is the kinases NarQ and NarX, which share significant

similarity in terms of phosphotransfer specificity residues and, consistently, both

phosphorylate the response regulators NarL and NarP, although with different kinetic

preferences (54).

Much remains to be understood about how kinase-regulator interactions evolve. Has the

distribution of signaling proteins in specificity sequence space been optimized? How dense

is sequence space and how does this impact mutational trajectories, both in the absence of

duplication and post-duplication? Is there a fundamental limit to the number of pathways an

organism can have while avoiding cross-talk? Does gene loss lead to relaxed selection on

the specificity residues of the remaining signaling proteins? Answering many of these

questions will benefit from a systematic mutational analysis of kinase and regulator

specificity residues. Most of what is known about kinase-regulator interactions comes from
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limited alanine-scanning or targeted mutagenesis (10; 79); the application of new,

systematic mutagenesis techniques (32) promises to shed significant new light on the

specificity and evolution of phosphotransfer in two-component signaling.

Dimerization specificity

The generation of new pathways by duplication and divergence also requires changes to the

residues that mediate homodimerization of histidine kinases and response regulators. To

establish new and insulated pathways, substitutions are needed that eliminate

heterodimerization of the diverging paralogous proteins while maintaining

homodimerization.

Most, if not all, histidine kinases form homodimers in order to autophosphorylate. There is

almost no evidence of physiologically-relevant heterodimerization, with one exception in

Pseudomonas aeruginosa (29), indicating that histidine kinases harbor a set of amino acids

that enforce homodimerization. Many of these residues are likely to reside in the DHp

domain, although upstream domains, such as PAS and HAMP domains, could also

contribute to dimerization specificity and stability. To better pinpoint the residues mediating

specificity, one recent study looked for coevolving residues in a set of more than 15,000

histidine kinase sequences (3). As with the kinase-regulator interaction, this approach

revealed a small set of strongly coevolving residues that mapped primarily to the DHp

domain and mostly within the lower half of the four-helix bundle. These dimerization

specificity residues map to the same general region as the phosphotransfer specificity

residues, but with the dimerization specificity residues buried in the four-helix bundle and

kinase-regulator specificity residues in solvent-exposed positions (Fig. 4). As with kinase-

regulator interactions, homodimerization specificity could be changed through directed

mutagenesis of these homodimerization specificity residues (3).

Nearly 50% of response regulators form homodimers upon phosphorylation, including all

members of the OmpR family (26). Homodimerization is often crucial for producing an

output response as many response regulators have DNA-binding domains and recognize

tandem or inverted repeat elements within target promoters. A systematic study of the 17

OmpR-family response regulators from E. coli demonstrated that essentially all of them

specifically homodimerize (27). Although intermolecular interactions on the dimer interface

involves highly conserved residues within the receiver domain, some interfacial residues do

vary, perhaps providing a mechanism for ensuring homodimerization and excluding

heterodimerization (78). As with kinase dimerization and kinase-regulator interaction, amino

acid coevolution studies have identified a subset of interfacial residues that may help enforce

homodimerization and prevent heterodimerization (84). These residues are likely to change

following gene duplication as a means of insulating paralogous response regulators from one

another, thereby enabling distinct outputs to result from the phosphorylation of each

regulator.

Final perspective

Bacteria can survive and thrive in a bewildering array of environments and in the face of

enormous competition. They have, consequently, evolved elegant mechanisms for sensing
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and responding to their environments, often involving two-component signal transduction

pathways. The prevalence and diversity of these signaling proteins in the bacterial kingdom

underscores the roles they have played in the adaptation of bacteria to a range of ecological

niches. Studies of how two-component signaling pathway evolve are only in their infancy,

but promise to be an active area of exploration in the coming years. The diversity and depth

of genome sequences, coupled with the ability to experimentally manipulate bacteria, should

help to further reveal how, at a detailed molecular level, these pathways are created, lost,

rearranged, and integrated into complex regulatory circuits.
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Mini-glossary

autophosphorylation A reaction in which a protein kinase covalently attaches the

gamma phosphoryl group from ATP to itself; for histidine

kinases, the phosphoryl group is transferred to a conserved

histidine residue

phosphotransfer The transfer of a phosphoryl group from an

autophosphorylated histidine kinase to a conserved aspartate

on a response regulator

phosphatase Some histidine kinases stimulate the dephosphorylation of a

phosphorylated response regulator and are therefore deemed

bifunctional as they have both autokinase and phosphatase

activity

phosphorelay A variant of the canonical two-component signaling pathway

in which a phosphoryl group is transferred successively from

a histidine kinase to a response regulator to a histidine

phosphotransferase, and finally to a second, terminal,

response regulator containing an output domain

cross-talk Detrimental communication between two different signaling

pathways

cross-regulation Communication between distinct signaling pathways that

provides a physiological benefit to the organism

gene duplication A process which produces two copies of a gene or set of

genes

vertical inheritence A process in which genetic material is transmitted from an

organism to its offspring or progeny

lineage-specific
expansion

The growth of a paralogous gene family through duplication

and subsequent vertical inheritence of the duplicated genes
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lateral (horizontal) gene
transfer

A process in which genetic material is transferred from one

organism to another, but not through vertical inheritence

Ackronyms

HK histidine kinase

RR response regulator

HPT histidine phosphotransferase

DHp dimerization and histidine phosphotransfer

CA catalytic and ATPase

PAS Per Arnt Sim

GAF cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA

HAMP histidine kinases, adenyl cyclases, methyl-accepting proteins and phosphatases

RD receiver domain
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Summary Points

1. Two-component signal transduction proteins are prevalent throughout the

bacterial kingdom and found in some archaea, plants, and lower eukaryotes, but

were lost in metazoans.

2. Most bacteria encode dozens, and sometimes hundereds, of these signaling

proteins. The number of proteins encoded in individual genomes typically scales

with genome size and diversity of the environment in which organisms live.

3. Bacteria expand their repertoires of two-component signaling proteins through a

combination of gene duplication and lateral gene transfer.

4. Domain shuffling is rampant among two-component signaling proteins,

particularly after gene duplication events, enabling the rapid gain of new

sensory and regulatory functions.

5. Studies of how domain shuffling occurs at the molecular level are enabling the

rational design of new sensor kinases.

6. The transcriptional outputs of two-component signaling pathways show

enormous plasticity with gain and loss of cis-regulatory elements often driving

rapid diversification of a response regulator’s transcriptional program.

7. Cognate histidine kinases and response regulators coevolve to maintain their

interaction and to avoid cross-talk with other pathways. Studies of amino-acid

coevolution in large sets of cognate kinase-regulator pairs have revealed the key

specificity-determining residues.

8. Specificity residues may change to accomodate the emergence of new pathways

that arise through duplication or lateral transfer; the reconstruction of ancestral

and intermediate states of specificity residues in model kinase-regulator pairs is

shedding new light on the mutational trajectories that occurred and the

constraints that influenced them.
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Figure 1. Overview of two-component signal transduction
(a) In the prototypical two-component pathway (left), the catalytic and ATPase (CA) domain

of a histidine kinase binds ATP and autophosphorylates a conserved histidine in the

dimerization and histidine phosphotransferase (DHp) domain. The phosphoryl group is then

transferred to an aspartate in the receiver domain (RD) of the cognate response regulator,

activating its output domain to effect cellular changes, frequently through changes in

transcription. In a phosphorelay (right), a hybrid histidine kinase autophosphorylates and

transfers its phosphoryl group intramolecularly to a receiver domain. A histidine

phosphotransferase (HPT) then shuttles the phosphoryl group to a soluble response regulator

that effects a pathway output. (b) Common domain organizations of histidine kinases and

response regulators. For histidine kinases, the DHp and CA domains are shown with

common intracellular domains, PAS, HAMP, and GAF. Note that some kinases have

multiple copies of such domains. Two transmembrane domains (TM) are shown on the

kinases, but kinases can harbor from 1-13 TM domains. A wide range of sensory domains

(not shown) are often found in the periplasmic portions of membrane-bound histidine

kinases. For response regulators, the conserved receiver domain is shown alone or with the

common output domains, a DNA-binding domain (DBD), a AAA+ and DBD, a GGDEF

domain involved in cyclic-di-GMP synthesis, or a CheB-like methyltransferase domain.
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Figure 2. Diversity of two-component signaling gene content in bacterial genomes
(a) Plot showing the number of histidine kinases and response regulators in a range of

organisms. Generally, most genomes contain equal numbers of kinases and regulators, as

pathways typically comprise a kinase and one cognate regulator. When the ratio is not 1:1,

there are usually more kinases than regulators, suggesting that response regulators may

sometimes integrate signals from multiple kinases. (b) Plot showing the number of two-

component proteins as a function of genome size for the same organisms as in panel (a).

Each plot is based on 504 bacterial genomes (22). A handful of well-studied and notable

species are marked with red squares.
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Figure 3. Evolution of transcriptional circuits controlled by two-component pathways
(a) Examples of genes directly regulated by the two-component pathway PhoQ-PhoP in S.

enterica and Y. pestis. The gene slyB is conserved, and directly regulated by PhoP, in both

species. The genes rstA and psiE are conserved, but directly regulated by PhoP in only one

of the two species. The directly regulated genes ugtL and y4126 are unique to S. enterica

and Y. pestis, respectively. (b) Schematic of S. bongori and S. enterica chromosomes, each

harboring a srfN ortholog. The horizontally-acquired SpiR-SsrB system, encoded on

Salmonella pathogenicity island-2 (SPI-2) in S. enterica but not S. bongori, evolved to

transcriptionally activate srfN. (b) De novo evolution of a response regulator binding site.

SPI-2 encodes the two-component pathway SpiR-SsrB, which was acquired after the

divergence of S. enterica from S. bongori. The gene srfN, ancestral to the Salmonella

lineage, accumulated promoter mutations that enabled activation by SsrB, a transcriptional

link that contributes to Salmonella virulence. The relevant portion of the srfN promoter is

shown with conserved positions shaded grey and the region bound by SsrB in S. enterica

underlined.
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Figure 4. Amino-acid coevolution in two-component signaling proteins
(a) Residues that coevolve in cognate pairs of histidine kinases and response regulators are

shown with spacefilling on the crystal structure of the T. maritima kinase TM0853, shown in

blue, bound to its cognate regulator TM0468, shown in green. The histidine and the

aspartate that are involved in phosphotransfer are shown in purple. Coevolving residues on

the histidine kinase and response regulator are shown with spacefilling and colored orange

and red, respectively. Residues in histidine kinases that coevolve strongly with other kinase

residues are shown with spacefilling and colored cyan. (b–c) Coevolving residues from

panel (a) are shown on a sequence alignment of TM0853 with three E. coli kinases, EnvZ,

RstB, and CpxA (b), and an alignment of TM0468 with three E. coli regulators, OmpR,

RstA, and CpxR (c). Highly conserved residues are shaded grey. Secondary structure

elements are indicated beneath the primary sequence.
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Figure 5. Insulation of two-component pathways following gene duplication
(a) Schematic of major steps in the insulation of two pathways following a duplication

event. The duplication of an ancestral pathway initially produces two identical pathways that

cross-talk at the level of phosphotransfer. Through the accumulation of mutations in

specificity-determining residues, the two pathways can become insulated. A similar process

must occur, but is not shown, at the levels of kinase and regulator homodimerization. (b)

Phosphotransfer specificity of EnvZ, RstB, and various RstB mutants. Each kinase was

autophosphorylated and tested for transfer to each of three response regulators, RstA,

OmpR, and CpxR. Data are from (10). The wild-type RstB is shown at far left. The

phosphotransfer specificity can be converted to that of EnvZ, shown at far right, by mutating

three of its six specificity- determining residues to match those found in EnvZ (the other

three sites are already identical between EnvZ and RstB; see Fig. 4b). This triple mutant of

RstB as well as each single and double mutant intermediate are labeled based on the identity

of the three specificity residues with blue text indicating identity with the wild-type RstB

and red indicating identity with the wild-type EnvZ. Notably, some intermediates do not

phosphorylate any of the regulators whereas some phosphorylate all three. (c) Schematic

summarizing the distribution of histidine kinases in the sequence space defined by their

specificity-determining residues. Each sphere represents the set of response regulators that a

given kinase phosphorylates. With the exception of NarQ and NarX, these spheres are

presented as non-overlapping to reflect the minimal cross-talk between pathways. The
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relative positions of spheres is based on the ability of individual kinases to phosphorylate the

cognate response regulators of other kinases after extended times in vitro (74; 92). Positions

are approximate and the diagram is only intended to convey a general sense of how kinases

are distributed in sequence space. Spheres are colored according to the subfamily of each

kinase’s response regulator: red, CheY/receiver domain only; pink, OmpR/winged helix-

turn-helix; green, NtrC/AAA+ and FIS domains; blue, NarL/GerE helix-turn-helix; brown,

LytR. Spheres with dashed outlines indicate kinases for which no data existed to infer

relative positions. Note, hybrid histidine kinases are excluded.
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