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Evolution of Two-Component Signal Transduction

Kristin K. Koretke, Andrei N. Lupas, Patrick V. Warren, Martin Rosenberg, and
James R. Brown
SmithKline Beecham Pharmaceuticals, Collegeville, Pennsylvania

Two-component signal transduction (TCST) systems are the principal means for coordinating responses to environ-
mental changes in bacteria as well as some plants, fungi, protozoa, and archaea. These systems typically consist of
a receptor histidine kinase, which reacts to an extracellular signal by phosphorylating a cytoplasmic response
regulator, causing a change in cellular behavior. Although several model systems, including sporulation and che-
motaxis, have been extensively studied, the evolutionary relationships between specific TCST systems are not well
understood, and the ancestry of the signal transduction components is unclear. Phylogenetic trees of TCST com-
ponents from 14 complete and 6 partial genomes, containing 183 histidine kinases and 220 response regulators,
were constructed using distance methods. The trees showed extensive congruence in the positions of 11 recognizable
phylogenetic clusters. Eukaryotic sequences were found almost exclusively in one cluster, which also showed the
greatest extent of domain variability in its component proteins, and archaeal sequences mainly formed species-
specific clusters. Three clusters in different parts of the kinase tree contained proteins with serine-phosphorylating
activity. All kinases were found to be monophyletic with respect to other members of their superfamily, such as
type II topoisomerases and Hsp90. Structural analysis further revealed significant similarity to the ATP-binding
domain of eukaryotic protein kinases. TCST systems are of bacterial origin and radiated into archaea and eukaryotes
by lateral gene transfer. Their components show extensive coevolution, suggesting that recombination has not been
a major factor in their differentiation. Although histidine kinase activity is prevalent, serine kinases have evolved
multiple times independently within this family, accompanied by a loss of the cognate response regulator(s). The
structural and functional similarity between TCST kinases and eukaryotic protein kinases raises the possibility of
a distant evolutionary relationship.

Introduction

Two-component signal transduction (TCST) path-
ways form the central signaling machinery in bacteria
(for reviews, see Stock, Ninfa, and Stock 1989; Parkin-
son and Kofoid 1992; Hoch and Silhavy 1995). In re-
sponse to a stimulus, typically extracellular, the kinase
component autophosphorylates at an internal histidine
(the H-box). The high-energy phosphate group is then
transferred to an aspartyl residue on the response regu-
lator component (hence, ‘‘two-component’’ signal trans-
duction), which modifies cellular behavior via an effec-
tor domain (fig. 1). Although most systems use a linear
phosphorelay from one kinase to one response regulator,
some use more complicated paths, involving a branching
of the signal (chemotaxis) or multiple phosphorylated
components (sporulation, adaptation to anaerobic
conditions).

In bacteria, TCST systems mediate adaptive re-
sponses to a broad range of environmental stimuli.
These include citrate uptake and catabolism (Cit), aer-
obic respiration (Arc), osmoregulation (EnvZ/OmpR),
stress-induced sporulation (Kin/Spo), N-acetylmura-
moyl-L-alanine amidase biosynthesis (Lyt), nitrate and
nitrite metabolism (Nar), nitrogen regulation (Ntr),
phosphate regulation (Pho), host recognition for patho-
gen invasion (Vir), and chemotaxis (Che) (Stock, Ninfa,
and Stock 1989; Parkinson and Kofoid 1992; Hoch and
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Silhavy 1995). TCST systems also exist in certain non-
animal eukaryotes and in some Archaea (Alex and Si-
mon 1994; Loomis, Shaulsky, and Wang 1997). In
plants, they mediate photosensitivity (Schneider-Poetsch
et al. 1991; Yeh and Lagarias 1998) and ethylene re-
sponse (Chang et al. 1993); in fungi, they mediate os-
moregulation (Maeda, Wurgler-Murphy, and Saito 1994;
Krems, Charizanis, and Entian 1996; Posas et al. 1996)
and hyphal development (Alex, Borkovich, and Simon
1996; Alex et al. 1998); and in the slime mold, they
mediate Dictyostelium discoideum osmoregulation
(Schuster et al. 1996) and fruiting body formation (Sin-
gleton et al. 1998). A thorough cataloguing of protein
kinases found in the genome of the nematode Caenor-
habditis elegans failed to find any true orthologs to pro-
karyotic histidine kinases, which suggests that TCST
systems do not occur in metazoans (Plowman et al.
1999).

Histidine kinases and response regulators are mod-
ular proteins, containing multiple homologous and het-
erologous domains (Stock, Ninfa, and Stock 1989; Par-
kinson and Kofoid 1992; Hoch and Silhavy 1995). The
three domains required for phosphotransfer, correspond-
ing to the kinase, the H-box, and the response regulator,
are homologous in all TCST systems and represent their
defining element. In addition, histidine kinases generally
contain an N-terminal transmembrane sensory domain
and response regulators generally contain a C-terminal
effector domain; these are specific to individual TCST
systems and determine their specificity. Some kinases
and response regulators also contain PAS domains,
which enable them to sense the redox potential (Zhulin,
Taylor, and Dixon 1997); SH3-like domains (Bilwes et
al. 1999), which appear to mediate protein complex for-
mation; or a second type of His-acceptor domain called
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FIG. 1.—Schematic diagram illustrating phosphorelay in two-component signal transduction systems. The signal (usually coming from the
extracellular environment) is transduced to the ‘‘linker’’ region, which is located adjacent to the last transmembrane helix of the membrane-
bound protein. The linker interacts with the kinase domain to induce autophosphorylation at a histidine (shown in red) located in the His-box
domain or—in CheA—in the Hpt domain. The phosphate is then transferred to an aspartate residue (shown in red) in a response regulator
domain. The phosphorylated response regulator elicits the appropriate response within the cell (typically via the DNA-binding activity of an
effector domain). In some systems, an Hpt domain serves as a regulatory phosphate sink for the phosphorylated response regulator.

Hpt, which serves as a regulatory phosphate sink (Kato
et al. 1997; Xu and West 1999). Most domains found in
TCST systems can occur either as stand-alone proteins
or within larger polypeptides, and in one class of kinas-
es, all domains required for phosphotransfer are found
on the same polypeptide chain (hybrid kinases).

An exception to the phosphorelay described here is
found in the chemotaxis kinase CheA, where the H-box
has lost the catalytic histidine and is used exclusively
for dimerization, while an Hpt domain that may have
originally served a regulatory function is now used for
phosphorelay to CheY and CheB (Bilwes et al. 1999;
Dutta, Qin, and Inouye 1999). Further variability in His-
acceptor domains is seen in the Spo0B protein, whose
H-box domain forms a dimeric four-helix bundle similar
to canonical H-boxes but of opposite handedness (Va-
rughese 1998).

In addition to the three phosphorelay domains de-
scribed above, a fourth domain conserved broadly in
TCST systems has recently been recognized (Park and
Inouye 1997; Aravind and Ponting 1999). Termed the
‘‘linker’’ region (or HAMP domain), it is typically found
at the C-terminal end of the last transmembrane segment
in many histidine kinases, chemoreceptors, bacterial nu-
cleotidyl cyclases, and phosphatases, and mutations

show that it plays a critical role in signal transduction.
Some proteins contain multiple copies in tandem, sug-
gesting that it represents an autonomously folding unit.
Its ability to regulate kinase activity in trans (e.g., be-
tween chemoreceptors and CheA) and the variable na-
ture of the segments connecting it to the H-box suggest
that it acts through direct interaction with the kinase
domain rather than through propagation of conforma-
tional change along the polypeptide chain. Thus, four
protein domains appear to be typically involved in the
signal transduction pathway from the extracellular sen-
sor domain to the cytoplasmic effector (fig. 1).

TCST systems represent one of the most studied
and best understood areas of bacterial physiology. Re-
cently, they have also emerged as attractive targets for
anti-microbial drug development (Barrett et al. 1998;
Lange et al. 1999; Throup et al. 2000). Here we report
the results of a detailed phylogenetic and structural
study of genomic TCST sequences, undertaken to ex-
plore the origin and evolution of TCST systems.

Materials and Methods
Database Searches

Complete genomic sequences of the Bacteria (12
species), Archaea (4 species), and eukaryotes (2 species
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and other eukaryotic GenBank entries) were searched
for proteins homologous to histidine kinases and re-
sponse regulators from Escherichia coli (species listed
in table 1). Escherichia coli was selected as the source
of query sequences, since the biochemical and genetic
characteristics of TCST pathways in this species are
well known (reviewed in Stock, Ninfa, and Stock 1989;
Hoch and Silhavy 1995). In order to collect all possible
TCST proteins, two separate searches of the complete
genome sequence of E. coli were performed with the
program PSI-BLAST (Altschul et al. 1997) applying an
EXPECT threshold of 0.01. The H-box and kinase do-
mains of the histidine kinase phoR and the associated
response regulator receiver domain phoB were used as
query sequences for these searches. The histidine kinase
search converged after five iterations, revealing a total
of 32 open reading frames (ORFs) with significant se-
quence similarity to phoR (P[N] # 0.01), while the re-
sponse regulator search converged after three iterations,
revealing 37 ORFs with significant similarity to phoB.

The identified E. coli histidine kinases and response
regulators were then used as query sequences to search
the other genomic databases for homologs using PSI-
BLAST. A subject protein was considered a putative his-
tidine kinase if the conserved H, N, D, and G boxes
were present in order. A particular ORF was considered
to be homologous to an E. coli response regulator if all
three conserved boxes, D1, D2, and K, were found in
order.

The kinase domain of E. coli CheA was the query
sequence for the SENSER run used to identify homol-
ogous kinase/nucleotide-binding domains within the
nonredundant database. An identified sequence was val-
idated as a kinase/nucleotide-binding domain by the
presence of the N, D, G, and, possibly, F boxes.

Multiple-Sequence Alignment and Phylogeny

Similar alignment and phylogenetic methodologies
were applied to histidine kinase/PDK and response reg-
ulator data sets. Full-length proteins were initially
aligned using the program CLUSTAL W, version 1.8
(Thompson, Higgins, and Gibson 1994), with the
BLOSUM62 (Henikoff and Henikoff 1992) similarity
matrix and gap opening and extension penalties of 10.0
and 0.05, respectively. The alignment of conserved se-
quence blocks was later refined using the program MA-
CAW (Schuler, Altschul, and Lipman 1991). Since MA-
CAW cannot analyze more than 32 sequences at once,
the sequences were subdivided according to the CLUS-
TAL W clustering into groups of 32 or fewer sequences.
Each subgroup was aligned in MACAW using the op-
tions of pairwise segment overlap and Gibbs sampler
based on the BLOSUM62 similarity matrix. The aligned
subgroups of sequences were then concatenated into a
single large multiple-sequence alignment, which was
further refined manually using the program SEQLAB of
the GCG, version 9.0, software package (Womble 2000).
The final alignment for either protein family included
all accepted members of the family, with positions trun-
cated down to the most conserved regions (133 and 107

amino acid residues for histidine kinase and response
regulator alignments, respectively).

To align the kinase/nucleotide-binding domains, a
database of all sequences identified from SwissProt was
generated. With the E. coli CheA kinase domain as a
query sequence, we used PSI-BLAST to search against
the database. The individual alignments from the con-
verged PSI-BLAST run were extracted and converted
into a multiple-sequence alignment. Thirty histidine ki-
nases, four anti-sigma factors, four phosphate dehydro-
genase kinases, six DNA mismatch repair proteins
(mutL), four topoisomerase VI proteins, six heat shock
90 proteins, three gyraseB proteins, and three topoisom-
erase II proteins were randomly selected from the com-
plete alignment. This smaller multiple-sequence align-
ment was then further refined, taking into consideration
hydrophobicity patterns and secondary-structure units
between the different protein families, and then truncated
down to the most conserved residues/secondary-structure
units (82 residues). Accession numbers for all sequences
and the multiple-sequence alignments are available from
one of the authors (kristinpkpkoretke@sbphrd.com) on
request.

Phylogenetic trees were constructed by maximum
parsimony and distance methods for each set of align-
ments. A distance matrix of pairwise comparisons of the
proportion of different amino acids per site was con-
structed using the program PROTDIST of the PHYLIP,
version 3.572c, package (Felsenstein 1993). In our anal-
ysis, we invoked the ‘‘Dayhoff’’ program option, which
estimates the expected amino acid replacements per po-
sition (EAARP) using a replacement model based on the
Dayhoff 120 matrix (Dayhoff, Eck, and Park 1972). The
programs SEQBOOT, NEIGHBOR, and CONSENSE
were used to derive a neighbor-joining (NJ) tree that was
replicated in 500 bootstraps. Maximum-parsimony (MP)
analysis was done using the program PAUP*, version
4.0 (Swofford 1999). The number and length of minimal
trees were estimated by 100 replicate random heuristic
searches. Confidence limits for the branch points were
estimated by 1,000 bootstrap replicate random heuristic
searches. Quartet maximum-likelihood (ML) analysis
was attempted on these data sets as well, using the pro-
gram PUZZLE version 4.0.2 (Strimmer and von Hae-
seler 1996). However, the low ratio of aligned residues
to operational taxonomic units (OTUs) in both histidine
kinase and response regulator data sets tended to make
resolution of major branch points in ML trees difficult;
therefore, those trees were not reported.

Results
Phyletic Distribution of TCST Proteins

Genes encoding histidine kinases and response reg-
ulators are found in all three domains, or urkingdoms,
of life: Archaea, Bacteria, and Eucarya (Woese, Kandler,
and Wheelis 1990). Across a set of representative ge-
nomes, we identified a total of 183 histidine kinase and
220 response regulator homologs (see table 1). In the
following, we will refer to these proteins as histidine
kinases and response regulators, even though in most
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cases no experimental evidence for such activity has
been obtained, and occasionally, residues known to be
critical for phosphotransfer are missing (see Materials
and Methods for criteria of selection). The largest num-
ber of TCST proteins in a single genome (39 histidine
kinases and 55 response regulators) was found in the
cyanobacterium Synechocystis PCC 6803. It is unclear,
however, whether other cyanobacteria will also be found
to contain a large TCST complement, since large vari-
ations were observed between related bacterial species.
Thus, among the proteobacteria, the number of TCST
proteins ranged from 66 in E. coli to 9 in Haemophilus
influenzae and 8 in Rickettsia prowazekii; among Gram-
positive bacteria, the number ranged from 70 in Bacillus
subtilis to none in Mycoplasma genitalium and Myco-
plasma pneumoniae; and among spirochetes, the number
ranged from 10 in Borrelia burgdorferi to 5 in Trepo-
nema pallidum (table 1). Large variations were also seen
between organisms from the same environmental niche,
for example, between the intracellular pathogens My-
coplasma and Rickettsia. However, in general, more
TCST proteins were found in free-living species (Esch-
erichia, Bacillus, Synechocystis) than in pathogenic ones
(Haemophilus, Rickettsia, Mycoplasma).

Among the Archaea, Methanobacterium thermoau-
totrophicum and Archaeoglobus fulgidus contained the
largest numbers of histidine kinases (16 and 14, respec-
tively) and response regulators (10 and 11, respectively),
although they still contained fewer than free-living bac-
teria. Pyrococcus horikoshii had only a single histidine
kinase and two response regulators (corresponding to
the chemotaxis proteins CheA, CheY, and CheB), while
Methanococcus jannaschii, Aeropyrum pernix, and
Thermoplasma acidophilum had none. Among eukary-
otes, only fungi, slime molds, and plants appeared to
contain TCST proteins, and these typically occurred in
small numbers. The complete genome of the yeast Sac-
charomyces cerevisiae yielded only a single histidine
kinase and three response regulators, while none were
found in the partial genome of the apicomplexan protist
Plasmodium falciparum. No histidine kinases were
found in the genomes of human, Drosophila melano-
gaster, or C. elegans. The latter search confirmed find-
ings of an earlier study of nematode signal transduction
pathways (Plowman et al. 1999) and provided indepen-
dent verification of our search strategies. In total, five
complete genomes and one partial genome of those sur-
veyed in this study lacked TCST proteins.

Phylogenetic Analyses of TCST Proteins

Phylogenetic trees based on the NJ method showed
extensive similarity in the clustering of cognate histidine
kinases and response regulators (fig. 2). Despite the low
ratio between the number of aligned residues and the
number of OTUs , which restricted the resolution of the
phylogenetic analyses, provisional bootstrapping sup-
port was obtained for 7 of 11 major phylogenetic clus-
ters in the histidine kinase tree and for 6 of 12 clusters
in the response regulator tree (i.e., these occurred in
.50% of 500 random bootstrap replicates; indicated by

black dots in fig. 2). Further support for the histidine
kinase NJ tree topology was obtained in MP analyses,
where only 10 minimal-length trees, each of 9,910 steps,
were found after 100 random replicate heuristic search-
es. A strict consensus tree revealed that the 10 MP trees
differed only in the rearrangement of some terminal taxa
and confirmed the main clusters derived in the NJ tree.
However, MP analysis of the response regulator align-
ment failed to converge on a small number (,100) of
minimal-length trees, which was likely due to a lower
ratio of aligned residues to OTUs than in the histidine
kinase alignment.

The TCST proteins of the archaea A. fulgidus and
M. thermoautotrophicum primarily formed species-spe-
cific clusters, labeled Arf and Mth, respectively, in fig-
ure 2. Strong bootstrap support was obtained both for
histidine kinase clusters and for the Arf response regu-
lator cluster. Whereas the Arf clusters contained only
proteins from Archaeoglobus, the Mth clusters also con-
tained one protein each from Mycobacterium tubercu-
losis and Synechocystis. Two histidine kinases of Ar-
chaeoglobus and one of Methanobacterium, as well as
four response regulators of Archaeoglobus and three of
Methanobacterium, occurred elsewhere in the tree. Of
these ‘‘errant’’ proteins, one histidine kinase and one
response regulator from each organism formed boot-
strap-supported clusters with proteins of Synechocystis
(SAM), while one response regulator of Archaeoglobus
and two of Methanobacterium clustered together outside
the major phylogenetic groups. The remaining errant
proteins of Archaeoglobus corresponded to CheA,
CheY, and CheB and clustered accordingly.

Three other pairs of clusters (Lyt, Cit, and Che)
received significant bootstrap support. Lyt was named
for the LytS and LytT proteins, involved in N-acetyl-
muramoyl-L-alanine amidase biosynthesis (Lazarevic et
al. 1992), and Cit was named for CitA and CitB, in-
volved in the expression of citrate-specific fermentation
genes (Bott, Meyer, and Dimroth 1995). Che was named
for the chemotaxis proteins (Stock, Ninfa, and Stock
1989; Parkinson and Kofoid 1992; Stock et al. 1993;
Hoch and Silhavy 1995; Bilwes et al. 1999), of which
it is exclusively composed. The kinases (orthologous
CheA proteins from different organisms) clustered to-
gether with strong bootstrap support, but the response
regulators (CheB, CheY, and CheV) formed three sep-
arate clusters. Two of these, one containing CheB pro-
teins and the other CheY proteins from Gram-positive
bacteria, spirochetes, and archaea, received significant
bootstrap support, whereas the third one, formed by
CheV and by CheY proteins from proteobacteria, did
not.

The four remaining pairs of clusters showing strong
correlation (Pho, Ntr, Nar, and Hybrid) were by far the
largest ones and, correspondingly, had the lowest reso-
lution. Pho contained TCST systems involved in phos-
phate regulation (PhoR/PhoB; Stock, Ninfa, and Stock
1989; Hoch and Silhavy 1995), virulence (PhoQ/PhoP;
Hoch and Silhavy 1995), osmoregulation (EnvZ/OmpR;
Hoch and Silhavy 1995), and anaerobic nitrite reduction
(ResD/ResE; Hoch and Silhavy 1995; Nakano et al.
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1998); Ntr contained systems regulating nitrogen assim-
ilation (NtrB/NtrC and NtrY/NtrX; Stock, Ninfa, and
Stock 1989; Hoch and Silhavy 1995), acetoacetate me-
tabolism (AtoS/AtoC; Jenkins and Nunn 1987), and hy-
drogenase activity (HydH/HydG; Stoker et al. 1989);
and Nar contained regulators of anaerobic respiration
(NarQ/NarP and NarX/NarL; Darwin et al. 1998), sugar
phosphate uptake (UhpB/UhpA; Hoch and Silhavy
1995), and degradative enzyme expression (DegS/
DegU; Hoch and Silhavy 1995). The Hybrid cluster pair
contained all eukaryotic kinases and all but two re-
sponse regulators, in agreement with a previous analysis
(Pao and Saier 1997), as well as many bacterial TCST
systems, particularly from E. coli and Synechocystis.
This cluster was named for the fact that approximately
two thirds of its members, including all eukaryotic ki-
nases except phytochrome, were hybrid kinases (i.e.,
they contained kinase and response regulator domains
within the same polypeptide). All bacterial hybrid ki-
nases except for five proteins of Synechocystis (three of
them CheA homologs) fell into this cluster.

One major cluster, which appeared in similar lo-
cations in both trees, was labeled Syn, as it was formed
almost exclusively by proteins from Synechocystis. It
contained a single ‘‘errant’’ response regulator, from B.
burgdorferi, and three ‘‘errant’’ kinases, one each from
E. coli, R. prowazekii, and M. tuberculosis. No corre-
lation between the two trees could be established for
Syn, as only one kinase in this cluster has been studied
experimentally (E. coli KdpD; Jung, Tjaden, and Alten-
dorf 1997), and it signals through a response regulator
of the Pho cluster (KdpE).

Despite the absence of bootstrap support for some
of the largest clusters in our phylogenetic trees, most
kinases and response regulators from experimentally
studied TCST systems were found in cognate clusters.
However, several TCST kinases, particularly among the
hybrid class, appear to have recruited additional re-
sponse regulators from noncognate phylogenetic clus-
ters, such as ArcB (Georgellis et al. 1998) and TorS
(Simon et al. 1994), which signal via the Pho cluster
regulators ArcA and TorR, respectively, or RcsC (Hoch
and Silhavy 1995), which signals via the Nar cluster
regulator RcsB.

Several interesting observations follow from the
phylogenetic clusters presented here: No cluster con-
tained proteins from both Archaea and eukaryotes, al-
though a specific evolutionary relationship has long
been postulated between these two groups (reviewed in
Brown and Doolittle 1997). Bacterial phylogeny simi-
larly did not correlate well with the observed clustering.
Despite the considerable sizes of some clusters, none
contained representatives from each bacterial species,
and no bacterium had a representative in all of the clus-
ters. Among bacteria, no cluster predominated across all
species: Pho contained nearly a third of all TCST pro-
teins detected in E. coli, B. subtilis, and Synechocystis
and two thirds of those in M. tuberculosis, but none
from spirochetes. In the latter, Che which is missing
from A. aoelicus and M. jannaschii, was predominant

(even though both organisms encode flagellar proteins
and are motile).

Three phylogenetically distinct groups within the
kinase tree have serine rather than histidine kinase ac-
tivity and do not act in conjunction with a response reg-
ulator. These are the plant phytochromes (Yeh and La-
garias 1998), found in the Hybrid cluster, the bacterial
anti-sigma factors (Schurr et al. 1996), and the mito-
chondrial pyruvate dehydrogenase kinases (PDKs; Po-
pov et al. 1993; Thelen et al. 1998). The latter two
formed separate clusters with high bootstrap support
(fig. 2). Anti-sigma factors were suggested to be evo-
lutionarily linked to the Nar cluster, whereas PDKs
formed a distinct outgroup to all histidine kinases (no
functional outgroup to response regulators was identi-
fied). As the outgroup, PDK sequences were not counted
among the 183 kinases in this study.

Concordance of Linkage Groups and Carboxyl-
Terminal Domain Structure with Phylogeny

Recent studies have highlighted the connection be-
tween the functional coupling of genes and their chro-
mosomal vicinity, in the form of either gene fusions
(Enright et al. 1999; Marcotte et al. 1999) or gene clus-
ters (Dandekar et al. 1998; Overbeek et al. 1999). Of
the 183 kinases in this study, 28 were hybrid kinases
(‘‘gene fusions’’) and 84 were concurrent on the chro-
mosome with response regulator genes, either as part of
an operon or within 20 bases of one another (‘‘gene
clusters’’). Among these, 25 hybrid kinases and 75 chro-
mosomally clustered TCST systems had their kinase and
response regulator modules in cognate phylogenetic
groups (fig. 3). Eight of the 28 hybrid kinases were also
concurrent on the chromosome with a separate response
regulator; however, none of these gene pairs clustered
in cognate groups (see also the previous section). The
extensive concordance between chromosomal linkage
and phylogenetic classification supports the validity of
the analyses presented here.

Further support was obtained from an analysis of
the carboxyl-terminal domains of response regulators,
which elicit the appropriate adaptive response, typically
through DNA binding. With the exception of seven pro-
teins, all response regulator domains with homologous
carboxyl-terminal domains fell within the same cluster
(indicated by dots in fig. 2). The phylogenetic position
of the errant proteins may be due to the limited reso-
lution of the response regulator tree, rather than to do-
main shuffling. In agreement with this view, some of the
errant proteins were found in their cognate clusters in
preliminary phylogenetic analyses, and none of the re-
sponse regulator clusters with bootstrap support had
members among the errant proteins or contained errant
proteins themselves. Because of the lower resolution of
the response regulator phylogeny, the support obtained
from this analysis was particularly useful for the major
clusters that had not obtained bootstrap support (Pho,
Nar, and Ntr). In the Pho cluster, only three proteins did
not have a recognizable ‘‘winged-helix’’ DNA-binding
domain (Martinez-Hackert and Stock 1997), and only
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←

FIG. 2.—Phylogenetic trees of (A) histidine kinase and (B) response regulators generated using the neighbor-joining (NJ) distance method.
Different colors and labels indicate histidine kinases and response regulators which either belong to the same functional signal transduction
cascade based on the membership of previously characterized two-component signal transduction systems or are from the same species. Coding
of C-terminal domain comparisons are as follows: (1) colored dots represent domains that are homologous within a class; (2) ‘‘U’’ indicates
domains that are unique among the response regulator proteins; (3) ‘‘K’’ indicates a complete histidine kinase domain C-terminal to the response
regulator; (4) ‘‘H’’ indicates an Hpt domain C-terminal to the response regulator; and (5) ‘‘P’’ indicates a PAS/PAC domain C-terminal to the
response regulator. Response regulator proteins lacking a C-terminal region are blank. Histidine kinase trees are based on multiple-sequence
alignments for the histidine kinases/pyruvate dehydrogenase kinases and response regulators comprised of 190 and 220 protein sequences,
respectively. Multiple-sequence alignments were edited to include only the most readily aligned amino acid positions, which were 133 and 107
residues for the histidine kinases and response regulators, respectively. The NJ phylogeny was constructed using the program NEIGHBOR of
the PHYLIP, version 3.57c, package (Felsenstein 1993). The scale bar represents 0.1 expected amino acid replacements per site, as estimated
by the program PROTDIST using the Dayhoff PAM substitution matrix. Nodes occurring in .50% of 500 random bootstrap replicates in the
NJ distance trees are indicated with black dots.

two proteins with a winged-helix domain were found
outside the cluster. The corresponding numbers for Nar,
whose carboxyl-terminal domains contain a ‘‘helix-turn-
helix’’ DNA-binding motif (Baikalov et al. 1996), were
three and five, respectively. Finally, in the Ntr cluster,
whose carboxyl-terminal domains also contain a helix-
turn-helix motif (Volkman et al. 1995) but are preceded
by a s54-interacting ATPase domain (Weiss et al. 1991),
only proteins with an Ntr-like DNA-binding domain
were found, and no Ntr-like proteins occurred outside
the cluster.

Origin of the Histidine Kinase Fold

Response regulators are not recognizably related to
other known protein families beyond a general structural
similarity to P-loop NTPases (such as Ras) (Lukat et al.
1991; Stock et al. 1993), which has hitherto not been
considered sufficient to infer homology. Histidine ki-
nases, however, are clearly related to Hsp90, MutL, and
type II topoisomerases in the ATP-binding domain (Ta-
naka et al. 1998; Bilwes et al. 1999; Dutta, Qin, and
Inouye 1999). The conserved structural core consists of
an antiparallel, four-stranded b-sheet flanked on one side
by three a-helices, which surround the ATP-binding site.
In addition, an ab element, which is in an equivalent
structural position, is circularly permuted in the se-
quence of histidine kinases relative to other proteins
with this fold. The structural similarity is mirrored in a
set of conserved sequence motifs, primarily associated
with nucleotide binding, which strongly imply descent
from a common ancestor (fig. 4A). Phylogenetic analysis
of the sequence data by distance methods indicates that
all kinases in this superfamily arose from a single an-
cestral protokinase (fig. 4B). Because of the low branch
point of PDKs, it is unclear whether this ancestor had
Ser- or His-phosphorylating activity.

We used a sensitive sequence comparison routine,
SENSER (Golbik et al. 1999; Koretke et al. 1999), to
search for protein families distantly related to histidine
kinases and response regulators. SENSER uses exclu-
sively sequence information, yet has a sensitivity com-
parable to that of advanced fold recognition methods
(Koretke et al. 1999). Searches with response regulator
sequences did not uncover protein families that could
either serve as phylogenetic outgroups or be used for
further understanding of the evolutionary origin of re-
sponse regulators. Searches with histidine kinase

ATPase domains, however, suggested a distant similarity
to the small lobe of protein kinases. The structures of
both protein folds are known and have not hitherto been
considered similar, but on investigation, we found that
the suggested similarity was centered on a topologically
equivalent abb element (yellow in fig. 5A) and that an
additional b-hairpin has a similar structural position but
is circularly permuted in protein kinases (green in fig.
5A). In both folds, the nucleotide is bound in a similar
location and with a similar orientation relative to the
protein, and important nucleotide interactions are pro-
duced by two glycine-containing loops which originate
from the same parts of the structure (blue in fig. 5A).
There are also substantial differences between the two
folds. There are no highly conserved residues in equiv-
alent structural positions, except for a glutamate residue
(black in fig. 5B). However, this residue activates a wa-
ter molecule during nucleotide hydrolysis in topoisom-
erases and Hsp90, whereas it positions an invariant ly-
sine residue for interaction with the a and b phosphates
of the nucleotide in protein kinases. Also, the angles and
distances of the nucleotide relative to the b-sheet are
different in the two folds (fig. 5B).

Discussion
Histidine Kinases and Response Regulators Have
Coevolved

In this study, we analyzed the phylogenetic rela-
tionships between the TCST systems from 14 complete
and 6 partial genomes. Their components represent
highly evolved multigene families, and the pattern and
process of proliferation of such interacting yet structur-
ally unrelated proteins is an important problem in evo-
lutionary biology. A priori, two competing models for
the evolution of novel TCST systems appear plausible:
the recruitment model and the coevolution model. The
recruitment model suggests that novel TCST systems
evolve through gene duplication of one component,
which then co-opts components from heterologous sys-
tems to yield a new specificity. This model is supported
by the structural similarity of response regulators, in
which only a few residues are sufficient to determine
specificity, and by the observed crosstalk of TCST sys-
tems within an organism. From the phylogenetic per-
spective, this mechanism would result in an incongruent
clustering of cognate histidine kinases and response reg-
ulators. The coevolution model suggests that novel

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/17/12/1956/1059681 by U
.S. D

epartm
ent of Justice user on 16 August 2022



1964 Koretke et al.

FIG. 3.—The concordance of histidine kinase (A) and response regulatory (B) protein phylogeny with chromosome location of coding
genes. Neighbor-joining trees are identical to those in figure 2. Lines link histidine kinase and response regulator proteins which either are
encoded by concurrent genes on the genome or are fused polypeptides. Colored lines connect histidine kinase and response regulator proteins
belonging to the same signaling pathway or species phyletic cluster. Black lines indicate those proteins which are not in the same phyletic
cluster although they are physically linked on the chromosome.
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FIG. 4.—A, A representative set of sequences showing the multiple-sequence alignment of the kinase/nucleotide-binding domain. The highly
conserved residues that define this domain are indicated below by ‘‘*’’ while conserved hydrophobicity patterns are indicated by ‘‘#.’’ The
conserved secondary-structure units of CheA, gyraseB, and heat shock 90 protein are labeled ‘‘h’’ for helix and ‘‘s’’ for beta strand. The residues
in capital letters were the ones used for the phylogenetic analysis. B, Neighbor-joining phylogenetic tree of the kinase/nucleotide-binding domains.
Methodology and labeling follow those of figure 2. The support for the division between kinase- and nucleotide-binding domains remains below
50%. Number of sequences used for each protein family are in parentheses.

TCST systems evolve by global duplication of all their
components and subsequent differentiation. This model
is supported by the fact that many TCST systems are
concurrent on the chromosome. Phylogenetically, this

mechanism would produce congruent gene trees for his-
tidine kinases and response regulators.

Our results support the coevolution model. Despite
the large number of proteins considered, which limited
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FIG. 5.—A, Comparison of the conserved structural cores in the folds of the histidine kinase superfamily (left) and the small lobe of protein
kinases (right). The regions shown in yellow and green are structurally equivalent but circularly permuted. The bound nucleotide is shown in red,
and two glycine-containing loops involved in nucleotide binding are shown in blue. Secondary-structure elements shown in gray are peculiar to the
individual folds, although they may occupy topologically equivalent positions. B, Differences in nucleotide binding between the Hsp90 ATPase
domain (left) and the small lobe of protein kinase C (center). Structurally equivalent Ca positions, as computed by STAMP (Russell and Barton
1992), are shown on the right. A glutamate residue that is highly conserved in both folds is shown in black. In protein kinases, this residue (in
motif III; Hanks, Quinn, and Hunter 1988) interacts with an equally conserved lysine residue (in motif II). C, Comparison of phytochromes 1 and
2 of the moss Ceratodon purpureus. Domains are labeled as identified by sequence searches against the SMART database (Schultz et al. 2000).
The two proteins are 90% identical in their amino-terminal 750 residues, but they signal through histidine and protein kinase domains, respectively.
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the resolution of the analysis by lowering the ratio of
aligned residues to OTUs, the trees obtained for the his-
tidine kinase and response regulator domains showed
congruent clustering (fig. 2). Although the precise evo-
lutionary relationships between clusters were not sup-
ported by strong bootstrap values, the overall topology
of the NJ histidine kinase tree was verified by heuristic
search results for the minimal-length MP tree. No such
support was obtained for the response regulator tree,
which had a lower resolution, but its validity was veri-
fied by the occurrence of two superclusters (Arf/Cit/
CheY/Lyt and Nar/Mth) that were also found in the his-
tidine kinase tree. The clusters themselves were statis-
tically much more robust, with over half receiving boot-
strap support of .50% in the distance-based analysis.
As required by the coevolution model, pairs of histidine
kinases and response regulators that are known to inter-
act were overwhelmingly found in cognate clusters, as
were 89% of histidine kinase and response regulator
pairs that are linked on the chromosome (fig. 3). Co-
evolution has previously been proposed for eukaryotic
TCST proteins, as well as for two hybrid kinases of E.
coli (BarA and RcsC) (Pao and Saier 1997). Hybrid ki-
nases, however, also provide evidence for a recruitment
mechanism at work. For example, four of the five hybrid
kinases of E. coli (ArcB, TorS, RcsC, and EvgA) are
known to signal through response regulators found in
noncognate clusters, and the fifth one, BarA, is thought
to do so as well (via OmpR, found in the Pho cluster)
(Hoch and Silhavy 1995). Recruitment is also observed
in the chemotaxis and sporulation systems. Neverthe-
less, coevolution appears to be the strongly predominant
mechanism by which novel TCST systems arise. Similar
patterns of molecular coevolution have been observed
in other interacting proteins, such as neuropeptides and
their receptors (Darlinson and Richter 1999) and chap-
eronin subunits (Archibald, Logsdon, and Doolittle
1999).

Coevolution is not limited to TCST proteins, but
also extends to the domains forming them. Both domain
shuffling and domain swapping are comparatively rare
events, and, with few exceptions, response regulators
having homologous carboxyl-terminal domains were
found within one cluster. These results agree well with
a previous study performed on 49 bacterial response reg-
ulators by Pao and Saier (1995), who found that classes
of response regulators, defined by homology of their
carboxyl-termini, generally formed distinct phylogenetic
clusters. Pao and Saier’s (1995) classes 1–5 corre-
spond—in order—to our phylogenetic clusters Ntr, Pho,
Nar, CheB, and Hybrid; classes 6 and 7 were phyloge-
netically heterogeneous in both studies.

Archaeal and Eukaryotic TCST Systems Evolved
Through Separate Horizontal Transfers of Bacterial
Genes

The conventional view of the universal tree is that
Archaea and eukaryotes are sister groups rooted in the
bacteria, and that all three urkingdoms of life are sepa-
rate, monophyletic groups (Woese, Kandler, and Whee-

lis 1990; Brown and Doolittle 1997). However, the phy-
logenies depicted here clearly deviate from this canon-
ical view in several fundamental respects. First, Archaea
and eukaryotes are not sister groups. Eukaryotic histi-
dine kinases and response regulators cluster with bac-
terial TCST proteins in a monophyletic group (Hybrid)
that is not closely related to any of the archaeal clusters.
Second, the Archaea do not form a monophyletic group.
Most of their TCST proteins form species-specific (ei-
ther A. fulgidus [Arf] or M. thermoautotrophicum [Mth])
clusters that are separate and most closely related to bac-
terial clusters (Arf to Cit and Mth to Nar). Third, al-
though TCST proteins do not occur universally in any
of the urkingdoms, their representation is much more
limited in Archaea and eukaryotes. Despite the large
number of sequenced bacterial genomes, only Myco-
plasmas have so far been found to lack TCST systems,
and these are obligate pathogens known to have greatly
reduced their gene complement. Among the Archaea,
however, the eight sequenced genomes have already un-
covered four that lack TCST proteins entirely (table 1)
and two that contain only a single system (Che). Among
eukaryotes, TCST proteins are limited to fungi, slime
molds, and plants. Thus far, no representatives have
been found in animals or protists, which contain only
two histidine kinase homologs, pyruvate dehydrogenase
kinase and branched-chain alpha-ketoacid dehydroge-
nase kinase, which are not TCST proteins and form an
outgroup to the histidine kinase tree (figs. 2 and 4B).

These observations suggest that TCST systems
originated in bacteria after their separation from the last
common ancestor and radiated into Archaea and eu-
karyotes through multiple horizontal gene transfer
events. The basic forms of two-component signaling, as
defined by the effector domain structure, presumably
arose early in bacterial evolution, hence the widespread
representation of diverse bacterial species in most of the
major phylogenetic clusters. However, significant diver-
sification of TCST systems occurred throughout the sub-
sequent bacterial speciation, resulting in multiple spe-
cies-specific subclusters within the major clusters, as
well as in the striking Synechocystis-specific cluster
Syn, which contains 12 histidine kinases and 21 re-
sponse regulators from this organism.

As suggested above, TCST proteins radiated into
the Archaea and Eucarya (eukaryotes) after these groups
emerged as separate urkingdoms and were well into
their speciation phases. This scenario of multiple hori-
zontal gene transfers is the most parsimonious expla-
nation for contemporary TCST gene distributions. The
alternative view, that the last common ancestor already
contained the basic TCST forms, which were selectively
lost in most archaeal and eukaryotic branches, would
require a large number of independent gene loss events
occurring nearly concurrently with rapid gene evolution
in the lineages retaining TCST genes.

The results presented here contribute to a growing
body of evolutionary studies which suggest that hori-
zontal gene transfer, rather than being a rare and isolated
event, is a major motive force in organismal evolution
(Golding and Gupta 1995; Doolittle 1999). They also
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show that novel functional requirements may arise dur-
ing the evolution of a species, which remain unfilled by
endogenous genes, allowing acquired genes to establish
themselves and rapidly diversify.

Histidine Kinases and Eukaryotic Protein Kinases—
Homology or Analogy?

A distance-based phylogenetic analysis of proteins
containing a histidine kinase–like ATP-binding domain,
which include type II topoisomerases, Hsp90, and MutL,
indicated that all kinase domains with this fold are
monophyletic and confirmed that the PDKs form an out-
group to the histidine kinase clade (fig. 4B). Searches
for more distantly related proteins surprisingly suggest-
ed a similarity to the small lobe of protein kinases,
which is also involved in ATP binding. The structurally
similar region covers virtually the entire conserved core
of both folds but is circularly permuted in the protein
kinase small lobe (fig. 5A). The amino- and carboxyl-
termini of the histidine kinase fold are in close prox-
imity, however (a prerequisite of circular permutation),
and circular permutation events have been documented
in the evolution of many protein folds (see the SCOP
database at http://scop.mrc-lmb.cam.ac.uk/scop/; Lo
Conte et al. 2000), including the histidine kinase fold
(Bilwes et al. 1999). Although the protein kinase small
lobe is part of the so-called ATP-grasp fold (jointly with
the peptide-binding large lobe), a recent structural anal-
ysis by Grishin (1999) has concluded that only the large
lobe is homologous among the members of this fold,
with the small lobe having been recruited among struc-
turally similar but unrelated proteins. Our analysis sup-
ports an independent evolutionary origin of the small
and large lobes of eukaryotic protein kinases.

Despite the fact that the structural similarity be-
tween histidine kinases and protein kinases is remote,
the signaling pathways in which the two types of kinase
operate present intriguing similarities. Both form ho-
modimers, which phosphorylate in trans and generally
contain an extracellular sensory domain, which binds
signaling molecules asymmetrically at the subunit inter-
face. They have a common mode of signal transduction,
as shown by the phytochromes Phy1 and Phy2 of the
moss Ceratodon purpureus, which are 90% identical in
the chromophore-binding domain, yet signal through
protein kinase and histidine kinase domains, respective-
ly (fig. 5C). Functional chimeras have also been con-
structed between the sensory domain of the Tar che-
moreceptor and both protein and histidine kinases (Moe,
Bollag, and Koshland 1989; Utsumi et al. 1989). Finally,
as discovered recently, both kinase types use adaptors
with an SH3-fold for interaction with other proteins
(Bilwes et al. 1999). Similar parallels can be drawn be-
tween response regulators and the Ras family of G-pro-
teins (Lukat et al. 1991). Not only are both encoded by
large multigene families, linking different sensory inputs
to specific effector outputs, but they are both activated
by a high-energy phoshoanhydride bond. Their striking
structural similarity, particularly in the active site, has
previously been interpreted as evidence for homology

rather than analogy (Artymiuk et al. 1990). Although
each of these similarities may have arisen by convergent
evolution, the combination of structural and functional
parallels that can be drawn throughout signaling path-
ways in bacteria and eukaryotes suggest that a proto-
typical signal transduction pathway may already have
existed in the last common ancestor and that this path-
way utilized protein phosphorylation. If so, yet a third
group of kinases (possibly showing similarly profound
structural changes) remains to be discovered in Archaea,
where bacterial- and eukaryotic-type kinases are rare
and clearly acquired by horizontal transfer.
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