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Abstract

Bacteria have devised sophisticated His-Asp phosphorelay signaling systems for eliciting a variety of
adaptive responses to their environment, which are generally referred to as the "two-component regula-
tory system." The widespread occurrence of the His-Asp phosphorelay signaling in both prokaryotes and
eukaryotes implies that it is a powerful device for a wide variety of adaptive responses of cells to their envi-
ronment. The two-component signal transducers contain one or more of three common and characteristic
phosphotransfer signaling domains, named the "transmitter, receiver, and histidine-containing phospho-
transfer (HPt) domains." The recently determined entire genomic sequence of Escherichia coli allowed
us to compile systematically a complete list of genes encoding such two-component signal transduction
proteins. The results of such an effort, made in this study, revealed that at least 62 open reading frames
(ORFs) were identified as putative members of the two-component signal transducers in this single species.
Among them, 32 were identified as response regulator and 23 were identified as orthodox sensory kinases.
In addition, E. coli has five hybrid sensory kinases. The precise location of each ORF was mapped on a
physical map of the entire E. coli genome. All of these ORFs were then compiled and annotated extensively.
Key words: Escherichia coli MG1655; two-component regulatory system; response regulator; sensory
kinase

Bacteria have devised sophisticated signaling systems amino acids) in the sensory kinases contains several short
for eliciting a variety of adaptive responses to their envi- stretches of amino acids, which are highly conserved in
ronment. These adaptive response systems often involve, members of the family (Fig. 1A). The transmitter con-
at least two components of signal transduction proteins.

1
 tains an invariant histidine residue, which is autophos-

They are therefore referred to as the "two-component phorylated in an ATP-dependent manner. The common
regulatory system."

2
 A typical two-component system receiver (ca. 120 amino acids) in the response regula-

consists of two types of signal transducers, the "sen- tor serves as a phospho-accepting domain, in which an
sory kinase and response regulator."

3
 The sensory ki- invariant aspartate residue is located around the cen-

nases monitor some environmental parameter, and mod- ter (Fig. IB). This particular aspartate residue can ac-
ulate accordingly the functions of the response regula- quire a phosphoryl group from the phospho-histidine of
tors. The response regulators mediate changes in gene its cognate transmitter.

7
 Besides these transmitters and

expression or cell behavior in response to environmental receivers, another common device has recently been iden-
stimuli. Molecular communication between the sensors tified, which has also been implicated in phosphotransfer
and their cognate regulators involves phosphotransfer re- signaling.8'9 This domain, referred to as the "histidine-
actions (i.e., His-Asp phosphorelay).4'5 containing phosphotransfer (HPt) domain," consists of

Most of these signal transduction proteins contain one about 120 amino acids, and contains a short consensus
of the following two common phosphotransfer signal- motif in which an invariant histidine residue is located
ing domains, the "transmitter and receiver domains" (Fig. 1C). This histidine residue can presumably acquire
(Fig. I).

6
 The common transmitter domain (ca. 240 a phosphoryl group from either of the components, and

also transfer it to receivers. The most sophisticated sig-
Communicated by Satoshi Tabata . , r . . .. . ,
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 t ransduction proteins of bacteria contain all of the

789-4089, Fax. +81-52-789-4091 domains in one primary sequence, thereby they can pre-
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Figure 1. Structural feature of the transmitter, receiver, and
HPt domains. Conserved signature motifs are schematically
shown for the three kinds of phosphotransfer signaling domains.
Letters indicate amino acids present in at least 70% of aligned
domains. Diamonds indicate positions at which at least 50%
of the amino acids belong to the same chemical family: white,
nonpolar (I, L, M, V); plus sign, basic (H, H, R); minus sign,
acidic or amidic (D, E, N, Q).6

sumably signal in a highly sophisticated manner. This
type of signal transducer is referred to as the "hybrid
sensory kinase."10

To date, members of the two-component systems have
been described in a number of different bacterial species.5

Such a widespread occurrence of the two-component sys-
tems implies that it is a powerful device that is used
for a wide variety of adaptive responses of bacterial cells
to environmental stimuli.

1 Importantly, some have also
been discovered in eukaryotes, including plastids, proto-
zoa, fungi, and plants.8 Furthermore, it has previously
been estimated that 40 different sensor-regulator pairs
may operate in E. coli alone.5'6'11 The recently deter-
mined entire genomic sequence of E. coli now allows us to
compile systematically a complete list of genes encoding
proteins containing either the transmitter, receiver, or
HPt domains. According to the results, at least 62 open
reading frames (ORFs) were identified as members of the
two-component family of signal transducers in E. coli.

1. Analyses

To compile a whole list of E. coli two-component
signal transducers, an extensive computer-aided simi-
larity search was conducted for all E. coli ORFs us-
ing the current databases (GenBank/EMBL/DDBJ, and
Swiss-Prot). The recently released nucleotide sequence
database for the entire E. coli genome (strain MG1655)

was mainly used (accession, gb:AE000111-511), and the
extensive database for E. coli W3110 was also used as a
reference. The BLAST and FASTA search programs were
provided by the www severs; NCBI, National Center for
Biotechnology Information, USA; GenomeNet, Institute
for Chemical Research, Kyoto University, Japan; DDBJ,
National Institute of Genetics, Japan.

The amino acid sequences of the well-characterized
E. coli response regulators, OmpR, NarL, NtrC and
CheY, were the first probes used for the similarity search.
A large number of E. coli ORFs were found to exhibit sig-
nificant similarity to one of these amino acid sequences.
Each amino acid sequence of the probed candidates was
then inspected by eye to confirm that each does indeed
contain a set of short conserved stretches of amino acids,
which are characteristic of the receiver domain (Fig. IB).
A typical receiver of about 120 amino acids should con-
tain at least three signature sequences of amino acids at
appropriate distances relative to each other (those desig-
nated as Dl, D2 and K in Fig. IB). The D2 sequence con-
tains the presumed phospho-accepting aspartate residue.
The results showed that 37 ORFs contained a typical
receiver domain.

A further similarity search was conducted also for the
transmitter domain, using the amino acid sequences of
the E. coli EnvZ, NarX, NtrC and CheA sensory kinases
as the authentic probes. Assuming that a typical trans-
mitter of about 240 amino acids contains several short
stretches of amino acids (those designated as HI, N, Gl,
F and G2 in Fig. 1A) appropriately spaced relative to
each other, a large number of E. coli ORFs were con-
firmed to contain a presumed transmitter domain. The
HI sequence contains the autophosphorylated histidine
residue. According to the results, 29 ORFs were pre-
dicted to contain a typical transmitter domain.

ORFs containing the HPt domain were the most dif-
ficult to find, because the amino acid sequences of the
known HPt domains are highly variable (e.g., those in
the E. coli ArcB and Bar A hybrid sensors). However,
we previously proposed that an invariant and phospho-
rylated histidine residue in the HPt-motif should be fol-
lowed by a short characteristic stretch of amino acids
(Fig. 1C).

8
 Five E. coli ORFs were then predicted to

contain an HPt-motif.

Taking these results together, we identified most
ORFs, if not all, that contain at least one of the com-
mon His-Asp phosphorelay signaling domains, in the
whole list of E. coli ORFs. We identified 32 putative
response regulators containing a receiver, including the
well-characterized OmpR and CheY regulators (Fig. 2),
23 putative sensory kinases containing a transmitter, in-
cluding the EnvZ and CheA sensors (Fig. 4), and five hy-
brid sensory kinases containing both a transmitter and
receiver (and an HPt domain in some) (Fig. 4). In addi-
tion, an ORF seems to have an HPt domain, preceded by
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Response regulators

Family Reciever domain Output domain Members

CheY

PhoB, f227, KdpD, TorR, PhoP, RstA, f239
BaeR, o219, ArcA, OmpR, CpxR, BasR, CreB

FimZ, NarL, UvrY, RcsB, EvgA, NarP, UhpA

AtoC , f444, NtrC, HydH

YehT,0244

CheB
RssB

Total 32 members

Figure 2. List of response regulators of E. coli. The regions corresponding to the receiver and output domains, respectively, are shown

schematically.

an atypical transmitter sequence lacking the phosphory-

lated histidine residue (Fig. 4, YojN). The precise loca-

tion of each ORF was mapped on a physical map of the

entire E. coli MG1655 genome (Fig. 5). All of these ORFs

were then compiled and annotated extensively (Table 1).

2. Response Regulators

Thirty-two members were identified as response regu-

lators containing a receiver (Fig. 2). All of these response

regulators, except for CheY, have a similar structural de-

sign; a common receiver domain is followed by an output

domain speific to each. An exception is CheY, which con-

sists of only a receiver domain. A cross-examination of

the sequences of the respective output domains revealed

that they can be classified into distinct subgroups. Four-

teen ORFs exhibited extensive similarity to OmpR, not

only in the receiver domains but also in their output do-

mains (data not shown). As judged by the same criteria,

seven others appear to belong to members of the NarL-

subfamily (see the alignment in Fig. 3A). Similarly, four

other ORFs are members of the NtrC family. It should

be noted that the OmpR, NarL and NtrC response reg-

ulators are known to function as specific DNA-binding

transcriptional regulators. It can thus be assumed that

these 25 members are DNA-binding transcriptional reg-

ulators, as has been demonstrated for some, including

PhoB, KdpD, ArcA, NarP. These response regulators are

implicated in gene regulation through phosphotransfer

signaling in response to some environmental factor, and

each is postulated to regulate (activate or repress) a spe-

cific subset of genes in E. coli.

Four newly identified members (o226, YidG, YehT and

o244) are similar to neither OmpR, NarL nor NtrC, in

their amino acid sequences of the presumed output do-

mains. Among them, however, o226 and YidG show ex-

tensive similarity to each other throughout the entire se-

quences, including their presumed output domains (data

not shown). The same is true for the pair of YehT and

o244. The remaining two, CheB and RssB, are unique

in the sense that each has a unique output domain; the

former has esterase activity involved in the chemotactic

signal transduction1 whereas the latter is somehow impli-

cated in the proteolytic degradation of sigma-factor (<rs)

through the function of the ClpXP protease in E. coli.
12

3. Sensory Kinases

Twenty-three ORFs were identified as orthodox sen-

sory kinases containing a transmitter, whose structural

designs are similar to each other, in which a typical trans-

mitter domain is preceded by a presumed N-terminal

signal-input domain (Fig. 4, and also see Table 1). Note

that each input domain of these sensory kinases is unique

with regard to the amino acid sequence and length,

thereby each may serve as a specific signal transducer, as

has been demonstrated for a number of these members

including EnvZ, NarX and NtrB. The Che A chemotactic

sensor alone has a unique structural design, as has been

well documented previously.
6

The amino acid sequences of the transmitters in YehU

and o565 are quite divergent from those of authentic

transmitters. That is, the BLAST and FASTA programs

gave a very low similarity score relative to other mem-

bers, and in fact, these ORFs are not annotated as a

putative sensory kinase in the original databases. How-
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Figure 3. Alignments of amino acid sequences showing similarities of some signal transducer proteins. A, an alignment of the

output domains of the NarL family of response regulators. B, an alignment of the HPt domains found in E. coli. The presumed

phospho-histidine site is indicated by an asterisk. C, a certain portion of the YojN amino acid sequence was aligned with that of the

RcsC transmitter domain. Note that the Gl and F motifs appear to be present in YojN as well.

Sensory kinases (or Hybrid sensory kinase)

Input domain Transmitter domain Receiver doamin HPt domain
(His-kinase) Members

XI EnvZ, NarX, NtrB,
and 20 others

Total 30 members

Figure 4. List of sensory kinases and hybrid sensory kinases of E. coli. The regions corresponding to the transmitter, HPt and input

domains, respectively, are shown schematically. Details are given in the text.

ever, a close inspection revealed that they contain a set of

the signature motifs (very divergent though), including

the phosphorylated histidine site. In fact, they exhibit a

significant similarity to a subset of sensory kinases, which

were reported previously for other species (Table 1). Fur-

thermore, on the E. coli genome, each of these ORFs

reside next to YehT and o244, respectively, which have

been identified as a typical response regulators, as men-

tioned above (Figs. 2 and 5).

4. Hybrid Sensory Kinases

E. coli has five hybrid sensory kinases, RcsC, TorS,

ArcB, EvgS and BarA, as reported previously.
8
 RcsC
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X Sfr
<

'%?

EnvZ/OmpR

TorS/TorR

PhoQ/PhoP

NarX/NarL

- / RssB

f pair = sensor/regu la tor
solo sensor = sensor/-

l solo regulator = -/regulator

Figure 5. Mapping of the positions of ORFs. each of which was
predicted to encode one of the signal transducer proteins. This
is based on the physical map of strain MG1655 (see Table 1).

contains both the transmitter and receiver domain, while
the other four contain an HPt as well (Fig. 4). The cor-
responding amino acid sequences of these HPt-motifs are
aligned, together with the autophosphorylated histidine
site of CheA (Fig. 3B). It is clear that they are signif-
icantly similar to each other, and contain the invariant
phosphorylated histidine site. Although no new hybrid
sensory kinase emerged in this study, an inspection of
such an HPt domain revealed an intriguing ORF, YojN
(Table 1). In the C-terminal region of the YojN sequence,
a typical HPt-motif was found (Figs. 3B and 4). Interest-
ingly, an amino acid sequence of about 200, upstream of
the C-terminal HPt domain, is somewhat similar to the
transmitter domain (see the alignment in Fig. 3C). Some
signature motif (e.g., Gl and F) appears to be present
in YojN, yet a presumed phospho-histidine site could not
be assigned in YojN. This may function as an as yet un-
known type of signal transmitter in the His-Asp phos-
phorelay. It may also be worth mentioning that the gene
encoding YojN is located very closely to the rcsC and
rscB genes, which respectively encode the RcsC sensory
kinase and the RcsB response regulator (Figs. 5 and 6).

5. Cognate Sensor/Regulator Pairs

The chromosomal positions of each coding sequence
specifying one of these identified signal transducers are

scattered evenly over the genome of MG1655 (Fig. 5 and
Table 1, see the column of accession). In most instances,
however, a certain cognate pair of sensor/regulator is lo-
cated next to each other, and most likely, in the same
transcriptional unit (or operon) (Fig. 5, and Table 1,
see the column of sensor/regulator). Interestingly, the
order of these pairs of genes (5'-sensor/3'-regulator or
5'-regulator/3'-sensor) and the transcriptional direction
relative to the chromosome (direct or complementary)
appears to be random (Table 1, see the column of com-
bination). In this respect, two particular pairs (i.e.,
ArcB/ArcA and NarQ/NarP) are exceptional in the
sense that each corresponding partner resides at a dif-
ferent location of the chromosome, although each pair is
known to function together in a certain signaling pathway
(Fig. 5). In any case, it is tempting to speculate that each
cognate sensor/regulator pair is most likely functions in
a specific signaling pathway, as has been demonstrated
for a number of cases in E. coli (Table 1, see the column
of relevant adaptive systems).

An E. coli chromosomal region (at approximately
2315 kb) contains a cluster of genes each encoding a
sensor or a regulator (Fig. 6). The yojN (HPt do-
main), rcsB (regulator), rcsC (hybrid sensor), atoS
(sensor) and atoC genes form a contiguous cluster.
The rcsB/rcsC pair is involved in capsule synthesis,13

whereas the atoS/atoC pair is implicated in acetoacetate
metabolism.

14
 yojN is a unique example of E. coli sig-

nal transducers, as mentioned above. These facts may
or may not be meaningful. It is also noteworthy that, in
this particular region of E. coli strain W3110, the rcsC
gene is split by an IS2-insertion (ca. 1.3 kb), as indicated
in Fig. 6.

Out of 29 sensors or hybrid sensors, only BarA is an
orphan in terms of its functional partner. Out of 32 regu-
lators, only 3 are lonely (i.e., FimZ, UvrV and RssB). The
physiological function of BarA was recently suggested to
be involved in pilus adherence during host infection.

15

One of these three regulators may or may not be the
partner of BarA. In any case, it is of interest to look for
their partners, vis a vis.

The above mentioned situation regarding the chromo-
somal organization of the signal transducer genes is in
direct contrast to the case of Synechocystis PCC 6803,
for which we recently compiled all genes encoding signal
transducers.

16
 Synechocystis PCC 6803 has 38 response

regulators and 42 sensory kinases, including a variety of
hybrid sensory kinases. Of these 70 genes, 48 (60%) re-
side apart from their presumed partners on the chromo-
some. In any case, a more deep inspection with special
reference to the chromosomal organization of these pu-
tative redundant genes is of interest from the evolutional
point of view, although this is outside the scope of the
present study.
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E. coli MG1655

2310-kb

I
2315-kb

I

2320-kb

I

ompC yojN

(HPt)
rcsB

(R)

rcsC

(HyS)
o222

(S) (R)

£. co//W3110 (Kohara's clone) GATCGT GATCGT

Figure 6. A certain region in the E. coli chromosome contains a cluster of genes encoding a sensor or a regulator (S, sensory gene;
R, regulator gene; HyS, hybrid sensor gene; HPt, protein containing an HPt domain). Note that strain W3110 appears to have an
insertion of the IS2 segments.

6. Relevant adaptive systems

In Table 1, each identified ORF (or each cognate pair
of ORFs) were classified and annotated. Most of these
annotated facets are mentioned above. Here the phys-
iological relevance of these E. coli signal transducers is
much concerned (see the column of relevant adaptive sys-
tems). For the 16 sensor/regulator pairs, their physi-
ological functions in certain adaptive systems were ex-
perimentally documented previously, to some extent.6

The function of the triplet, CheA/CheB/CheY, is in-
volved in the chemotactic behavior, and is best charac-
terized in E. coli.

x The function of the Bar A sensor and
the RssB regulator have also been characterized,12'15 al-
though their respective partners are not known, as men-
tioned above. The remaining ten sensor/regulator pairs
and two solo regulators remain to be characterized.

To help in addressing these relevant issues more deeply,
a further computer-aided analysis was conducted. As
mentioned above, each signal input domain of the un-
known sensory kinases has its own context with regard
to the amino acid sequence. In fact, the amino acid se-
quences of the input domains of these E. coli sensory
kinases do not significantly resemble each other, and
thereby presumably are able to serve as a specific sig-
nal transducer. Thus, an extensive similarity search was
carried out using only the specific N-terminal sequences
of those particular unknown sensors as the probes. This
was carried out in the hope of finding a presumed ho-
mologue within other bacterial species, for which a pos-
sible function has already been suggested (if they have
a similar input domain, they might respond to a simi-
lar signal). In certain cases, this type of approach suc-
cessfully revealed a putative homologue of each E. coli
unknown sensor (Table 1, see the parentheses of the col-
umn of adaptive systems). For example, the f480 sensor
has an N-terminal signal input domain, the amino acid
sequence of which is significantly similar to that of the
CopS sensor of Pseudomonas syringae, which was previ-
ously reported to be implicated in a response to external

copper in this bacterium.
17 The EvgS sensor has a signal

input domain, the amino acid sequence of which is signif-
icantly similar to that of the BvgS sensor of Bordetella
pertussi, which is known to be related to virulence.

18
 A

similar approach, conducted for the certain unknown reg-
ulators (FimZ, o226 and o244), revealed also a similar re-
sponse regulator in other bacterial spices. These allowed
us to put an annotation for some E. coli unknown sen-
sor/regulator or regulator, as indicated in Table 1. How-
ever, it should be emphasized that these annotations are
solely putative (and in some case, the significance of the
observed similarity was less clear). Nevertheless, these
may give us hints to clarify the physiological function of
the yet unknown sensors and regulators of E. coli.

In this study, we compiled most of the members, if not
all, that belong to the widespread two-component sig-
nal transducers, based on the currently available entire
nucleotide sequence of the E. coli genome. These com-
piled data should provide us with, at least, preliminary
hints to systematically characterize a whole network of
the His-Asp phosphorelay signaling in E. coli. This ap-
proach may be useful as a post-sequencing step.

Acknowledgments: This study was supported by
Grants-in-Aid from the Ministry of Education, Science,
Sprorts, and Culture of Japan. Because of the limited
space, a number of relevant original works could not be
cited (they are in the set of review articles, cited in the
text). These works should also be acknowledged.

References

1. Parkinson, J. S. 1993, Signal transduction schemes of
bacteria, Cell, 73, 857-871.

2. Hock, J. A. and Silhavy, T. J. 1995, Two-component sig-
nal transduction, Washington, DC: American Society for
Microbiology.

3. Stock, J. B., Surette, M. G., Levit, M., and Stock, A.
M. 1995, Two-component signal transduction systems:
structure-function relationships and mechanisms of catal-
ysis. In Two-component signal transduction, Hoch, J.
A. and Silhavy, T. J. (eds), Washington, DC: American

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/d
n
a
re

s
e
a
rc

h
/a

rtic
le

/4
/2

/1
6
1
/3

9
7
1
8
0
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



168 Two-component Signaling Systems in E. coli [Vol. 4,

Society for Microbiology, pp. 25-51.
4. Stock, J. B., Ninfa, A. D., and Stock, A. M. 1989, Protein

phosphorylation and regulation of adaptive responses in
bacteria, Microbiol. Rev., 53, 450-490.

5. Inouye, M. 1996, His-Asp phosphorelay: two components
or more?, Cell, 85, 13-14.

6. Parkinson, J. S. and Kofoid, E. C. 1992, Communica-
tion modules in bacterial signaling proteins, Annu. Rev.
Genet, 26, 71-112.

7. Stock, J. B., Stock, A. M., and Mottonen, J. M. 1990,
Signal transduction in bacteria, Nature, 344, 395-400.

8. Ishige, K., Nagosawa, S., Tokishita, S., and Mizuno,
T. 1994, A novel device of bacterial signal transducers,
EMBO J., 13, 5195-5202.

9. Appleby, J. L., Parkinson, J. S., and Bourret, R. B. 1996,
Signal transduction via the multi-step phosphorelay: Not
necessarily a road less traveled, Cell, 86, 845-848.

10. Alex, L. A. and Simon, M. I. 1994, Protein histidine ki-
nases and signal transduction in prokaryotes and eukary-
otes, Trends. Genet, 10, 133-139.

11. Nagasawa, S., Ishige, K., and Mizuno, T. 1993, Novel
members of the two-component signal transduction genes
in Escherichia coli, J. Biochem., (Tokyo), 114, 350-357.

12. Pratt, L. A. and Silhavy, T. J. 1996, The response reg-
ulator SprE controls the stability of RpoS, Proc. Natl.
Acad. Sci. USA, 93, 2488-2492.

13. Stout, V. and Gottesman, S. 1990, RcsB and RcsC: a two-
component regulator of capsule synthesis in Escherichia
coli, J. Bacteriol, 172, 659-669.

14. Canellakis, E. S., Paterakis, A. A., Huang, S. C,
Panagiotidis, C. A., and Kyriakidis, D. A. 1993, Iden-
tification, cloning, and nucleotide seqeuncing of the or-
nithine decarboxylase antizyme gene of Eschierchia coli,
Proc. Natl. Acd. Sci. USA, 90, 7129-7133.

15. Nagasawa, S., Tokishita, S., Aiba, H., and Mizuno, T.
1991, A novel sensor-regulator protein that belongs to
the homologous family of signal transduction proteins in-
volved in adaptive responses in Escherichia coli, Mol.
Microbiol., 6, 799-807.

16. Mizuno, T., Kaneko, T., and Tabata, S. 1996, Compila-
tion of all genes encoding bacterial two-component sig-
nal transducers in the genome of the cyanobacterium,
Synechocystis sp. strain PCC 6803, DNA Res., 3, 407-
414.

17. Mills, S. D., Jasalavich, C. A., and Croksey, D. A. 1993,
A two-component regulatory system required for copper-
inducible expression of the copper resistance operon of
Pseudomonas syringae, J. Bacteriol., 175, 1656-1644.

18. Arico, B., Miller, J. F., Roy, C, Stibits, S., Monack, D.,
Falkow, S., Gross, R., and Rappuoli, R. 1989, Sequences
required for expression of Bordetella pertussis virulence
factors share homology with prokaryotic signal transduc-
tion proteins, Proc. Natl. Acad. Sci. USA, 86, 6671-6675.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/d
n
a
re

s
e
a
rc

h
/a

rtic
le

/4
/2

/1
6
1
/3

9
7
1
8
0
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


