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Summary

Bacterial signalling network includes an array of
numerous interacting components that monitor envi-
ronmental and intracellular parameters and effect cel-
lular response to changes in these parameters. The
complexity of bacterial signalling systems makes
comparative genome analysis a particularly valuable
tool for their studies. Comparative studies revealed
certain general trends in the organization of diverse
signalling systems. These include (i) modular struc-
ture of signalling proteins; (ii) common organization
of signalling components with the flow of information
from N-terminal sensory domains to the C-terminal
transmitter or signal output domains (N-to-C flow);
(iii) use of common conserved sensory domains by
different membrane receptors; (iv) ability of some
organisms to respond to one environmental signal by
activating several regulatory circuits; (v) abundance
of intracellular signalling proteins, typically con-
sisting of a PAS or GAF sensor domains and
various output domains; (vi) importance of second-
ary messengers, cAMP and cyclic diguanylate;
and (vii) crosstalk between components of different
signalling pathways. Experimental characterization
of the novel domains and domain combinations
would be needed for achieving a better understanding
of the mechanisms of signalling response and the
intracellular hierarchy of different signalling
pathways.
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Introduction: from sequence gazing to
genome grazing

Bacterial signal transduction systems provide a fascinat-
ing array of numerous interacting components that sense
changes in a variety of environmental and intracellular
parameters and transmit these signals to various cellular
mechanisms to cause adaptive changes in metabolism,
physiology and/or behaviour (for reviews, see Hoch and
Silhavy, 1995; Grebe and Stock, 1999; Stock et al., 2000;
Inouye and Dutta, 2003). The complexity of signalling
networks in model organisms, such as Escherichia coli
and Bacillus subtilis, has long hindered their systematic
analysis. The first description of a two-component system
by Ninfa and Magasanik (1986) was quickly followed by
the discovery of crosstalk between nitrogen assimilation
and chemotaxis (Ninfa et al., 1988), suggesting complex
interactions between different regulatory systems and sig-
nal integration. However, various components of the bac-
terial signalling machinery — histidine kinases and
response regulators, cyclic AMP (cAMP)-dependent sys-
tems, phosphotransferase system components and
chemotaxis proteins — were traditionally viewed and stud-
ied as separate entities. Certain components of the signal
transduction circuits, such as adenylate cyclases, digua-
nylate cyclases and phosphodiesterases, and serine/
threonine protein kinases and phosphatases, were iden-
tified only recently and many remain poorly characterized.
The availability of complete genomic sequences from
numerous bacterial species allowed the researchers for
the first time to evaluate the total number and composition
of the signal transduction proteins encoded in each par-
ticular genome and finally appreciate the complexity of the
whole system. In a way, instead of describing legs, trunk
and tail of the same elephant, we can now take a look at
the entire elephant. Studies of signal transduction offer
one of the first examples where genomics has actually
lead to important biological insights that would have been
otherwise impossible. It has become clear that, in addition
to sensory histidine kinases and methyl-accepting chemo-
taxis proteins, bacteria have other receptor proteins with
similar overall organization, namely with an N-terminal
periplasmic or extracytoplasmic sensory domain, followed
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by one or more transmembrane segments and a cytoplas-
mically located signal transduction domain. This kind of
organization has been described for membrane-anchored
adenylate cyclases, putative diguanylate cyclases and
phosphodiesterases, serine/threonine protein kinases
and phosphatases, revealing a much more complex sig-
nalling network than has been generally assumed before
genomics (Galperin etal, 2001a; Kennelly, 2002).
Another interesting result was gleaned from the absence
of certain genes in a genome, namely the absence of
membrane-associated components (EIIB and EIIC) of the
phosphoenolpyruvate-dependent  sugar:phosphotrans-
ferase system (PTS) in Xylella fastidiosa and several other
bacteria that still encode the soluble components of PTS
(El, HPr and EIIA). This observation, which could not have
been made without knowledge of the complete genome,
suggested that soluble PTS components in these organ-
isms are involved solely in signalling. In other words, stud-
ies of signal transduction have grown from ‘sequence
gazing’ (a term coined by Henikoff, 1991), to ‘genome
grazing’ when comparative genomics became an integral
part of discovery and analysis. The rapid rate of genome
sequencing (148 complete prokaryotic genomes available
in GenBank® at the end of 2003) is contributing to the
progress in comparative genome analysis.

When the first bacterial genomes were sequenced, the
first order of business, of course, was to enumerate the
genes encoding signal transduction proteins in each
organism and to perform cross-species comparisons to
determine which systems are common and which are
specific for a given species or genus. Several independent
‘censuses’ of bacterial signal transduction proteins
(Mizuno et al., 1996; Mizuno, 1997; Koretke et al., 2000;
Galperin et al., 2001a; Ashby, 2004) brought very similar
results, leading to a general consensus on the distribution
of various signalling systems in various microorganisms
(see Table 1). It has been found, for example, that para-
sitic bacteria usually encode fewer signalling proteins than
free-living bacteria, even if one takes into account their
smaller genome sizes. Gram-positive bacteria and
archaea turned out to have fewer signal transduction pro-
teins than proteobacteria or cyanobacteria of the same
genome size (Galperin et al., 2001a).

In the beginning of the genome era, we have predicted
that the new paradigm of genome-based microbiology
would eventually replace the old paradigm of gene-by-
gene approach (Koonin and Galperin, 1997). Now, seven
years later, this process of paradigm shift can be seen in
earnest. The ever-improving coverage of microbial diver-
sity by complete genome sequences allows increasingly
accurate reconstructions of the metabolic pathways in
poorly studied organisms (Koonin and Galperin, 2002;
Osterman and Overbeek, 2003) and even prediction of
their nutritional requirements (Lemos et al., 2003). In a

similar fashion, one could hope that some day it would be
possible to reconstruct microbial signalling pathways and
predict responses of a given microorganism to various
environmental factors, based solely on its genome con-
tent. The first glimpses of such approaches are already
evident from the Table 1. Indeed, two o-proteobacteria,
Mesorhizobium loti and Caulobacter crescentus, encode
the same number of histidine kinases but differ dramati-
cally in the number of encoded adenylate cyclases and
methyl-carrier proteins, suggesting the importance of
chemotactic response for the latter, but not the former,
organism. Here | briefly discuss the recent insights into
microbial signal transduction that originated from compar-
ative genome analyses and list some unresolved
problems.

Defining the parts set

The most important feature of signal transduction proteins
is their modular organization, presciently noted by Parkin-
son and Kofoid (1992) 12 years ago. Modular organization
accounts for enormous diversity of components of the
bacterial signal transduction systems, but it also makes
possible their systematic analysis. Most signal transduc-
tion proteins consist of two or more domains — evolution-
arily conserved individually folding compact protein units
that have more or less same functions regardless of
genomic context (Table 2). If this definition sounds some-
what fuzzy, so are boundaries of many domains. Never-
theless, most domains can be relatively easily recognized
and associated with particular biochemical functions.
Thus, response regulators typically contain a phosphate-
accepting receiver domain CheY — similar to the chemo-
taxis transducer protein of the same name, often referred
to as ‘chemotaxis response regulator — and a DNA-
binding signal output domain of the helix-turn-helix (HTH),
winged helix, SAPR, LytTR, Fis, or some other family. This
means that the CheY domain, like many other signalling
domains, is ‘promiscuous’, i.e. can be found in a variety
of distinct proteins associated with distinct signalling
domains. In sequence similarity searches using BLAST,
FASTA or other algorithms such promiscuous domains
readily align with each other, which results in convincingly
high similarity scores between otherwise unrelated pro-
teins and significantly complicates sequence analysis
(Fedorova et al., 2003). For example, in a BLASTP search,
two different proteins sharing only a common CheY
domain would nonetheless be aligned over 100—120 res-
idues with reported probability of such a hit solely by
chance of 10 or even lower. This makes splitting a mul-
tidomain signal transduction protein into individual
domains the necessary first step in its sequence analysis.
Often enough, it is also the easiest way to get an insight
into potential functions of this protein.

© 2004 Blackwell Publishing Ltd (No claim to original US government works), Environmental Microbiology



Bacterial signal transduction network 3

010 43A9HH-AYD ‘gduD-Ady) ‘adAl-yoods Buipnjour ‘sioyeinbas asuodsal UIBWOP-OM] [[B O JUN0D 8y} SaAID UwN|od skl 8y "SI0yduE aueiquidw

[eulw.8)-D puUe Sulewop 9) 1~ S [eulwlal-N aAeY 818y pailsi| saseuly uigjoid ooads-1y] 4as Auely (5661 ‘4aupey]) gdyn Se yons ‘surewiop auelquiaw A10suas-uou Yum sioydedal sueiquiaw
1o} Junoooe 0} apew sem jdwene oN "sesayuased ul umoys s ‘yuaiayip H ‘urewop Buleubis uaalb ayy Bulureuod suiejoid Jo Jaquunu [ejo} ay] dwoudab Jenoied yoes ul papoous Urewop
Buipuig-yNQ aus jo adAy uanib ayy yum siojeinbas asuodsal 10 (Juswbhas suelquisWISUBI]} SUO }SBI| JB YIIM) Sulslold Josuss aueiquiswsuel) pajoipald jo Jaquinu ay) sjuasaidas ainbyy yoe3 o
Jwiy e39|dwod/SIE0HDIN/Sewousl

/A0B yiurwjur1Igoummmy//:diy ‘els gem saswousy) zaug s,|gON 9yl U0 SaLjud 1Sale| ay} woly aie sulejold papoous Jo siaquinu ay] ysuelse ue Aq peysew salsesed a1ebijqo jo seweu ay] "q
|jwiy-snsuaeubig/unadieb/qnd/nob-yiutigou-dy//:dy

18)IS gom SJOUINE 8y} Je a|gejieAe S syull MMM dlelidoidde yum a|gel Siyl Jo JuBlLBA V7 PajuNod jou alam suiajoid pajeaiioeul Jo/pue pabisAlp uiepa) “(s|ielep 1oy ‘e ooz /e je uladier) aas)
wsiuebio yoes ul pepoous sles uleloid ey} Jsuiebe sejoid olloads-urewop JO saydIeas LSYIg-ISd OAljela]l JO S)Nsal 8y} WoJj 10 seseqelep |HYINS Pue HOD 9yl Wolj ale siequinu ay] e

14 0 4 0 8 4 e 8L )+ 0 L 0 0 el 9ezz  eguownaud sno2020jdBIS

9l 0 Z 0 ot 2 ! [ Z 0 S € 0o WwHer €162 BnoouU| BLSISIT,

61 ! ! ! 8 S ! 8e () 2 @ o ((2K4 6 0o (619l 96v€ sisusfays snjjroeqoues00

(0]4 0 0 Z L1 A L /9 (9) ¢ (@0 (v) e 4! 0 (ev)se 990% sueinpojey snjjioeg

€e 0 I 0 €l 6 L 2s I 0 (v) € oL 0 (9¢)oe 00lv sinqns snjjioeg

BlI910BQ 9AlISOd-Wweln)

S 0 0 0 14 L 0 9 (@ o 0 0 0 0 14 60L1 oezusnjjul snjiydowseH,

6 0 0 ! S € 0 LE @)+ 0 0 0 0 6 ¥102 BPIOO}INW Blj8INdjsed

YA 0 0 0 € 14 0 €l )+ 0 (o 0 (1o (2) e vele mnauing gjaixoQ.,

0 2 8 2l S 0 8el (@1 (6) 2 (1v) 92 St o (1) oe 128¢ orI8j0Yd OLIGIA

ze 0 I ¥ 14t zL 0 9g @ 0 (61) 2L S 0o (0€) Lz 682y 109 BIyoLBYoST

VA% L 1 S 8l 8 0 orlL (2) 1 6) 1 (29) 92 92 L (Sh) ve LE6Y SISUBpPIdUO E|jauemays

99 ! b ol ve L1l 0 el (6) 2 (€)1 (eg) 61 92 L (29) v 696G esoujbniee seuowopnasd

Bl119108q0810.d-4

¥ 0 0 L 4 0 0 9 (1o 0 (o 0 0 ¥ €8 yezemoud eispoxoly .

61 ! 0 € oL S 0 2e b 0 (6) L 0 0o (el 161€ sisusyiew ejjeonig,

92 I 0 ¥ zL 4 0 G6 ! 0 (1) e 61 @1 (29 8e YAYAS SNjuBoseIo Ivjorqoine)

14 4 0 S ford Ll 0 LLL €)1 (1o (2e) 81 ! (ee (19 ¢ee 25.9 o] wniqozjyiosep

B119]0Bq08}0Id-0

sioye|nba. si4 1147 OIN ydwo TeN oely slosuas 1S dAD-AH 43099 dO s7.%)"] MSIH suigjoud Jo 4S810ads ‘dnoig
asuodsal 1\ ‘ON |eloL

X-A8YD IV ,sloreinbal asuodsal Bulpuig-y¥NQa IV ,SO|N0d|OW JOSUSS BuBIqUISWSUEI]

o+ BlB)0eq dnisesed pue Bulal-ea1) Ul swalsAs Buljieubis [ejuswuoliaug Jo uonnguisia | alqeL

© 2004 Blackwell Publishing Ltd (No claim to original US government works), Environmental Microbiology


ftp://
http://

M. Y. Galperin

4

"Jwiy snsua)eubig/uuedieb/gnd/aob yiutwiurigou,/:dy e sjqe|ieAe ale urewop Jejnoied yoes uieluod jeys suieloid Jo sisi| a1ejdwo)

'sasejeydsoyd uisjoid ayi|-1 D1 d pue saseury uigjoid pajoipaid ayi-1OgY JO uoisnjoul 8y} 0} anp aie (86| e 18 Bueyz) eyep sisAooyosuAs pariodal Aisnoinaid ayy yum saiouedalosip eyl
"SUBIOAIIBOR BUIDIBSOURYIOY ‘908N ‘£089DDd "ds SiisAo0yosuAs ‘BUAS ‘siigns snjjioeg ‘ansg ‘1) 1/00 elyoLayosT ‘1|003 "s|ielap aiow 1o} (B 100z ‘e 18 uledien) 8as ‘euo Se pajunod ale uleyo
apndadAjod a|buis B uo urewop awes a8y} Jo $89UBLIN220 a|diyNw ‘urewop Buipuodsa.llod ay) uleluod yeyy swouab usAlb e ul suielold Jo Jaquinu ay) sjuasaldal ainbiy yoe3 ‘wsiuebio usnlb yoes
10 19s uigjoid ay) 1surebe sajiyoid oiI0ads-urewop Jo SaydIeas LSY1g-ISd SAIRISY JO S}NSal 8y} WoJ) 10 (S8Ljus JUBpUNpal 10} Pa}0alIod) saseqelep HOD pPue |HYINS WOl Usxe) ale ejep ay] e

suiejold 106ue) Ul senpisal

urewop onAjeleo ‘aseury

(8661) 1219 1US ] 4} € Z HMP L 0Se~ 1YL pue Jeg jo uonelhioydsoyd oly1oads-1y 19S :UoleInRIqqY ML™S
asejeydsoyd auisoIA
(8661) 1219 IYS L Z € I diat 051~ JA1d ay1d ‘1esd jo sisAjoipAH ureyold 1yblem Jejnasjow mo dlid
(8661) 1219 IYS 0 8 ] 0 09vL 052~ 1y d pue sosd jo sisAjoIpAH 0z Anwrey esejeydsoyd ureiold 02dd
(8661) 1219 1US L ! L € OOL} 081~ 1y d pue sosd jo sisAjoipAH v ¢ Aiwey ssejeydsoyd uiejoid vedd
(wig) uieold papuiw-9|bulg
sioloweled Jayio pue ‘(1NHY) Jo1eoojsues)
pue uabAxo b Buisues Jeajonu Joydagal uogquedolpAy
‘Buipulq pioe dlweuurd Ay ‘(Jad) uieloid uelpeosso
(6661) ulinyz pue Jojkel ¥S 82 it 14 Ndgat 001~ ‘duluspe ‘ulnel) ‘OWwoeH poLidad Ul UIBWOop uowwoy Svd
n|o 8lIs aAloe uigyoud
(2661) 1219 OMiIed g ¥ ot S LNOL 0se~ ue yum urewop pajejAylen Jauueo |Aurepy tuoneIna1qay dOn
SIH ©MS 8Aljoe ue urewop Jajsueyoydsoyd
(8661) ounziiy pue Byjysnsiep € yA L 9 gove 001~ Unm urewop Jojdedoeoydsoyd BUIPISIH :UONEIARIGQY dH
(0002) ‘12 19 Yo0IS SIH 8IS BAIOB UB UM ulewop
(6661) 30015 pue 8gain LS gy €e 82 AOFL ozl Jojdaooeoydsoyd/uonezuswiq urewop  eseuty aulpisiH VMSIH
(6661) e 18 UNBdIED 0 2 0 0 - 0LL~ aseJa)salpoydsoyd sjiow dousnbas paniasuo) dAD-aH
(0002) ‘1& 12 Yo0)1S urewop HsiH ay} o} urewop onAjered ased 1y odhy
{(6661) >0015 pue agaIn €S gy 9e o€ axgt oL~ d1v woy Jgjsues |Aioydsoyd -9SBUD| SUIPASIY UOKEIABIGQY  8SedIVH
sulejoud Jalied |Ayew pue
(6661) MEMBIS pue SWel||Ip\ sose|oAo |A|Auspe ‘seseury
‘(6661) Bunuod pue puirely L ! L1l 61 AOrE 0S5~ (¢) uonezuswig BUIPHS/Y Ul Ulewop uowwo) dIAVH
(8661) 1219 [BL 0 €2 ¥ 6l - 081~ (¢) eseoho syejhuenbig jnow sousnbes panlesuo) 43099
uigjold y|y4 pue saseoho
(0002) 1B 19 OH Buipuig yuswbid |AlAuspe ‘saselaisalpoydsoyd
‘(£661) Bunuod pue puinery Gl 82 € 6 NS4 L 051~ -ojoyd pue diNYO dNDO dINH Ul urewop uowwoy 4v9
(8661) 1219 EL 0 el € Ll - 0S5z~ (¢) esessysaipoydsoyd JINDIP-O jow sousnbes paalesuo) Iv3
(6661) dsy als anioe ue uigyoud
3001S puE 8998I (E661) ZIOA (014 85 9e L€ 3HOC ogl~ Yum urewop Joydeodeoydsoyd SIXejowayd A8yQ auj o} Aueuis AdUD
(,661)
lJowyQ pue eweAheley urewop anAeyeod ¢ adAy esepAo
(9661) 1€ 19 ONYSEA L € 0 0 algte] 061~ dINDO 10 dINY9 Jo uolewlod IAiAuenb|AAuspy :uoneirsiqqy Zi%)/
aoualajey a0\ auAs ansg 1j003 (Anus gad) ee ‘Yyibus uonoun4 uiblio sweN aweu
a2Inpnis urewoq

LLwousb Jad saido)

‘THVINS Se yons ‘saseqelep urewop ay} Ul Aljus Jejnoied ey 1o} sjuawiwod ayy Jo uonduosep urewop [eulblLio syl dn 00| pjnod auo ‘sanjo Jenad Jo4 "uoiouny s
Buipuelsiepun ui djay o} Ajexiiun si 1no 1 Buljjeds pue aoueolIubIS [eOLI0ISIY A[ISOW SBY SWeu Ulewop 8y} ‘seseo 1aylo 1SoW U| "UOIBWIOUI SIY} S109|ja4 A|lensn aweu ey ‘UMmouy Apealje si urewop
mau e Jo Ayoioads Buipuiq 10 AjAioe dllewAzus sy} usym SaSeD alel 8y} Ul "Paquosap 1SIl} 919M SUlewop 8say) a1aym suiajold ay) Jo saweu ay} uo Jo sulaled paousnbas paniasuod uo paseq
Jay}le ale saWeU UlBWOP ‘@lojeiay] suisioid juslayip aiow 10 oM} AQ paleys sajnpow 8ouanbas paAlasuod Se paljiiuapl Ajjensn ale surewop u1loid "surewop Buljjeulls uowwoo 1soy g a|qeL

© 2004 Blackwell Publishing Ltd (No claim to original US government works), Environmental Microbiology


ftp://

The most straightforward way to delineate the
domain composition of a signal transduction protein is
to compare it to a protein domain database, such as
Pfam (http://www.sanger.ac.uk/Software/Pfam), SMART
(http://smart.embl-heidelberg.de), or COG (http:/
www.ncbi.nim.nih.gov/COG) (see Bateman et al., 2004;
Letunic etal.,, 2004; Tatusov et al., 2000 respectively).
The Euro-pean Bioinformatics Institute (EBI) and the
National Center for Biotechnology Information (NCBI)
maintain integrated domain databases, respectively,
InterPro  (http://www.ebi.ac.uk/interpro), which unifies,
among others, SMART and Pfam entries (Mulder et al.,
2003), and the Conserved Domains Database (CDD,
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml),
which unifies SMART, Pfam and COG entries (Marchler-
Bauer et al., 2003). Each of these databases provides a
brief description of every domain and a variety of external
links. SMART lets the user to list all the proteins with given
domain organization (or domain composition). The Con-
served Domains Database (CDD) offers a useful CDART
tool that allows one to look for various domain combina-
tions involving the given domain (Geer et al., 2002). Impor-
tantly, these databases rely on different software tools and
different default parameters for domain identification (hid-
den Markov models in SMART, Pfam, and InterPro, COG-
nitor in COGs and Reverse Position-Specific BLAST in
CDD), so the results obtained are not necessarily identical
and it is always better to use more than one database
(see Koonin and Galperin, 2002; for a discussion of the
advantages of each particular database). For example, the
recently characterized HWE family of histidine kinases
(Karniol and Vierstra, 2004) had been properly annotated
in COGs and CDD, but not in SMART or Pfam.

Although novel signalling domains continue to be dis-
covered, it is safe to assume that domains with the widest
phylogenetic distribution have already been identified
through cross-genome comparisons. It has become clear
that certain sensory domains have very narrow specificity
towards their ligands (e.g. citrate or nitrate binding
domains, see below). Some domains, however, are rather
indiscriminate in their affinities and interact with a wide
variety of ligands. The PAS domain, for example, binds flat
heterocyclic molecules from haeme to flavin to cinnamic
acid and, reportedly, even the adenine moiety of ATP (see
Table 2). The exact functions of many signalling domains
remain obscure, which opens new avenues for future
experimental studies.

Recently described signalling domains

For the purposes of this review, components of the signal
transduction system can be subdivided into sensory (usu-
ally, ligand-binding) domains, signal transduction (phos-
phorylation, methylation, homodimerization) domains,
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and signal output (DNA-binding, heterodimerization or
enzymatic) domains.

Sensory domains

Recent studies have greatly expanded the diversity of
known sensory domains, adding many novel periplasmic
(or extracytoplasmic) domains, as well as cytoplasmically
located and integral membrane domains (see Table 3).
Some recently described sensory domains have well-
defined and narrow substrate specificity, e.g. nitrate-
binding NIT domain (Shu et al., 2003) and citrate-binding
CitAP domain (Gerharz et al., 2003; Pappalardo et al.,
2003). For many other domains, the nature of the sensed
signal(s) remains unknown and their roles as sensors are
deduced solely from their predicted location as periplas-
mic domains of different transmembrane receptors: histi-
dine kinases, methyl-accepting proteins, adenylate or
diguanylate cyclases and phosphodiesterases.

Periplasmic solute-binding proteins have long been
known to function as ligand-binding domains of sensor
histidine kinases, for example, in the EvgS protein from
Escherichia coli. Recently, however, a protein of the same
family, Pseudomonas aeruginosa AmiC (PA33664), was
found localized in the cytoplasm. AmiC serves as the
receptor and negative regulator for amide-inducible ali-
phatic amidase operon amiEBCRS. Together with the
RNA-binding response regulator AmiR, AmiC regulates
expression of the AmiE amidase, as well as expression of
its own gene, amiC, in response to amides (Wilson et al.,
1996).

Another cytoplasmically located sensor domain is the
N-terminal turgor-sensing domain of the K*-transport reg-
ulatory kinase KdpD from E. coli and other bacteria.
Recent data indicate that the transmembrane segments
of this protein are needed only for proper positioning of
the sensory domain with respect to the histidine kinase
domain (Heermann et al., 2003). Remarkably, in Bacillus
cereus, Deinococcus radiodurans and several other bac-
teria this sensory domain is encoded in a stand-alone
form.

The most common cytoplasmic signalling domains are
PAS and GAF domains (Aravind and Ponting, 1997; Ho
et al., 2000; reviewed in Taylor and Zhulin, 1999; Galperin
et al., 2001a; Hurley, 2003). Originally recognized as cyto-
plasmic domains of histidine kinases, these domains have
now been found in combination with a great variety of
other signalling domains (see Table 4). The PAS and GAF
domains were shown to have similar structures, charac-
terized by a presence of a ligand-binding pocket that can
accommodate a variety of small-molecule ligands, from
haeme to flavin to adenine and guanine (Ho et al., 2000;
Crosson and Moffat, 2001). Presence of oxygen was
shown to affect the position of the PAS-bound haeme
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Table 4. Intracellular signalling proteins.

Bacterial signal transduction network 7

Domain organization

Examples (Organism, protein name, accession no.)

Histidine kinases
CheY-HisKin
PAS-HisKin
GAF-HisKin
CheY-PAS-PAS-HisKin
PAS-PAS-PAS-HisKin
PAS-GAF-PAS-HisKin
GAF-PAS-GAF-HisKin

Adenylate cyclases
CheY-ACyc
PAS-ACyc
GAF-ACyc
GAF-GAF-PAS-ACyc
CheY-GAF-GAF-HisK-CheY-ACyc
FHA-ACyc
FHA-GAF-ACyc
ACyc-TPR

Diguanylate cyclases/phosphodiesterases
CheY-GGDEF
GAF-GGDEF
CheY-GGDEF-EAL
PAS-GGDEF-EAL

GAF-GGDEF-EAL

PAS-GAF-GGDEF
GGDEF-EAL-CheY
GAF-PAS-GGDEF-EAL
GAF-GAF-GGDEF-EAL-GAF-GGDEF
EAL-GGDEF

HD-GYP-GGDEF

TPR-TPR-GGDEF

Protein phosphatases
CheY-PP2C
CheY-PAS-PP2C
PAS-PP2C
GAF-PP2C
PAS-GAF-PP2C
ANTAR-PP2C

Fusions to PTS proteins
GAF-Pts|
CelB-EAL

Synechocystis sp. SlI1400 (BAA16953)
Escherichia coli NtrC (P06712)

Synechocystis sp. Slr1147 (BAA17304)
Methanosarcina acetivorans MA1267 (AAM04686)
Methanosarcina acetivorans MA3543 (AAM06905)
Methanosarcina acetivorans MA2266 (AAMO05659)
Methanosarcina acetivorans MA0863 (AAM04302)

Stigmatella aurantiaca CyaB (P40138)

Ralstonia eutropha PHG383 (AAP86132)
Thiocapsa roseopersicina CyaA (AAK56849)
Anabaena sp. CyaB1 (BAA13998)

Spirulina platensis CyaC (BAA22997)
Synechocystis sp. SIr 1991 (BAA17880)
Anabaena sp. All0743 (BAB72700)
Xanthomonas campestris XCC0240 (AAM39559)

Pseudomonas fluorescens WspR (AAL71852)
Esherichia coli YeaP (P76245)

Shewanella oneidensis SO0545 (AAN53626)
Acetobacter xylinum PHE1 (AAC61683)
Escherichia coli Dos (BAA15160)

Vibrio cholerae VCA0080 (AAF95994)
Shewanella oneidensis SO1055 (AAN54127)
Xanthomonas campestris XCC1958 (AAM41247)
Shewanella oneidensis SO2498 (AAN55529)
Synechocystis sp. Cph2 (BAA10536)
Shewanella oneidensis SO0555 (AAN53636)
Aquifex aeolicus aq_2027 (067821)

Vibrio cholerae VC1367 (AAF94525)

Bacillus cereus BC1006 (AAP07993)

Geobacter sulfurreducens GSU0700 (AAR34030)
Bacillus subtilis RsbP (007014)

Streptomyces coelicolor SCO3723 (CAD55330)
Streptomyces coelicolor SC5C11.05 (CAB76311)
Streptomyces coelicolor SCO7326 (CAB92872)

E. coli PtsP (AAB40476)
Vibrio cholerae VC1211 (AAF94370)

The domain names are as in Table 2; FHA (forkhead-associated) is a phosphothreonine-binding domain, TPR (tetratricopeptide repeat) is involved
in protein—protein interactions. Ptsl is Enzyme | and CelB is a cellobiose transporter, respectively, of the PEP-dependent sugar:phosphotransferase
system. Only a small selection of known domains combinations for intracellular signalling proteins is listed. For other common domain combina-

tions, see SMART and CDD databases.

molecule, causing a change in the general conformation
of the PAS domain and thereby allowing the sensing of
oxygen to effect signal transmission to the C-terminally
located signal transduction domains (Delgado-Nixon
et al., 2000; Chang et al., 2001). Due to the availability of
several comprehensive reviews (Taylor and Zhulin, 1999;
Zhulin, 2001; Hurley, 2003), these relatively well-studied
domains will not be discussed here in any detail. We will
also leave aside small-molecule-binding domains (ACT,
4VR, 3H and others) that are involved in allosteric
regulation of metabolic enzymes and modulation of the
activity of transcriptional regulators (Anantharaman et al.,
2001).

Integral membrane domains can also serve as sensors.
Although certain histidine kinases were long known to
contain multiple transmembrane segments (Kadner,
1995), it was not clear whether these segments actually
worked as sensors or just anchored the enzyme in the
membrane. The first membrane domain with proven sen-
sory function was the ethylene-binding domain of the Ara-
bidopsis thaliana ETR1 protein (Bleecker, 1999). This
domain was found later in cyanobacteria and several pro-
teobacteria (Mount and Chang, 2002). Histidine kinases
from P aeruginosa (PA3271), Vibrio cholerae (VC03083),
and several other bacteria contain proline permease-like
N-terminal domains, which led to a suggestion that these
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8 M. Y. Galperin

proteins might serve as sensors of sodium-motive force
(Hase et al., 2001). The final evidence that integral mem-
brane segments may represent evolutionary mobile con-
served domains has come when several such domains
(MHYT, MASE1 and MASE2) were found in association
with two or more different signal output domains (see
below), suggesting their involvement in signalling (Galp-
erin et al., 2001b; Nikolskaya et al., 2003). Recently, four
new families of membrane signalling domains with seven,
seven, five and eight transmembrane segments, respec-
tively, were identified (Anantharaman and Aravind, 2003).
Although sequence conservation in these domains allows
one to make educated guesses about their ligands (metal
binding for MHYT and MHYE, aromatic compound binding
for MASE1 and MASE2, carbohydrate binding for 7TMR-
DISMED1), their exact nature is still obscure and needs
to be explored in experimental studies.

Signal transduction domains

Environmental changes, sensed by the periplasmic (extra-
cytoplasmic) or membrane-embedded sensory domains
of transmembrane receptors, affect cytoplasmically
located domains of these receptors to trigger appropriate
cellular responses. These responses include increased
gene expression, changes in motility (chemotaxis),
changes in secretion and many other processes. Exactly
how the signal is transmitted across the membrane from
sensory to cytoplasmic domains is still not completely
understood. Dimerization (oligomerization) events appear
to be important in some cases. A dimerization domain,
HAMP (Aravind and Ponting, 1999; Williams and Stewart,
1999), has been found in many transmembrane receptors,
but certainly not in all of them (Zhulin et al., 2003). Several
potential mechanisms of transmembrane signalling are
currently being considered and breakthroughs in this area
are expected in the near future (see Falke and Hazel-
bauer, 2001).

An important recent development coming from compar-
ative genomics was the realization that histidine kinases
and methyl-accepting proteins are the major but by no
means the only receptor molecules capable of sensing
extracellular signals. Fusions of periplasmic sensory
domains to adenylate cyclase, serine/threonine protein
kinase, diguanylate cyclase and phosphodiesterase
domains have been described, reinforcing the notion that
bacterial signalling is even more complex than previously
thought. The first of these, the receptor adenylate cyclase,
was originally recognized in cyanobacteria Spirulina plat-
ense and Anabaena sp. PCC7120 as a fusion of type 3
adenylate cyclase domain to a periplasmic sensor domain
and experimentally verified to have adenylate cyclase
activity (Yashiro etal., 1996; Katayama and Ohmori,
1997). Sensory adenylate cyclases were soon described

in a number of other organisms, including proteobacteria
Stigmatella aurantiaca and Myxococcus xanthus
(Coudart-Cavalli et al., 1997; Kimura et al., 2002).

Serine/threonine protein kinases and phosphatases
have been known in prokaryotes for quite some time
(Yang etal,, 1996; Shi etal., 1998), but most of them
either were soluble enzymes, or contained cytoplasmic N-
terminal kinase domains and were anchored in the mem-
brane by their C-terminal fragments. Recently, however,
serine/threonine protein kinase domains were found in
membrane receptor proteins, fused to N-terminal periplas-
mic sensory domains (Zhulin et al., 2003; see Table 2). In
addition, transmembrane receptors were found whose
cytoplasmic domain was similar to RsbU, a protein phos-
phatase of the PP2C family that is involved in an environ-
mental stress signalling pathway (Yang et al., 1996; Zhulin
et al., 2003). Unfortunately, the signals sensed by these
proteins are still obscure, as are their phosphorylation/
dephosphorylation targets. Because of their apparent sim-
ilarity to the eukaryotic signalling systems, bacterial pro-
tein kinases and phosphatases are attractive targets for
further experimental studies of the signal transduction
mechanisms.

The list of bacterial membrane receptors also includes
a group of proteins that combine periplasmic sensory
domains with the cytoplasmic GGDEF, EAL and HD-GYP
domains, whose enzymatic functions are still somewhat
uncertain (reviewed in Galperin etal., 2001a). The
GGDEF domain is often paired with the EAL domain,
forming a diguanylate cyclase/phosphodiesterase combi-
nation that catalyses synthesis and hydrolysis of cyclic
diguanylate (c-diGMP, Fig. 1). In Gluconobacter xylinum,
c-diGMP regulates formation of extracellular cellulose (Tal
et al.,, 1998). It has recently been implicated in regulation
of extracellular polysaccharide formation in a number of
other bacteria (Rashid et al., 2003). In Caulobacter cres-
centus, a GGDEF domain-containing response regulator
PleD is involved in regulation of the cell development
programme, offering a convenient model to study its
potential functions (Ausmees et al., 2001; Aldridge et al.,
2003). Studies of this protein strongly suggested that the
GGDEF domain acts as a diguanylate cyclase that com-
bines two GTP molecules to form c-diGMP (Ausmees
et al., 2001; Pei and Grishin, 2001). Although an unequiv-
ocal biochemical proof that the purified GGDEF domain
indeed carries this activity has not been published so far,
preliminary data indicate that this is in fact the case (M.
Gomelsky, pers. comm.). The EAL domain must therefore
be responsible for the complementary phosphodiesterase
activity that degrades c-diGMP, either by itself or in com-
bination with the GGDEF domain. Judging from its
sequence motifs, HD-GYP is also a phosphodiesterase
domain (Galperin et al., 1999). lts natural phosphoester
substrate remains unidentified; it too could be c-diGMP.
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Fig. 1. Structures of cyclic AMP (cAMP) and cyclic diguanylate
(c-diGMP).

The biochemical characterization of these domains and
processes that they regulate is still in the very early
stages. In any case, the sheer abundance of genes
encoding GGDEF, EAL, and HD-GYP domains in diverse
bacterial genomes (Table 2) shows that they represent a
major signalling system with c-diGMP most likely function-
ing as a secondary messenger in signal transduction. The
potential importance of this novel signalling pathway came
to light only thanks to the availability of complete genome
sequences.

Signal transduction downstream of sensory histidine
kinases and methyl-accepting proteins often involves
intermediate domains, including HPt and CheY domains,
which are relatively well characterized and described in
detail elsewhere (Stock et al.,, 2000; Inouye and Dutta,
2003). In contrast, signal transduction downstream of
receptor adenylate cyclases does not involve any proteins
or domains beside the cAMP receptor protein (CAP). The
CcAMP-CAP complex has been shown to activate tran-
scription of many genes in diverse bacterial species.
Although the mechanisms of c-diGMP action are still
obscure, signal transduction from transmembrane recep-
tors containing GGDEF, EAL or HD-GYP signalling
domains likewise do not seem to involve any intermediate
domains, at least judging from the domain numerology
(Table 2). In the only experimentally characterized model,
activation of the G. xylinum cellulose synthase by c-
diGMP was mediated by a membrane-bound c-diGMP-
binding protein (Weinhouse et al., 1997).

In a sense, adenylate cyclase, diguanylate cyclase and
phosphodiesterase can be considered output domains, so
that input and output modules of these receptors co-exist
on the same polypeptide chain. In an even further devia-
tion from the ‘two-component’ paradigm, certain trans-
membrane sensors were found to contain C-terminal
DNA-binding domains (Nikolskaya and Galperin, 2002),

Bacterial signal transduction network 9

following the classical example of the lysine-sensing tran-
scriptional regulator CadC (Dell etal., 1994). These
extreme cases clearly show that there are no strict limits
on the number of components in the signal transduction
chain, which may vary from one to three or more. It should
also be noted that certain signalling systems include a
stand-alone sensor protein that interacts with a histidine
kinase (Kadner, 1995) while other transmit the signal
directly to the transcription regulation apparatus (Braun,
1997).

Output domains

Response regulators of the two-component system typi-
cally consist of an N-terminal phosphoacceptor CheY
domain and a C-terminal DNA-binding output domain that
activates or represses transcription of specific target
genes (Martinez-Hackert and Stock, 1997; Grebe and
Stock, 1999; Stock etal, 2000). These DNA-binding
domains are quite diverse: a majority belongs to the
winged helix family, exemplified by the well-known OmpR
and PhoB proteins, but there are several families of helix-
turn-helix (HTH) domains, such as NarL/FixJ, AraC/XyIS
and SpoOA domains. In addition, certain response regu-
lators contain non-HTH DNA-binding domains of SAPR,
LytTR or Fis families. Although the operons that these
response regulators activate or repress are often
unknown, SAPR family proteins are typically involved in
the regulation of secondary metabolism (Wietzorrek and
Bibb, 1997), whereas LytTR family proteins often regulate
production of virulence factors (Nikolskaya and Galperin,
2002). In transcriptional regulators of the NtrC family, the
N-terminal CheY domains and the C-terminal DNA-
binding Fis-like domains are separated by the central
AAA-type ATP-binding domains, whose ATPase activity is
required for the DNA-binding (Hwang et al., 1999).

In addition to the DNA-binding response regulators, an
RNA-binding output domain has been described in
Pseudomonas aeruginosa response regulator AmiR and
related proteins (Shu and Zhulin, 2002).

In certain response regulators, the output domains are
enzymatic and do not necessarily regulate transcription.
Such response regulators combine the CheY domain with
CheB-type methylesterase domain, GGDEF, EAL, HD-
GYP or PP2C domains, mentioned above, or with other,
sometimes unknown, enzymatic domains.

Intracellular signalling network

In addition to transmembrane receptors, there are several
well-studied histidine kinases that have no transmem-
brane segments, such as chemotaxis histidine kinase
CheA and nitrogen regulation protein NtrB (GInL) from E.
coli, sporulation kinase KinA from B. subtilis, or rhizobial
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10 M. Y. Galperin

oxygen sensor FixL (see Hoch and Silhavy, 1995; for
reviews). Receptor census (Table 1) shows that free-living
bacteria typically encode a significant number of intracel-
lular histidine kinases, adenylate cyclases, diguanylate
cyclases and phosphodiesterases. In fact, their cytoplas-
mic signalling network may be as complex as transmem-
brane signal transduction system. The genome of M. loti,
for example, encodes 13 copies of the adenylate cyclase
domain (Table 1). Of these, only one appears to be fused
to a periplasmic sensor domain, and another one is fused
to an integral membrane sensor domain. All the rest are
found in predicted cytoplasmic proteins, fused to poorly
characterized N-terminal or C-terminal domains, most of
which are likely involved in signalling. Of the 32 copies of
the GGDEF domain, encoded in M. loti, 18 belong to
transmembrane sensors and 14 are found in intracellular
signal transduction proteins and response regulators
(Table 1).

Intracellular signalling proteins typically combine N-
terminal cytoplasmic sensor domains, usually PAS or
GAF, with a variety of signal transduction or output
domains (Table 4). Some of these proteins contain N-
terminal CheY domains and can be considered bona fide

P. putida PP3758

{chey X  Hiskin |
( wiskin ]
( eAF M Hiskin |

P. putida PP5047 (NtrB)

T. elongatus TIr0195

{chey ™ GGDEF ]

( GAF M GGDEF ]

GAF M GGDEF ] S. oneidensis SO1055

P. putida PP1494

S. flexneri $1545

(cheY )= AAA-type ATPase )=Fis|

AAA-type ATPase )—@

(_GAF ~ AAA-type ATPase Fis/

response regulators. Indeed, phosphorylation of the CheY
domain was shown to affect adenylate cyclase activity of
the C-terminal ACyc domain, just as it affects DNA-bind-
ing properties of classical response regulators (Coudart-
Cavalli et al., 1997). However, many intracellular signalling
proteins lack the CheY domains. Such proteins should not
be confused with response regulators, despite certain
parallelism in their domain architectures (see Fig.2 and
Table 4). For example, in addition to four NtrC-type
response regulators of the CheY-AAA-Fis domain archi-
tecture (AtoC, GInG, HydG and YfhA, see COG2204), E.
coli K12 encodes three intracellular signalling proteins
with GAF-AAA-Fis domain structure (FhlA, HyfA, and
NorR, see COG3604) and one more protein (YgeV) with
GAF-PAS-AAA-Fis domain structure. Whereas the exact
nature of the ligands of most of these proteins remains
obscure, there is little doubt that they are directly involved
in monitoring levels of NO and other intracellular param-
eters and regulating transcription in response to changes
in these parameters (Gardner et al., 2003).

Several pioneering studies have provided experimental
evidence of the involvement of cytoplasmic signalling pro-
teins in intracellular signalling. An E. coli protein with the

B. japonicum Blr2864

{ CheY = ACyc O
CAcye D
L. interrogans LA2834

R. eutropha PHG383

{chey X\  PP2C

L.interrogans LA2548

(_ear X pp2c

[ P. putida PP2165

[ L. interrogans LB112

P. putida PP5048 (NtrC)
P. putida PP3075

P. putida PP080T

Fig. 2. Parallelism in structures of response regulators and intracellular signalling proteins. Transmission of environmental signals from sensory
kinases to response regulators involves phosphorylation of Asp residues in their CheY-like receiver domains, which changes the conformation of
this domain, liberating the downstream DNA-binding or enzymatic domains. Likewise, ligand (e.g. oxygen) binding by the cytoplasmic PAS and/
or GAF domains (intracellular signal) changes the conformation of these domains, liberating the downstream DNA-binding or enzymatic domains.
Domain names are as Table 2, with the exception of HisKin, indicating a histidine kinase, and Fis, a DNA-binding domain. The examples are
taken from the recently sequenced genomes of Bradyrhizobium japonicum, Leptospira interrogans, Pseudomonas putida, Ralstonia eutropha,
Shigella flexneri, Shewanella oneidensis and Thermosynechococcus elongatus. See Table 4 for more examples.
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PAS-GGDEF-EAL domain combination has been named
a ‘direct oxygen sensor’ (DOS), based on the effect oxy-
gen binding has on the conformation of its N-terminal
domain (Delgado-Nixon et al, 2000). Further, oxygen
binding has been shown to activate the phosphodi-
esterase activity of a G. xylinum protein with the same
domain organization (Chang etal, 2001). Likewise,
cGMP binding to the GAF domain of human phosphodi-
esterase PDE5 was shown to stimulate the activity of its
C-terminal enzymatic domain (Rybalkin etal., 2003).
Besides oxygen, the DOS protein could also bind NO and
CO, indicating that PAS- or GAF-containing molecules
could be used for sensing a variety of intracellular param-
eters and effecting a variety of cellular responses. Finally,
the NorR protein of GAF-AAA-Fis domain architecture has
been shown to regulate transcription in response to nitric
oxide and reactive nitrogen species (Pohimann et al.,
2000; Gardner et al., 2003; Mukhopadhyay et al., 2004).
These results clearly demonstrate that ligand binding to
the N-terminal PAS and/or GAF domains can modulate
the activities of the downstream output domains. Thus, the
similarity between CheY-containing response regulators
and PAS- or GAF-containing signallers apparently
extends to their regulation mechanisms: both phosphory-
lation of the CheY domain in response to the extracellular
signal and ligand binding to PAS or GAF, comprising an
intracellular signal, induce conformational changes in
these domains. In turn, these conformational changes
activate (rather, cause a relief of inhibition) the down-
stream output domains, allowing them to perform their
functions, be that binding DNA or RNA, catalysing synthe-
sis or hydrolysis of cAMP or c-diGMP, demethylation of
MCPs, and so on.

Unfortunately, most intracellular signalling proteins are
still poorly studied and remain to be recognized as legiti-
mate members of the bacterial signalling network.

Cross-talk between different signalling systems

In the extreme diversity of signalling domain combinations
encoded in different microbial genomes (see Table 4 for
examples), several domain architectures stand out, clearly
demonstrating the possibility of cross-talk between differ-
ent signalling systems. It is well known that many histidine
kinases and at least some methyl-carrier proteins contain
PAS and GAF domains, which appear to modulate the
activity of these proteins (Aravind and Ponting, 1997; Tay-
lor and Zhulin, 1999). Likewise, the existence of PAS-
PP2C, GAF-PP2C and PAS-GAF-PP2C combinations in
many bacteria, particularly Gram-positive bacteria and
actinobacteria, indicates a link between energy stress and
oP-dependent transcription (Vijay et al., 2000). The exist-
ence of the GAF-Ptsl combination in many proteobacteria
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provides a way for GAF-sensed signals to affect PTS-
dependent processes of catabolite repression and inducer
exclusion. Because the GAF domain can bind cAMP, this
might be a feedback mechanism of maintaining cAMP
levels. Fusions of the phosphothreonine-binding FHA
(forkhead-associated) domain with ACyc and GGDEF
domains, found in several cyanobacteria, suggest that
protein phosphorylation could affect the activities of the
respective cyclases. Finally, two recently sequenced
genomes, Thermosynechococcus elongatus and Pirellula
sp., encode a FHA-GAF-HisKin domain combination that
ties together three different signalling mechanisms. An
even more vivid demonstration of the principle that any
two signalling pathways can affect each other is the co-
existence of the Ser,Thr-kinase and HisKin domains on
the same polypeptide chain in several proteins from Ana-
baena sp. (Ohmori et al., 2001).

‘Bacterial’ signal transduction in eukaryotic cells and
vice versa

For many years, two-component systems were believed
to be specifically bacterial, whereas serine-, threonine-
and tyrosine-dependent kinases were seen exclusively in
eukaryotes. Sequencing of complex bacterial genomes,
as well as genomes of plants, animals and lower eukary-
otes, revealed the presence of unexpected signalling
domains in many of them. How exactly these systems
appeared in these genomes is still a matter of controversy.
Some of them most likely have come from a common
ancestor or were appropriated by first eukaryotes from
their pro-mitochondrial or pro-chloroplast symbionts. In
other cases, a relatively recent horizontal gene transfer
seems to be a plausible explanation. Anyway, one should
not be shocked to find in a free-living bacterium a signal-
ling domain seen previously only in eukaryotes. Con-
versely, many eukaryotic signalling domains appear to
have roots in bacteria (Ponting et al., 1999; Koretke et al.,
2000; Aravind et al., 2003). This is an unexpected but
promising development, as data on eukaryotic signal
transduction could help in deciphering the functions of
bacterial proteins and vice versa. Of course, one has to
be cautious, as, for example, most, if not all, the genes
encoding the GGDEF, EAL and HisKA domains in the
mosquito Anopheles gambiae genome (according to the
SMART database, nine, six and 10 copies respectively)
probably have come from bacterial contamination.

Functional annotation of signal transduction
proteins

Studies of domain architectures of metabolic enzymes
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12 M. Y. Galperin

revealed a very limited number of possible domain archi-
tectures, making the annotation relatively straightforward
even in cases like human CAD protein (PYR1_HUMAN,
P27708) that consists of three different domains. In sig-
nalling systems, however, associations of various sensory,
signal transduction and output domains produce almost
an infinite number of domain combinations with a three-
domain protein looking fairly mundane. The complexity of
domain organization makes correct functional annotation
of signal transduction proteins anything but trivial (Fedor-
ova et al., 2003). Annotation is further complicated by the
fact that many conserved domains have poorly under-
stood or unknown enzymatic activities and/or binding
specificities. Even the best domain analysis tools,
employed in domain databases like SMART, Pfam and
CDD, are not designed to provide correct annotation for
the whole protein. The best they can do is to (i) uncover
the domain composition of the given protein and (ii) show
the annotations of other proteins with the same domain
composition, if available (Geer etal, 2002). In many
cases these annotations are inconsistent; at least some
of them are likely to be wrong. We have noted, for exam-
ple, that three virtually identical proteins from Anabaena
sp. PCC7120 were originally annotated, respectively, as
‘adenylate cyclase’ (AlI7310, TTEMBL entry Q8YKI7), ‘sim-
ilar to adenylate cyclase’ (All3180, Q8YSA9) and a ‘hypo-
thetical protein’ (Alr1378, Q8YX39), although none of
them actually contained the adenylate cyclase domain
(Zhulin et al., 2003). In fact, annotation of signal transduc-
tion proteins as ‘unknown’, ‘hypothetical’, or ‘conserved
hypothetical’ proteins is quite common and is generally
considered to be appropriate. As we have argued earlier,
short of a systematic mistake in sequencing, a protein that
is conserved across diverse phylogenetic lineages should
not be considered hypothetical (Galperin, 2001). So what
could be an acceptable annotation of a novel signal trans-
duction protein in a newly sequenced genome? First of
all, it would be helpful to include the word ‘signalling’, as
in ‘signalling protein’. If domain analysis shows the pres-
ence of a well-characterized enzymatic domain, the pro-
tein should be annotated based on its enzymatic activity,
as a histidine kinase, adenylate cyclase, and so on. Pres-
ence of a periplasmic or membrane-bound sensory
domain should also be reflected in the name, making it,
for example, ‘sensory Ser/Thr-protein kinase’. Of course,
if the ligand specificity of the sensory domain is known,
that, too, should be reflected in the name, for example, in
‘osmosensory cAMP phosphodiesterase’, or ‘pH-sensing
histidine kinase’. Finally, if one can say nothing besides
the domain composition, annotation of the novel protein
should probably look as follows: ‘Predicted signal trans-
duction protein, containing PAS, GAF and HD-GYP
domains’. This would still be much better than ‘similar to
hypothetical protein’.

Concluding remarks: some unresolved problems

Despite significant progress made in the last several
years, we are still far from understanding many key
aspects of bacterial signal transduction. First of all, it is
often not clear which particular parameters are measured
by many sensor domains (Table 3). Osmolarity of the
medium, for example, affects the intracellular K* concen-
tration, the ionic strength in the cytoplasm, water content
of the cell and a number of other physico-chemical param-
eters. The effects of changes in the external pH values or
temperature are equally dramatic. Therefore, even for the
relatively well characterized pH- and osmosensors, the
exact nature of the signal often remains elusive (see Heer-
mann and Jung, 2004; for a recent review).

Second, the list of signalling domains is probably far
from complete and new domains of poorly defined func-
tion are still being described. For example, a predicted
hydrolase of HD superfamily (COG1639), which is found
mostly in stand-alone form, serves as the output domain
of the P, aeruginosa response regulator PA0267 and sev-
eral related proteins. However, it is not clear what is the
substrate of this predicted hydrolase and what (if any) is
the function of its inactivated variant in the V. cholerae
response regulator VC1081.

Third, there are many domains that are likely involved
in signalling but whose functions are still enigmatic. One
of the most conspicuous examples is the tryptophan-rich
sensory protein TspO/CrtK/MBR, an integral membrane
protein found in representatives of all domains of life, from
archaea to human (PF03073, COG3476). This protein,
often referred to as peripheral-type mitochondrial benzo-
diazepine receptor, contains five predicted transmem-
brane segments with 12-14 well conserved aromatic
amino acid residues, including seven Trp residues
(Yeliseev and Kaplan, 2000). It has been shown to
regulate photosynthesis gene expression in Rhodobacter
sphaeroides, nutrient stress in Sinorhizobium meliloti, and
to bind various benzodiazepins, tetrapyrrols and steroids,
including cholesterol, protoporphyrin IX, and many others
(Gavish et al., 1999; Davey and de Bruijn, 2000; Yeliseev
and Kaplan, 2000; Lacapere and Papadopoulos, 2003).
None of these functions, however, readily explains the role
of this domain in cells of B. subtilis or Archaeoglobus
fulgidus, which do not carry out photosynthesis and have
no known affinity to benzodiazepines or steroids.

Another important but still uncharacterized signalling
domain is PfoR, a predicted membrane protein found in
many bacteria and distantly related to the membrane
components of fructose- and sucrose-specific PTS
(ENIIC™, see COG1299). In Clostridium spp., pfoR genes
are located upstream of the genes encoding thiol-acti-
vated cytotoxins perfringolysin O, tetanolysin O and sep-
ticolysin, but PfoR does not seem to regulate toxin
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expression (Awad and Rood, 2002). In Streptococcus pyo-
genes, however, the pfoR-like sloR gene was shown to
affect streptolysin O expression, despite the fact that
these genes are not adjacent in the genome (Savic et al.,
2002). These examples clearly demonstrate that compar-
ative sequence analysis is but a first step, rather than a
panacea, and has to rely upon and be followed up by
experimental studies.

Besides delineating the domain ‘parts set’, understand-
ing of the signal transduction will require answering many
critical questions. The following is a selection of questions
that | consider most interesting and experimentally tracta-
ble within the next several years:

What are the exact biochemical activities of the
GGDEF and EAL domains?

What are the principal targets and mechanisms of the
c-diGMP action?

What is the function of the C-terminal CheY domains
in hybrid histidine kinases?

Are the effects of tandem sensory domains (e.g. PAS,
GAF) in a single protein additive or hierarchical (or both)?

What is the extent of crosstalk between different histi-
dine kinases and their response regulators in vivo?

Is there an order or hierarchy in signal transduction
from different membrane receptors sharing the same sen-
sory domain?

Although this selection primarily reflects personal bias,
| strongly believe that the time has come when these and
other critical questions about bacterial signalling can be
finally addressed. This would require combining a variety
of experimental and computational approaches, of which
genome analysis will be a significant part.
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Note added in proof

Recent analysis of the crystal structure of the citrate-binding
CitAP domain (Reinelt, S., Hofmann, E., Gerharz, T., Bott,
M., and Madden, D.R., 2003, The structure of the periplasmic
ligand-binding domain of the sensor kinase CitA reveals the
first extracellular PAS domain. J Biol Chem 278: 39189—
39196) and of the NMR structure of the fumarate-binding
domain of the sensor kinase DcuS (Pappalardo et al., 2003)
revealed a PAS-like fold in both of these periplasmic domains.
These data further expand the diversity of substrates that can
be bound by PAS domains and show that PAS domains can
function outside the cytoplasm.
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