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Abstract

Background: A great diversity of multi-pass membrane receptors, typically with 7 transmembrane
(TM) helices, is observed in the eukaryote crown group. So far, they are relatively rare in the
prokaryotes, and are restricted to the well-characterized sensory rhodopsins of various
phototropic prokaryotes.

Results: Utilizing the currently available wealth of prokaryotic genomic sequences, we set up a
computational screen to identify putative 7 (TM) and other multi-pass membrane receptors in
prokaryotes. As a result of this procedure we were able to recover two widespread families of 7
TM receptors in bacteria that are distantly related to the eukaryotic 7 TM receptors and
prokaryotic rhodopsins. Using sequence profile analysis, we were able to establish that the first
members of these receptor families contain one of two distinct N-terminal extracellular globular
domains, which are predicted to bind ligands such as carbohydrates. In their intracellular portions
they contain fusions to a variety of signaling domains, which suggest that they are likely to transduce
signals via cyclic AMP, cyclic diguanylate, histidine phosphorylation, dephosphorylation, and through
direct interactions with DNA. The second family of bacterial 7 TM receptors possesses an o-helical
extracellular domain, and is predicted to transduce a signal via an intracellular HD hydrolase
domain. Based on comparative analysis of gene neighborhoods, this receptor is predicted to
function as a regulator of the diacylglycerol-kinase-dependent glycerolipid pathway. Additionally,
our procedure also recovered other types of putative prokaryotic multi-pass membrane associated
receptor domains. Of these, we characterized two widespread, evolutionarily mobile multi-TM
domains that are fused to a variety of C-terminal intracellular signaling domains. One of these
typified by the Gram-positive LytS protein is predicted to be a potential sensor of murein
derivatives, whereas the other one typified by the Escherichia coli UhpB protein is predicted to
function as sensor of conformational changes occurring in associated membrane proteins

Conclusions: We present evidence for considerable variety in the types of uncharacterized
surface receptors in bacteria, and reconstruct the evolutionary processes that model their
diversity. The identification of novel receptor families in prokaryotes is likely to aid in the
experimental analysis of signal transduction and environmental responses of several bacteria,
including pathogens such as Leptospira, Treponema, Corynebacterium, Coxiella, Bacillus anthracis and
Cytophaga.
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Background

Cells have evolved several strategies to recognize and
respond to diverse stimuli that constantly bombard their
cell surfaces. The most common strategy involves recep-
tors that are embedded in the cell membranes [1,2]. Typ-
ically, these receptors comprise of an external sensory
surface, a membrane-spanning module, and an intracellu-
lar surface that transmits signals to the internal cellular
machinery. Numerous receptors, which are constructed
on this basic architectural principle, are known from all
the three domains of life. Particularly common, in both
eukaryotes and prokaryotes, are the receptors that com-
bine an extracellular ligand-binding domain with a single
transmembrane segment followed by an intracellular sig-
naling module [1,2]. In bacteria, the most frequently
occurring intracellular signaling domain is the histidine
kinase domain that ultimately catalyzes phosphotransfer
to a receiver domain, as part of a two-component relay
system [3-5]. In the more complex crown group eukaryo-
tes, receptors with an intracellular kinase domain that cat-
alyzes the phosphorylation of serine, threonine or
tyrosine, are the most common receptors [6,7]. In both
eukaryotes and prokaryotes, receptors with intracellular
catalytic domains that signal via diverse cyclic nucleotides
are also fairly widespread. In contrast, certain classes of
receptors are relatively limited in their distribution. For
example, the classic bacterial-type chemotaxis and tem-
perature receptors are thus far restricted to prokaryotes
[8,9].

Amongst the crown group eukaryotes, such as slime
molds, fungi and animals, serpentine or seven-transmem-
brane receptors (7TMR) are a very widely used class of
receptors. Members of this class are characterized by seven
membrane-spanning segments, which are arranged
approximately in two-layers [10,11]. In some cases such
as thodopsin, a light receptor, they may covalently bind a
prosthetic group like retinal in the cavity formed by the
helices. Alternatively, they bind to a variety of soluble or
surface-anchored ligands such as odorants, neurotrans-
mitters and peptides [11]. In certain cases, such as the ani-
mal metabotrobic glutamate receptors, frizzled and
latrophilin-like receptors, the 7TMRs possess additional
extracellular globular domains that specifically interact
with their ligands. The structural scaffold of the 7TMRs
apparently possesses a great degree of flexibility that
allows them to sense a remarkable diversity of ligands,
such as odorants, in animals [12]. As a result, the 7TMRs
form some of the largest multigene families in the
genomes of vertebrates and nematodes [13]. In animals
the 7TMRs predominantly function via heterotrimeric
GTPases (G-proteins), which in turn relay a signal to a
variety of effectors, such as adenylyl cyclases, phospholi-
pases and ion channels. In the fungi, the 7TMRs addition-
ally activate signaling via Ras-like small GTPases, while in
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Dictyostelium they may also directly activate MAP kinase
cascades and calcium channels though alternative path-
ways [11]. There is also some evidence for G-protein-inde-
pendent pathways downstream of 7TMRs in animals and
plants [11,14].

Though 7TMRs are currently unknown in eukaryotes
other than animals, slime molds, fungi and plants, dis-
tantly related proteins, namely the prokaryotic rho-
dopsins, are encountered in bacteria and archaea [15,16].
The animal and the prokaryotic rhodopsins widely differ
from each other in the residues that bind retinal and the
actual location of the ligand in the internal pocket. How-
ever, structural comparisons between the animal rho-
dopsins and the prokaryotic proteins reveal that they
adopt essentially the same topology and three-dimen-
sional fold [10,17,18]. This suggests that they have most
probably descended from a common ancestor despite
extensive divergence of their sequence. The prokaryotic
rhodopsins perform several different functions: 1) Classi-
cal bacteriorhodopsin and halorhodopsin from halo-
philic archaea and the proteorhodopsins from uncultured
marine y-proteobacteria act as photon-dependent proton
or chloride transporters [19]. 2) The sensory rhodopsins
from halophilic archaea function as light sensors that
transmit a signal in the form of a light-induced conforma-
tional change to the transmembrane helices of receptors
of the chemotaxis receptor family [16]. 3) The signaling
rhodopsins from cyanobacteria, like Anabaena, function
as light receptors that transduce a signal via a small intra-
cellular conserved protein that is only found in bacteria
[20].

Additionally, relatives of these prokaryotic rhodopsins are
also found in several eukaryotes such as chlorophytes,
dinoflagellates and fungi. While they appear to be light
sensors in these organisms, their exact mode of action is
poortly understood [21].

The prevalence of prokaryotic thodopsins raises the ques-
tion as to whether other, as-yet-uncharacterized 7TMRs
might be deployed in prokaryotic signaling. The availabil-
ity of prokaryotic genome sequences from across a wide
phyletic spread allows one to address this question by
using comparative genomics. Comparative genomics has
extensively aided the detection of novel domains involved
in signal transduction [22-27]. Furthermore, the use of
contextual information that emerges from gene neighbor-
hoods or predicted operons in prokaryotes and domain or
gene fusions has provided several functional leads regard-
ing the novel signaling domains [28]. Conserved gene
neighborhoods or operons are often indicative of the
products of those genes interacting physically to form
complexes, or their involvement in successive steps of bio-
chemical pathways [29,30]. Likewise, gene fusions also
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suggest the close physical interactions between the prod-
ucts of the fused genes. Recurrent fusions of uncharacter-
ized domains with other functionally characterized
domains also help in elucidating the functions of the
former through the principle of "guilt by association”
[31,32]. New genomic information coming from diverse
organisms often improve these analyses, because they
provide newer contextual connections and allow testing
of previously observed connections. The increasing flow
of genomic information also helps in the identification of
new domains that are absent or infrequent in the pro-
teomes of well-studied organisms.

In this work, we apply the tools of sequence profile anal-
ysis and comparative genomics to the wealth of new infor-
mation from prokaryotic genomes to identify novel
membrane-associated receptors. We identify new types of
bacterial 7TMRs, and show that they are far more preva-
lent than previously suspected. They transduce down-
stream signals via various intracellular pathways and are
likely to play an important regulatory role in several path-
ogenic and free-living bacteria. These bacterial 7TMRs are
also associated with novel, extracellular, ligand-binding
domains, some of which appear to have undergone line-
age specific radiation to recognize diverse ligands. These
bacterial receptors may also provide a model for the gen-
eralized principles of 7TMR function, and even help in
understanding non-G protein linked signaling mecha-
nisms via analogous receptors in eukaryotes. We also
identified two other groups of widespread membrane-
associated receptors, with five and eight membrane-span-
ning segments respectively, in diverse bacterial lineages.

Results and Discussion

Identification of novel putative receptors in bacterial
proteomes

In order to characterize potential novel domains that may
play a role in bacterial signal transduction we collated all
available predicted proteomes of prokaryotes from across
the entire phyletic spectrum (For details see Methods sec-
tion below). We laid particular emphasis on including all
the recently sequenced proteomes that had not been sub-
jected to sensitive comparative sequence analysis by oth-
ers or us. Using sensitive PSI-BLAST derived profiles, we
collected all the proteins in these proteomes that con-
tained one or more of the commonly occurring domains
involved in signal transduction, such as the histidine
kinase, chemotaxis receptor, GGDEF, EAL, HD hydrolase,
PAS and GAF domains [3,22,33]. In order to identify dif-
ferent kinds of novel signaling receptors, we isolated all
proteins in this set which satisfied at least one of the fol-
lowing criteria: 1) They possessed multiple (three or
more) membrane-spanning seqments that could be pre-
dicted in them using the TOPRED [34], TMPRED |[35],
TMHMM?2.0 [36] and PHDhtm [37] programs. This
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allowed us to enrich potential multi-TM signaling recep-
tors that are distinct from the common single-pass (1TM)
or double-pass (2TM) receptors. 2) They showed large
globular extracellular regions that could not be mapped to
any other previously characterized domains. This allowed
us to identify potential uncharacterized extracellular
domains that may function as extracellular sensors.

The regions from signaling proteins fulfilling the above-
specified criteria were then clustered based on gapped-
BLAST bit-score densities in the range of 0.8 to 0.4 per
position, using the BLASTCLUST program. We specifically
concentrated on those regions that formed distinct clus-
ters with multiple representatives from the same or differ-
ent organisms because they were likely to represent
evolutionarily conserved domains with functional rele-
vance in a wide range of organisms. We then used repre-
sentative versions of each these regions of similarity as
seeds in PSI-BLAST searches of the non-redundant protein
database (NR database, National Center for Biotechnol-
ogy Information). Through these searches, we were able to
identify all currently available occurrences and character-
ize the diverse domain contexts in which they occurred. In
searches involving membrane-spanning regions, we took
care to avoid the inclusion of false positives arising due to
their bias towards hydrophobicity. To achieve this, all
searches were conducted using the correction for PSI-
BLAST-statistics based on sequence composition [38] and
the e-value threshold for inclusion in the profile was set at
.001. We also ensured that all the detected TM domains
were approximately the same size and adopted the same
topology in predictions with the above-mentioned algo-
rithms for TM prediction. Finally, we used reciprocal
searches to determine whether a consistent set of proteins
were recovered from different starting points with signifi-
cant e-values (e <.001), and examined the sequence align-
ments for characteristic patterns that could distinguish
them from other membrane proteins.

We describe below the novel classes of bacterial mem-
brane receptors that were identified as a result of this anal-
ysis and the potential gleanings regarding their functions.

Characterization of a bacterial family of seven
transmembrane receptors with diverse intracellular
signaling modules

The proteins PA4856 from Pseudomonas aeruginosa and
TP0040 from Treponema pallidum emerged as representa-
tives of a large cluster of proteins identified in our recep-
tor-search  procedure. These proteins shared a
homologous transmembrane domain with 7 predicted
membrane-spanning helices (Figure 1) fused to histidine
kinase catalytic domains and receiver domains in the case
of PA4856, and a chemotaxis receptor domain in the case
of TP0040 (Figure 2). An examination of their predicted
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Multiple sequence alignment of the 7TM domains of the 7TMR-DISM family. Multiple sequence alignment the
7TMR-DISM family was constructed using T-Coffee [73] after parsing high-scoring pairs from PSI-BLAST search results. The
PHD-secondary structure [78] is shown above the alignment with | representing an a-helix. The 85% consensus shown below
the alignment was derived using the following amino acid classes: hydrophobic (h: ALICVMYFW, yellow shading); small (s:
ACDGNPSTYV, green) and polar (p: CDEHKNQRST, blue). The limits of the domains are indicated by the residue positions, on
each end of the sequence. The two major groups of these receptors, typically associated with either 7TMR-DISMED2s (upper
group) or 7TMR-DISMED Is (lower group), are separated by a spacer. The numbers within the alignment are non-conserved
inserts that have not been shown. The sequences are denoted by their gene name followed by the species abbreviation and
GenBank Identifier (gi). The species abbreviations are as provided in Table I. This alignment is provided as an additional file in

the MS-WORD format (additional file I).

membrane-spanning topology showed that it was identi-
cal to that observed in the eukaryotic 7TM receptors and
the prokaryotic thodopsins, with the N-terminus project-
ing into the extracellular (or periplasmic) space and the C-
terminus into the intracellular space (Figure 2). Further-
more, they were approximately the same size as the
prokaryotic rhodopsins and eukaryotic 7TMRs (250-300
residues) and did not deviate in terms of the size distribu-
tion of the inter-helix loops from the latter class of pro-
teins. In order to further investigate their affinities and
phyletic spread, we initiated PSI-BLAST searches with
these proteins. These searches recovered numerous
homologous 7TM domains from several proteobacterial
lineages, such as Azotobacter, Rhizobia, Pseudomonas,
Vibrio, Coxiella and Xylella, spirochetes like Treponema and

Leptospira, Gram positive bacteria, like Clostridia and
Bacillus halodurans, and other bacterial lineages, such as
Cytophaga and Chlorobium (Figure 1, Table 1). In particu-
lar, several proteins with these 7TM domains were seen in
Cytophaga hutchinsonii (13 copies) and Leptospira interro-
gans (14 copies) (Table 1). All complete versions of these
domains were predicted to possess a characteristic topol-
ogy with an outward facing N-terminal region and cyto-
plasmic C-terminus. The seven predicted TM helices
corresponded precisely with the seven hydrophobic seg-
ments that were strongly conserved in all these proteins.
When a profile including all the above-detected bacterial
7TMR domains was used to search the NR database, the
eukaryotic 7TMR receptor domains of latrophilin (gi:
4185804), ETL (gi: 4423362) and a 7 TMR domain
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Figure 2

Phylogenetic tree, domain architectures and gene neighborhoods of the 7TMR-DISM family. Phylogenetic rela-
tionships of the 7TMR-DISM domain containing proteins along with the domain architectures are shown. The seed alignment
used for constructing the tree was one similar to that shown in Fig. |. The RELL bootstrap values for the major branches are
shown at their base. The thickness of a given branch is approximately proportional to the number of proteins contained within
it. Domain architectures of the proteins in each branch of the tree are shown in boxes pointed to by the black arrows. The
phyletic pattern of each family is shown, along with the number of proteins (if there are more than one). The gene neighbor-
hood data for some of the genes encoding 7TMR-DISM encoding genes is depicted using block arrows. A red arrow indicates
the domain architectures of proteins encoded by each gene. The species abbreviations are as shown in Table |. Domain abbre-
viations are: DISMED| — 7TMR-DISMED |; DISMED2 — 7TMR-DISMED?2; A. cyclase-Adenylyl cyclases; GGDEF-GGDEF-motif-
containing nucleotide cyclase domains; His Kin — Histidine Kinase; EAL-EAL motif containing cyclic nucleotide phosphodieste-
rases; REC — Receiver domain; PAS-Ligand binding domain found in Drosophila Period clock proteins, vertebrate Aryl hydrocar-
bon receptor nuclear translocator and Drosophila Single minded proteins; ZR, Zinc Ribbon HTH; Helix-Turn-Helix domain (of
AraC, OmpR and TetR variety); PP2C — Sigma factor PP2C-like phosphatases ; TPR — etratricopeptide repeats; CTR — Chem-
otaxis receptor domain; HAMP — domain present in Histidine kinases, Adenylyl cyclases, Methyl-accepting proteins and Phos-
phatases.

encoded by the prawn nidovirus (gi: 9082017) were A sequence alignment of the 7TM domains that were
recovered as the best hits (e-values = 10-2-3 x 10-3) outside ~ recovered in these searches showed that they shared a
of the bacterial family. characteristic pattern of sequence conservation (Figure 1)
including two well-conserved polar residues at the C-ter-
mini of the first and the last helix (typically basic
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Table I: Phyletic patterns and number of proteins *
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Domain

Firmicutes

Proteobacteria

Actinomycetes Cyanobacteria

Spirochetes

other

7TMR

7TMR-HD

5TMR-LYT

8TMR-UT

7TMR-
DISMEDI

7TMR-
DISMED2

Bhal (2); Cace; Ddeh; Dhaf
()

Bsub; Bant; Cace (2); Cper;
Ctet; Cthe; Dhaf; Efae (2);
Linn; Lmon; Oihe; Tten.
Bsub (2); Bant (2); Cace;
Ctet; Linn; Lmon; Oihe;
Ooen; Saga (2); Sau (2); Sepi;
Smut; Tten.

Llac

Bhal (3); Cace; Ddeh; Dhaf

Dhaf

Alpha— Atum; Bjap; Bmel;
Ccre; Mmag (2); Rpal; Rrub (2);
Smel. Beta— Rmet (2); Rsol.
Gamma- Avin (4); Cbru; Mdeg
(2); Paer (4); Pflu (2); Pput (2);
Psyr (2); Sone (2); Xcam (2); Xf;
Vvul Delta— Ddes.
Unclassified— Msp (2)

Delta— Gmet. Unclassified—
Msp.

Alpha- Rsph; Rrub. Gamma-—
Ec (2); Styp; Sone (2); Vcho;
Ypes. Delta— Ddes; Gmet.

Alpha- Bjap (2); Ccre; Mlot;
Naro; Rsph; Smel (4). Beta—
Bfun; Rmet (2); Rsol. Gamma-—
Ec (8); Mdeg (3); Pmul; Paer;
Pput (2); Styp (4); Sone(2); Sfle
(2) Vcho; Vpar; Xcam (2); Ypes
Delta— Ddes; Mxan
Unclassified— Msp.

Alpha—- Ccre Beta—- Rmet (2);
Rsol. Gamma-— Mdeg; Xcam
@:-

Alpha— Atum; Bjap; Bmel;
Mmag (2); Rpal; Rrub (2); Smel.
Gamma- Avin (4); Cbru; Mdeg
(2); Paer (4); Pput (2); Psyr (2);
Sone (2); Xf; Vvul. Delta—
Ddes. Unclassified— Msp.

- Ana; Npun (2); Pmar
(2); Syn; Ssp; Tery

Cglu; Tfus; Scoe.  Ana; Syn; Ssp (3).

Lint (14); Tpal.

Lint; Tpal.

Lint

Lint (9)

Lint (4)

Chut (13); Ctep.

Cpne; Caur; Fnuc (2);
Tmar.

Drad (2); Fnuc (2)

Caur ESV

Chut (13)

*Firmicutes: Bant — Bacillus anthracis; Bsub — Bacillus subtilis; Bhal — Bacillus halodurans; Cace — Clostridium acetobutylicum; Cper — Clostridium
perfringens; Ctet — Clostridium tetani; Cthe — Clostridium thermocellum; Ddeh — Desulfitobacterium dehalogenans; Dhaf — Desulfitobacterium hafniense; Efae
— Enterococcus faecium; Llac — Lactococcus lactis; Linn — Listeria innocua; Lmon — Listeria monocytogenes; Oihe — Oceanobacillus iheyensis; Ooen —
Oenococcus oeni; Saga — Streptococcus agalactiae; Saur — Staphylococcus aureus; Sepi — Staphylococcus epidermidis; Smut — Streptococcus_mutans; Tten —
Thermoanaerobacter tengcongensis. Alphaproteobacteria: Atum — Agrobacterium tumefaciens; Bjap — Bradyrhizobium japonicum; Bmel — Brucella
melitensis; Ccre — Caulobacter crescentus; Mmag — Magnetospirillum magnetotacticum; Mlot — Mesorhizobium loti; Naro — Novosphingobium
aromaticivorans; Rsph — Rhodobacter sphaeroides; Rpal — Rhodopseudomonas palustris; Rrub — Rhodospirillum rubrum; Smel — Sinorhizobium meliloti.
Betaproteobacteria: Bfun — Burkholderia fungorum:Rmet — Ralstonia metallidurans; Rsol — Ralstonia solanacearum. Gammaproteobacteria: Avin —
Azotobacter vinelandii; Cbru — Coxiella brunettii; Ec — Escherichia coli; Mdeg — Microbulbifer degradans; Pmul — Pasteurella multocida; Paer — Pseudomonas
aeruginosa; Pflu — Pseudomonas fluorescens; Pput — Pseudomonas putida; Psyr — Pseudomonas syringae; Styp — Salmonella typhimurium; Sone — Shewanella
oneidensis; Sfle — Shigella flexneri; Vcho — Vibrio cholerae; Vpar — Vibrio parahaemolyticus; Vvul — Vibrio vulnificus; Xcam — Xanthomonas campestris; Xf —
Xylella fastidiosa; Ypes — Yersinia pestis. DeltaProteobacteria: Ddes — Desulfovibrio desulfuricans; Gmet — Geobacter metallireducens; Mxan —
Myxococcus xanthus. Unclassified Proteobacteria: Msp — Magnetococcus sp. Cyanobacteria: Ana — Anabaena sp.; Npun — Nostoc punctiforme;
Pmar — Prochlorococcus marinus; Syn — Synechococcus sp.; Ssp — Synechocystis sp.; Tery — Trichodesmium erythraeum. Spirochetes: Lint — Leptospira
interrogans; Tpal — Treponema pallidum. Actinobacteria: Cglu — Corynebacterium glutamicum; Tfus — Thermobifida fusca; Scoe — Streptomyces coelicolor.
Other:Cpne — Chlamydophila pneumoniae; Ctep — Chlorobium tepidum; Caur — Chloroflexus aurantiacus; Chut — Cytophaga hutchinsonii; Drad —
Deinococcus radiodurans; ESV — Ectocarpus siliculosus virus; Fnuc — Fusobacterium nucleatum; Tmar — Thermotoga maritima. The number of proteins (if
more than one) is given in parenthesis. Incomplete genomes are underlined.

residues). A comparison of these 7TM domains against a
library of PSI-BLAST profiles and hidden Markov models
(See Methods for details) for previously characterized
membrane proteins gave the nematode 7TM receptor fam-
ily and the prokaryotic rhodopsins as the top-scoring hits
(e-values ~.01-.05), suggesting a closer relationship with
the classic 7TM receptor families to the exclusion of vari-
ous other membrane-associated proteins (e-values ~.9-
3.5). An examination of the domain architectures of these
7TM proteins reveals considerable diversity around a
shared basic architectural blue print. At their N-terminus,
these 7TM domains were either directly preceded by a pre-
dicted signal peptide, or by different extracellular globular
modules, analogous to the domain organization of the

animal metabotropic glutamate receptors. At their C-ter-
mini they were typically fused a range of catalytic and
non-catalytic signaling domains (Figure 2). The former
category includes the quintessential bacterial two-compo-
nent-system-modules, namely the histidine kinase and
receiver domains, cyclic diguanylate signaling enzymes
such as the GGDEF-type cyclase and EAL-type phosphodi-
esterase domains, c(NMP generating cyclases and PP2C
phosphatases [3,22,39,40]. The non-catalytic domains
include the PAS, chemotaxis receptor, TPR, and HAMP
domains [8,26,27,41-43]. Interestingly, three DNA bind-
ing domains, the AraC-type HTH [44], the OmpR-type
HTH [45,46] and the bacterial I1S1-like Zn finger domains
(VA & LA unpublished), are also fused C-termini of cer-
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tain 7TM receptors from Leptospira and Cytophaga (Figure
2). While a small subset of the receptors lack any intracel-
lular domains, they could non-covalently associate with
soluble catalytic domains on their intracellular surface.
Hereinafter, we refer to these bacterial receptors as 7TMR-
DISM (for ZTMreceptors with diverse intracellular signal-
ing modules).

The great diversity of domain architectures of the 7TMR-
DISM family, particularly in terms of their intracellular
modules, suggests that they activate number of different
intracellular signals in response to different external lig-
ands. With respect to transmitting different cytoplasmic
signals via their intracellular regions they resemble the
eukaryotic 7TMRs, rather than the prokaryotic bacteri-
orhodpsins, which are mainly photon-dependent ion
pumps. The presence of intracellular DNA-binding
domains in certain 7TMR-DISMs suggests that they may
take advantage of the non-compartmentalized state of the
chromosome in bacteria to directly bind DNA and regu-
late transcription in response to ligand-induced confor-
mational changes. Additionally, analysis of the gene
neighborhoods reveals that in Ralstonia, Pseudomonas and
Leptospira the genes encoding 7TMR-DISMs form pre-
dicted operons with HTH-transcription factors with
receiver domains. These are likely to represent two-com-
ponent systems in which the transcription factors are
modulated by the signal-activated 7TMR-DISM proteins
(Figure 2). The presence of TPR repeats in the intracellular
regions of certain 7TMR-DISMs is reminiscent of compo-
nents of eukaryotic signaling systems [42]. These repeats
may act as structural scaffolds that link the 7TMR-DISMs
to intracellular protein complexes.

The identification and functional analysis of the novel
extracellular ligand-binding domains of 7TMR-DISM
proteins

The N-termini of most 7TMR-DISMs are linked to large
extracellular regions that are predicted to assume a globu-
lar structure. As these regions were also recovered in our
procedure for identifying novel extracellular ligand-bind-
ing domains of receptors, we investigated them in greater
detail. Clustering using BLASTCLUST showed that most of
these extracellular domains associated with the 7TMR-
DISMs fell in either of two distinct clusters. While some of
the extracellular regions did not initially fall into any of
the clusters, iterative PSI-BLAST searches with representa-
tive seed sequences unified all these extracellular regions
with one or the other cluster. This suggested there are two
distinct varieties of extracellular domains associated with
the bacterial 7ZTMR-DISMs, which we accordingly refer to
as 7TMR-DISMED1 and 7TMR-DISMED2 (for 7TMR-
DISM extracellular domains 1 and 2).

http://www.biomedcentral.com/1471-2164/4/34

Iterative PSI-BLAST searches of the NR database with
7TMR-DISMED1 additionally recovered a globular
domain inserted in the middle of the sialate acetylesterase
domain from various proteobacteria (e-value = 10-3-10-5
iteration 3), and in subsequent iterations carbohydrate
metabolism enzymes (e-value = 10-2-10- iteration 4-5)
such as B-galactosidases, B-mannosidases and B-glucuro-
nidases [47,48]. For example, a search with the 7TMR-
DISMED1 from the protein LA2676 from Leptospira recov-
ered the insert domain of the sialate acetylesterases in iter-
ation 3 (eg. Mdeg0217, Microbulbifer degradans, e = 10-4),
B-galactosidase in iteration 4 (LacZ, E. coli, e = 10->) and
glucuronidases in iteration 6 (eg. GUS, Homo sapiens, e =
10-2). The 7TMR-DISMED1 corresponds precisely to a dis-
tinct domain in the galactosidases and the glucuronidases,
which is seen to adopt a B-jelly roll topology in their crys-
tal structures [49] (Figure 3A). These domains function as
accessory carbohydrate binding domains, rather than cat-
alytic domains of the enzymes in which they occur [49].
An examination of the sequence alignment (Figure 4)
shows that the 7TMR-DISMED1s and the B-jelly roll
domain of the carbohydrate-metabolism enzymes share
several conserved residues, including certain characteristic
aromatic positions. The sequence alignment also suggests
that the 7TMR-DISMED1s are likely to preserve the spa-
cious cavity of these jellyrolls with a characteristic triangu-
lar outline (Figure 3A). The projection of some of the
highly conserved residues into this cavity (Figures 3A and
4) suggests that the core structure of the ligand-binding
pocket is also likely to be conserved across all these pro-
teins. These observations imply that the 7TMR-DISMs
with the 7TMR-DISMED1 are most likely to function as
receptors for carbohydrates or related derivatives.

In contrast to the 7TMR-DISMED1s, the 7TMR-DISMED2
domains did not recover any statistically significant hits to
sequences with known structures. However, secondary
structure prediction based on the multiple sequence align-
ment predicted that the 7ZTMR-DISMED2s are likely to
adopt an all B-fold with at least 8 extended regions (Figure
5). The average size of the domain and the distribution of
the lengths of the extended regions matched that of sev-
eral carbohydrate-binding domains, such as the discoidin
domain, the cellulose binding domains of cellulases and
the fucose-binding domain, which share a common jelly
roll topology with the 7TMR-DISMED1s [50,51]. Hence,
it is plausible that the 7TMR-DISMED2s represent yet
another distinct superfamily of the carbohydrate binding
jelly roll fold. This would imply that the 7TMR-
DISMED2s could also potentially function as sensors for
carbohydrate or related ligands.

Previous studies have shown that mapping of residues
conserved in specific subgroups of a protein family on the
surface view of a representative structure of that domain
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ligand binding
cavity

Figure 3

Models of 7TMR-DISMED| and the TM domain of
the 7TMR-DISMs. (A) Prototype of the B-jellyroll seen in
7TMR-DISMED, sialate 9-O-acetylesterases, 3-glucoroni-
dases and -glucosidases. The B-jellyroll domain shown here
is a cartoon representation of the domain from the crystal
structure of -galactosidase (PDB:1GHO). Conserved resi-
dues typical of the 7TMR-DISMED| are shown in ball stick
representation. "a" stands for a conserved aromatic position.
(B) A homology model of the TM domain of the 7TMR-
DISMs showing the distribution of conserved residues in the
7TMR-DISMs with 7TMR-DISMED | domains. The model was
constructed using bacteriorhodopsin (PDB: 1 C3W) and
bovine retinal rhodopsin (PDB:|F88) as templates. The N
terminus of the 7TMR-DISM domain, where the extracellular
domain is attached, is shown in yellow. The red color shows
the distribution of residues on the external surface, which
are uniquely conserved in 7TMR-DISMs with 7TMR-
DISMED Is. This set of proteins essentially corresponds to
the lower group of sequences in Fig. I.

may throw light on regions involved in specific interac-
tions of those subgroups [52,53]. As such analysis could

http://www.biomedcentral.com/1471-2164/4/34

throw more light on the mechanisms of action of 7TMR-
DISMs, we constructed a homology model for the 7TM
domain of a representative bacterial receptor using the
vertebrate visual rhodopsin and the bacteriorhodopsin as
templates. We then plotted the residues conserved in the
two major subgroups (see below) of 7TMR-DISMs on to
the surface view of this model. Several residues that were
specifically conserved in the 7TMR-DISMs, which pos-
sessed 7TMR-DISMED1s, formed distinctive patches on
the rim of the tubular 7TM structure (Figure 3B). These
regions could represent regions of contact between the
extracellular (or periplasmic) 7TMR-DISMED1 and the
outer surface of the 7TM domain. This would imply that
the alterations of the contacts between the extracellular
domain and the 7TM domain upon ligand-binding, are
likely generate the necessary conformational change for
propagating an internal signal. The domain-architectural
organization of most of the 7TMR-DISMs closely resem-
bles that of the animal glutamate receptors and vertebrate
taste receptors [11,54]. Hence, it is possible that these
receptors could act through a similar mechanism in which
the signal is relayed via an interplay between the extracel-
lular ligand-binding domain and the 7TM domain.

Evolutionary diversification of the 7TMR-DISMs in
bacteria

We analyzed the evolutionary history of the 7ZTMR-DISMs
by constructing phylogenetic trees with the alignments of
the conserved 7TMR domains using the neighbor-joining,
least square and maximume-likelihood methods (Figure
2). These trees showed that the 7TMR-DISMs were divided
into two major clusters that corresponded to forms fused
to either 7TMR-DISMED1 or 7TMR-DISMED? at their N-
termini. A small number of proteins in either group
lacked a distinct extracellular globular domain, suggesting
secondary loss of these domains. Phyletic pattern of the
7TMR-DISMs is patchy: two relatively closely related bac-
teria may differ in having or lacking a gene for such a
receptor, whereas two distantly related bacteria may pos-
sess closely related receptors. The phylogenetic tree shows
that forms from distantly related bacteria occasionally
group together, with statistically significant support for
their grouping (Rell BP>80%, for 10000 boot strap repli-
cates). For example, one such well-supported cluster (Fig.
2) contains proteins from phylogenetically distant bacte-
ria, such as, GC Gram positive bacteria, spirochaetes and
B-proteobacteria. This suggests a dynamic history for the
7TMR-DISM genes, which as in the case of many other
bacterial signaling proteins, is likely to have involved lat-
eral transfer between distantly related taxa and sporadic
gene loss.

However, the most striking pattern observed in the evolu-
tionary tree of the 7TMR-DISMs was the presence of mul-
tiple well-supported clusters (Rell BP~70-100%)
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Desu7352_Dhaf_23121831 50 SDQVVPL L AANVIQVPGF IDHAR- YRLTIKLKI
Desul8l7_Dhaf 23113315 54 EDGIIEL PPALTGFVNVLFNWV=— -~~~ GKLDETKLTGM- ===-GSGTYRLLVKNMPSE---KV
BH1549_BE31_15174156 55 TEQTITLDGEWAFYPSTWLI— 3 NALSIEV! VL - I MT
Desu7142_Dhai_23121547 17 RDKTVKLSGEWEFYFGQLLT- 2 GKTIQNVPASWGS-: YQIEGEHLPPQ- ~GSATYRLRILLPAEG---GN
hrdZZ-l_Ddeh_6466333 16 DDGIIELNGEWEFYWGQLLS- 3 MTGYLNVLSDWI-- GNLDQTQLAAM-

Desul754_Dhaf_ 23113246 58 KDRSVFLNGEWDFYPGKLLQ- THYFMKV LOKSR

LA0289_Lint_24212989 49 QHGPVALQGDWIFRWKEFIK- KNRIMPVPKAWTRI-- -GIATYFLKVILPENLS-SNN
LBZAI_Eint_E4202368 75 NIESINLKGNWEFCWDQWIP---PNAEESQW 3 CNGFYPAPAYWKF-- ~GKATYRLKVILPTSF--HDS
LAOBIS_Lint_24213515 46 K-NTVQLDGNWEFYWKELTH---GNFTTPK- NTSYFPVPGIW--——————=—-] ==-GYATYRLRVLCECIN---KN
LA3610_Lin(‘._24216308 33 DFGMTKLNGEWEFSWLQGPE---KGIENH-- SVEFIGV! YRLKVFLPEIWK-KKI
CAC0818_Cace_15894105 31 VYKGNINLKNYDFDKNKIVKLE-GQLELYNN 12 SSRYLTVPSELKD---==n==m==-~ GKVDEYMTLHLMVQAKD-~--DVV
LA3614_Lint_24215313 34 FAFPIDLTKDWKIISGKNLNAS-IKDVSWK- ELKSLPIPEDSISF. T LA-LDG
LAZIQE_Lint_24214395 23 EENFQDLSGIWEVYVSLVSEDL-QTNKNLKQ 3 RWEPIPIPSNLKDF- SSNEEILLRKQFDFRNVA--DTS
LA2676_Lint_24215376 95 VSLDSTKEHGWEITLQKIDPVA-FSDSYLKG 8 EAYEAPGVYIL-. SIQTAFIVKKFIAPKNWK--GSG
LA0027_Lint_24212727 58 SFLKNKKEKLNIETNSREKES--KDFKNWK-  LITRFPVNFNFLF- DVTVKVEFSIHSDSIFLTFLKQP
CyaAls_Lint_24217179 24 WKPIDLRKGNWIAVEGFQREYL-NGIDSTFS 3 KISHFPVVLNEIF- EYTLOQTRFHIQEDFQKTKV-YKP
Reut4832_Rmet_22980118 46 TAQCSVRILTVST 5 QWRSVTLPDDWNR: RIDWORECPGTLREP
Reut4777_Rmet_22980062 144 VLLAGAA TRI 6 GWVPVSLPDIWST-mmmmmmmmmmmmm GFDGVVWYRLSWQGADP---RQP
Mdeg0217_Mdeg_23026370 246 INSDKKAQ PWYA 6 Q TL
XCC1753_Xcam_21112846 227 QAATGKRIGRWPK Q 6 DWDSIP S GMDGIAWYRTTFTLTAAEA-KAG
XCC4103_XCam_21233525 234 AAPRWGKL 2 PGAWQPAPATLGAWD: GFNGMVWYRSTVELTAAQA-AQD
C87348_Ccre_25395225 227 ARDPALGVARWSQSLGRWADAKIFMKGHEK 6 AWKI Q) GFDGTVWLRLELTLTKAQA-AQG
lacz_Ec_18073591 54 SQQLRSL 4 EADTVVV DA-. 6 TENPTGCYSLTFNVDESWLQEGQ
1301:1-6;1_149556 50 SSLVQSLDGDWLIDYAENG----QGPVNFYA 6 NFKSVKVPGNLELQGFGQ-: 10 SKNPLASYVRYFDLDEAFW-DKE
lacL_Lpla_ZB379799 38 SRFIKSLNGAWRFNFAKTPA---ERPVDFYQ 6 DFDTIQVPGHIELAGYGQ- 23 ADNTVGSYLKTFDLDDVFK-GQR
LACA_KIEC_173305 29 QDIFESLNGPWAFALF! 7 KWSTIS QEDWKYGKPIYTNVQYPIPI 6 TVNPTGVYARTFELDSKSIESFE
ebgA_Ec_26110092 97 SSLFLPL 'HFFDHPL---Q TS 4 DWGHITV PFPI 6 SDNPTGAYQRIFTLSDGWQ-GKQ
LACZ_Kpne_114941 55 SSRRRQLDGSG-SSLTPAAR---LI VI 4 DCRGTPV ---PIYTNVRYPIDT 6 EDNPTGCYSLHFTVEDTWRENGQ
THllQ!_’l‘mar_15643949 40 EEFI-SL 'LFAKNPF- FS 6 NWDEIEV IYTNVVYPFEP 7 DDNPTGVYRRWIEIPEDWF-KKE
1acz_55a1_18265743 42 MKLRQSLNGKWKIHYAQNTN---QVLKDFYK 6 DLNFINVPGHLELQGFGS---PQYVNTQYPWDG 11 ESNAVASYVKHFTLNDALK-DKK
m23216_C3c2_144746 43 MPLKONLNGKWRFSYSENSS---LRIKEFYK 6 WIDYIEVPGHIQLOGYDK: 11 TYNPVGSYVTFFEVKDELK-NKQ
lacA_Tthe_22138751 1 MRKIIPINNNWYFKADYEEG---YEKVDDLR 7 PHTNIELPYNYFDEKMY- 1 EKYRDKVIYIHFEGV-
GUSB_M.mus_114954 35 SRELKALDGLWHFRADLSNNRLQGFEQQWYR 7 PVLDMPVPSSFNDITQEA. 9

GUSB_Hsap_ 4504223 35 SRECKELDGLI 'RADF EEQWYR 7 PSSFNDI = 9

uidA Ec_15804986 9 TREIKKLDGLWAFSLDRENC- -GIEQRWWE 4 ESRAIAVPGSFNDQFADA.- 6 KGWAGQRIVLRFDAV-
consensus/85% cee....ps.a.. e huls..he....... .s...h...h..

24 .EEEEEEE.EEEEEEE......... EEEE.............EEEEEEEEEEE........c00tttasasnns EEEEEeEEEEEE.
Desu7352_Dhaf_23121831  YGLRISNIRMASAIY AL ENKPYNV 3 IPYRLYFGSAQ 194 \A
Desu1817:l)ha£:23113315 LPIKKSNIRMSSVIFVNGKKIIQDGR PALLENEYLFSNIPRLG 1 -DYIYGGIVAPLILGETQ 200
BH1549_Bhal_10174156 YSIRVPSVRSASALYVDGRLIAGSGQ LGESEADYVASNLPYTA 4 ~DTRNGGIIRSIKFGPEN 206
Desu7142_l>haf_23121547 FGIKITCISASARIFADDQLILECGS 3 ~SYVNSGILYEIHFGDQK 165
hrd22-1 Ddeh 6466833 AIKKSNIRTSSAVFVNGEKIIQDGRP ~ALLENEYLFSNIPRVG 3 ~DYMYGGIVAPLLLGETQ 164
Desu1754 Dhaf 23113246 LGLKIHNIWMAHRLFINGQLVKESGL PSDSLEGYQALNTPYVV 2 EPAEELEIVIQVSNQ- ~VHFTGGIAHPIQLGLKN 201
LA0289 Ll.nt 24212989 LAILAETSETAYEVWIDDNKIGAQGV PGETAATSTPEWNVKIL 3 INKKEFQIRIPLSNF- -YHARGGLTARLILGNED 197
LB241 ant 24202365 YGIRWTEILSAFQIFINNKSVAQIGV LGTDFNTMTPKLKPDRT 3 ~NHONHGFWQPIYLGKWE 225
LA0815_L1n(‘._24213515 FKIRIPRLPGVYEVYLDNQKVYSNGF VGTINSVETLFLAHPLIT 3 GNYLKGGIRKPFLIGNSN 189
LA3610_Lint_24216308 LSVSLGAIASAYRIKINEQIIGECGT ~ PGIDPDSIVSRIEPRDF 3 ADEDEVQIEIFVSNY-------— -TSTMPGILLPISIGPSD 179 /
CACOHIE_CEC;_158941°5 YGLKIDELLMDSKVWINGILODKAGI 7 ERQVYLPGYYYFTAK-- NGIIDIVIQPSN-- 3 IYFSTKDKIMNEFIINAS 196 \
LAlElA_Lint_24215313 LSIHFPLLTNVYEVYFNGEKIGSGGI 7 KDGFKRHVILPIPENKV 1 IGKNEIRLILSSN: 1 ASFDSAPLVIDLOSKNVL 193
LAZl?G_Lin(‘._24214896 FSISLGKISDQVRVFWNGQELSEELF 7 PQGYDRTRIYSISENKI FKKNEILIYIKPY- 2 GQLEIGPSAI-IWKRFYL 183
LA2676_Lint_24215376 LAVRLGTLTDKDKTYLNGTLIGETGD 5 PQAYDKIRIYQIPNGLI 1 2 DKTAIGDSLL-IQKELLE 256
LA0027 ant 24212727 TAIYFPDLGENWELYLNGIPIRKEKF 10PSVRRSLKSVILPIPSG 3 3 EHFGFYHSKGYKILSLEQ 226
cyaAlB Ll.nt 24217179 IFLYLESIGENWEIFLNDHSLAQEIH 9 LRRTIRSFRLPVDSSLL 1 SGENLLTFRLIGDAP-ASFLSKN 3 GFYIDGDYSLTTEQKLSG 196
Reut4832_Rmet_22980118  VALVL MAGEAFIND 7 SWNL IH- GL GPVFVGD YDE 205
Reut4777 Rmet 22980062 VALLLDYLNMAGAVYLNGSLLMRDTS 7 AWNTPRYQLLPASLLR- EGVNTLLVRVSGL-~~-SAYQPGL -GPVSIAAPEHLRPAYDR 301 /
Mdeg0217_Mdeg_23026370  GQIWLGTIVDADTVYINGHKIGNTG-  YQOYPPRLYPINKNILQ-  AGENTIVVKI PYWL YDLKGEWQ 406 \B
XCCI753_XCam_21112846 VQLGVGQIDDSDITYVNGQQVGQTEK QWNLPRVYAVPAAALR- AGVNQIAVRVEDLSGGGGMHGPD 1 QRFVQIGSTQ-RALAGWK 384 |
XCC4103 _Xcam 21233525 ATLLLGPVDELDQTWVNGHAVGSSY- GADQPRRYSVPRGQLQ- AGRNSIVLNVLNTYRRGGLLGDA 3 ALQFADGSRV-PLDRPWQ 394
€87348 Ccre 25395225 ATLALGPVDDIDTTFLNGREIGSTQ- RWDTPRTYRLAPGALK- AGRNVLALRVIDMGGGGGPWGKA 3 GLTLADGTFV-PLPTAWR 388 /
lacz_Ec_18073591 TRIIFDGVNSAFHLWCNGRWVGYGQD  -SRLPSEFDLSAFLR--  AGENRLAVMVLRWSD-GSYLEDQ  DMWRMSGIFRDVSLLHKP 224 \C
lacz Ldel 149566 VSLKFDGAATAIYVWLNGHFVGYGED -SFTPSEFMVTKFLK-- KENNRLAVALYKYSS-ASWLEDQ DFWRMSGLFRSVTLQAKP 224
1acL Lpla 28379799 IIIQFQGVEEALYVWLNGHFIGYSED ~SFTPSEFDLTPYIQ- DQGNVLAVRVYKHST-AAFIEDQ DMFRFSGIFRDVNILAEP 226
LAC4 Klac 173305 HRLRFEGVDNCYELYVNGQYVGFNKG ~SRNGAEFDIQKYVS-~- EGENLVVVKVFKWSD-STYIEDQ DOWWLSGIYRDVSLLKLP 204
ebgA Ec_: 26110092 TLIKFDGVETYFEVYVNGQYVGFSKG -SRLTAEFDIL TGDNLLC 'VEDQ IFRDVYLIGKQ 266
LACZ_Kpne_: 114941 TQIIFDGVNSAFHLWCNGVWVGYSQD ~SRLPAAFDLSPFLR-- PGDNRLC’ SWLEDQ IF] .LNKP 224
TMllBJ_Tmar_15643949 IFLHFEGVRSFFYLWVNGKKIGFSKD ~SCTPAEFRLTDVLR-~ PGKNLITVEVLKWSD-GSYLEDQ DMWWFAGIYRDVYLYALP 211
lacz_ssal_18265743 VFISFQGVATSIFVWVNGNFVGYSED  -SFTPSEFEISDYLV- EGDNKLAVAVYRYST-ASWLEDQ ~ DFWRLYGIFRDVYLYAIP 218
AAA23216_Cace_144746 TFISFQGVETAFYVWVNGEFVGYSED ~TFTPSEFDITDYLR-~ EGENKLAVEVYKRSS-ASWIEDQ DFWRFSGIFRDVYLYAVP 219
130A_Tth;_221§8751 ~MAYAQVYLNGLYIGEHKG ~GYTPFDIRIDEVYDWK KELNMLTVVVDSTER-SDIPPKG 3 DYLTYGGIYREVSLGIYD 157
GUSB_M.muS_114954 ~HYYAVVWVNGIHVVEHEG ~GHLPFEADISKLVQSG 9 AINNTLTPHTLPPGT-IVYKTDT 14 DFFNYAGLHRSVVLYTTP 223
GUSE_Hsap_4504223 ~HSYAIVWVNGVDTLEHEG ~GYLPFEADISNLVQVG 10 AINNTLTPTTLPPGT-IQYLTDT 14 DFFNYAGLORSVLLYTTP 224
uidA_Ec_1 -GYTPFEADVTPYVIAG 7 CVNNELNWOTIPPGM-VITDENG 8 DFFNYAGIHRSVMLYTTP 180 /
consensus/85% T 1 g I O

Figure 4

Multiple sequence alignment of the 7TMR-DISMEDI and accessory domains of sialate 9-O-acetylesterases, [3-
glucoronidases and 3-glucosidases.Multiple sequence alignment the 7TMR-DISMED | was constructed as detailed in the
legend to Figure |. The PHD-secondary structure [78] is shown above the alignment with E representing a § strand, and H an
o-helix. In addition to the convention described in Fig. | the consensus also shows the aliphatic subset of the hydrophobic class
(I; ALIVMC, yellow shading) and the aromatic subset of the hydrophobic class (a; FHWY, yellow shading). The families shown
to the right are A — 7TMR-DISMED I, B — accessory domains of sialate 9-O-acetylesterases and C — accessory domains of [3-
glucoronidases and B-glucosidases. The species abbreviations are as shown in Table | and Kpne — Klebsiella pneumoniae; Klac —
Kluyveromyces lactis; Ldel — Lactobacillus delbrueckii; Lpla — Lactobacillus plantarum; Ssal — Streptococcus salivarius; Tthe — Thermoa-
naerobacterium thermosulfurigenes; Hsap — Homo sapiens; Mmus — Mus musculus.
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Psyr2444_Psyr_23470811 41 LPLGRAIQVFEDPTGEATT KVELTYRPTDASIHNDWLLELAYPPMDHIDF 0 PFSS-RQFAONNYLFQLDLP-PGQTRTLYMRI YLWST 185
PP4781_Pput_24986538 28 LPLGKAMQVYEDPDGNASIAQVSAPGF. 0! KVEL LELAYPPLDHLELYLPDSSGL-YRL PYDS-RQIRQNNYLFELQLP-PGKVITAYLRLHSQGSVQAPLALWSP 172
P£lu4318_Pflu_23062251 25 LDDQGNLOLSDI TELDRL LWLRFRL LRI NLYVLDGDR--LI 0 PLDVYLRLVSDHQLRPYITLQAA 161
PP4824_Pput_24986585 25 LDEQANLOL 'SPLPLADL LWLHY DLYALEGEQ--LLRQL DIV RPAISLEPA 161
PA3974_Paer_9950164 28 LPLGQSIDVFEDVRGSADINDITSRAL PPLDKLDLYL 'AS-RPIRONNYLFELGLE-PNKPQRVYLRLESQGSIQAPLTLWSP 172
Magn8928_Mmag_23016342 44 QPLGGQWSALRDPSGTLRI PGNLA. m SADWLLEVEPAFLDEVTLF" 0 FRAVTIGDRVPFSA-RQLAYRTLVFRLHLP-DDLPLRVYLRIKSTSTISVSAQILSP 183
Mdeg0804_Mdeg_23026970 20 LVIQQGLAFLEDKSGAL 0 DWQL KFELLNT ANIWLLEVAYPILDYVTVY --VY PFDS-RPIKHRNF: DLT: VTIYT PLVLWEP 156
PA3462_Paer_9949605 32 LSL DILALPA-QAFAAL DNRNGA - --DLAGFLEVNYPLLDDLKVYLLTAD I FAFSQ-RPVQ) RLP-PGES-TLLL YLPLYFSTY 170
Mdeg0691_Mdeg_23026847 52 LELDNNFKLYEDVSASATIDDVAQVF! I L IILRQAYPLIDNL - GDKFPFSH-REIYHREFLFPLIIP-ARSTKEYFLRYESEGSLDIALSIHEP 192
C83029_Faer_11350324 81 AWLNGSLDLLEDPDGNL RLYL LFRI! RV PLRLWSH 220
Chut0509_Chut_23135396 35 EIQPQFVEQLQDPAASYTIDQVSSPLFAAKI RNTNRQAAYWLKLRII! QWLIESFNFRINEISC! Q. IICYLRI 'ELFIRRF 173
Avin0379_Avin_23102206 42 LSLGPYTL AQVLAMPE NARD! SLGGFLEVNYPLLDDVRLTVLTPDG--RQL VPI ELP-PGTS-TL ITIPLYFGTS 180
Chut1543_Chut_23136440 34 EWRKGNYAIYRDTVRNLPLSRILELORI IV N. TEWLIELYDFHIDEYDIYILOKDS--LYAHFTGGDLQPFHK-RKIEHKNF IHEIVFE-PHQLYTLFIRIHSRQSVAVNGVVRTF 174
PA4856_Paer_15600049 44 LRDESAQLRIADVL 'RPLAKRSF IF QVOL IFAPRVQYLDYYL PSRSYLFSLPV--DGKPMTL 'DQIDE 178
M.mchJOO )_Msp_! 23000642 49 QSLOGHFQLLPAQATPLTIEQVIKPQITQQFLNI] 1T ‘SALLDRLELYI! 'VLGDHTPL“Q—RPMASRLYSVPLDLG SAPQTTLYLRLOTLOMMTLFGTIWQE 189
Chut1592_Chut_23136490 31 IPIGGYSEIFTDPGNTHTIQDVI 0 GISPNAFWVKETIQNO! LLLEYDLPFIDEIS YNFSN- IFSTATK-KNEIKDIYLFIKSGEQIVLPIMLGST 169
Chut3598_Chut_23138550 41 MKIDKGIMYFQDETNLLTINDI I ITI VPKLLLKVDFPIIDEIEFYSFEDG---KMRIEKMGEYKDFSE-RRYNDPNYIYDITIK-NNQTQTYYLKIKSGEQIMLPITIGTP 176
Chut2183_Chut_23137079 34 SLSDNYITIL SITEVL 'KQA-SYNFNI-HPASVYWIKFTVKNEGDV---FTQYVIENYYAHAKEFSVF KL VTYKN-RNF VLDL YLKVYSGLYVNFNFVINNQ 172
Magn8953_Mmag_23016367 45 RPLDGYLTFLEDRESAFSIEDVARH---GVFEAV-TPRRPGLI "TVKI AEDWVLAFGEPDIDDVRVYVTKPGG--SFTETLLGRRLPARQ-LDVAVRLHAANLSLP-EEIPTTVYIRLSSLHKIRFEARALWR 182
Chut0774_Chut_23135667 32 LNIGNKASIRIDTNQTYTIHQI. YVY GLSSYVY ILKFNQPLLNEITLY! T FLS-RKYYYPSYAFDMNAN-MGDTITYVLRFKSNEPIIFDVDIANQ 166
Chut0775 Chut_23135668 34 INIGNQAAIYADTNQTYTIHQIL! I GL 'YWATFNFVNI. KLILKFNQPLLNEVTLYRADGK--~TL: FS-RKYYYPFYA ITYVLKFKSNEPIIFDVDIATE 168
Chut2463 Chut_23137353 49 YVVRKYAEYYEDQORGKKITEIAGKVPFKKISEK-DLDFTNNNLTSAYWLHFY' IIEMYDYDINEVDLYI! —-SFI PFDT-RDFAHKNICFKLSIP-LADTTEVYMRLYSSSINVFEPVIKTH 188
Avin0870_Avin_23102702 57 LDLHPHLQLLHDPGGRL IVWLRLDLESRAKE: QIEFLYPSLDRIELFGIGE- APLL 0-RDSPHL A-PGERRSL TL 192
Rrub0628_Rrub_22966033 27 ADHILARAFLEDPAGVLTIDEVAR DFTPF. YWVRLLVRASAA----PEKTVLFIRPSFLNEVRLFY PF FVVDV. LRI 1 162
Chut2884_Chut_23137778 42 ¥ 11 Q) YPPTSKFFRNRST T - LVSYNYSIDEIDL' 'RDTTSIYN--RII VF RL VFALYSH 177
Chut2495 Chut_23137390 54 PLRSGLIHVFEIL F TYWGKFILTDNSSI FISYNYSIDSLDI: 'KKSTLQFHKKYRFGSPNETT--KEI F TVYIK! 192
Rrub0627_Rrub_22966032 15 IEDPGGVLSIDD AAVPF--DAVL 'SASVYWVRLRVRAPEA----GARTVLLISPSFLNDVRL HPFAE FUVGY. YFRI 'EVQALSV 150
Avin3704_Avin 23105533 61 LVLOPWLRVFED, EQTLALPE-ERLSAATAHLL RLELENRTGO- - -ACOWWLFPGSARARDMILHQQEA AE-WIMPTRLPAFEVGLP- RL VMQPMLLSH 199
XF0986_Xf_9105918 65 AQSLMLERLI AGVYDA---ML I TRADRQT AGQPKLQIEFPYL PSRHATYGAAAD. VIDLPEG-L IPMPVSIVSN 199
Avin2657_Avin_23104497 42 GAPNGDWRILLDESASLTLKDVIERR--DHFAPL-GHRSLTLPANQAAWLRVSI :3 PDG--L FI RL DYVDT 174
P£lu4190_Pflu_23062112 27 LPLGRSLQVFEDPSGQAST. KIDLHY LELAYPPLDHLDLYLPDAAGD-YRL TTC ISSEPFICGCPAKARSRRR- 165
LAJQQG_Lint_24193039 36 SLSFFVYYF I I 1] 'TSNTVWFYI! RGEFEIFNSYLEEVDIFYRYGSKD SIHEILAGTS-—~~~~] RVYEKSFPALNFYLR-PGEEIQIVCKIKSGTPMRIPIVLESE 171
$04207_Sone_24350618 36 NLMPWLTVTHLNTTSELADIQALPK---TKWHOF-TSGDIQRLSQOHNFWLTFSI VGNQ--LI 00 IFLYPFKI LHI INLWSA 171
LA3986_Lint_24216685 39 ICEFDQIEFALDPDLSNEVPKEPKKS--LVFLPKENSFLKLGFIKESVWIRFNIKQYP-—-—-! RSRCFLRIFQVTLDGAALFAK ------- SSVQITGDRFRYSE-RFVDDYYVFYPLEPLDIQKEKNQYYLWIKTSSIINFPIFLES 171
LA4269_Lint_24216967 42 NISSLI AGCSPEHIDGLEDL 1 IQSRILLLGWLNVPDTQLCFFDKS IED-EKILTNLPHFRIDLE-PNENRIFYLFVLSNEDINYRIQIMGL 182
$01570_Sone_24373140 28 IALDSPYLF Q 1T L L WLVTRL 160
Psyr2376_Psyr_23470745 109 LDEKAHLTLDET 1 LWLHY! LRI I IED-QRLPSNDFL: DIY] ITL-EP 244
SMc00074_Smel_15073849 49 LDL I Q VRRI! 0--LERVIVAPHFRLVNSKLFWPDL RILSITPSEGFALD-RQ FRITLN-PGAVITF' ~-TTPELPQIYLWQP 183
AGR_C_1434_Atum_15888127 49 LDL I QUST. RRRI! E 0--LERVIVAPHFRLVNSKLFWPDLGS---QRIIAITPSEGFALD-RQI FRITLN- ITFVAEL--STPQLPQIYLWEP 183
AG3233_Bmel_25526193 44 LDLSRAVELL T RRT I IDRLIVAPHFRLVGSGVT IASITPSEGF: 0 FRITLN ITF --SSHNLPQLYLWEP 179
Rpal2189_Rpal_22962895 25 IDLTGVLEHL IST: DRLIVAPHY LWPDL IATI FRVTLD. ITF LPQLYLWEP 157
blllSOZ_E]aP_27349754 24 IDLTGVL 'ST. 'RRI DRLIVAPHYRIVSSGLLWPDLGL---SRIATI Q! FRVTLD-PGAVITF ~-RTDKLPQLYLWEP 156
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Figure 5
Multiple sequence alignment of the 7TMR-DISMED2s.Mu

Itiple sequence alignment the 7TMR-DISMED2 domain was

constructed as detailed in the legend to Figure I. The 90% consensus follows the same convention as in Figure | and 2. The

species abbreviations are as shown in Table I.

comprised entirely or largely of proteins from a single
organism (Figure 2). These lineage specific expansions
[55] accounted for almost all of the 7TMR-DISMs in
organisms such as, Desulfitobacterium, Leptospira and
Cytophaga, which contained multiple copies of these 7TM
domains. Furthermore, some diversity was observed in
the intracellular domains associated with the 7TM
domains from the proteins belonging to these lineage spe-
cific clusters (Figure 2). This suggested that the 7TMR-
DISM evolved through lineage specific expansion of the
7TM domain in various bacterial lineages, accompanied
by some domain shuffling in their C-terminal intracellu-
lar modules. The lineage specific expansion of these
7TMRs is reminiscent of the evolution of the eukaryotic
7TMRs such as the odorant receptors of vertebrates and
chemoreceptors of nematodes [55]. The predicted role, for
at least a subset of these receptors, in carbohydrate sens-
ing, is consistent with their expansion in Cytophaga hutch-
insonii that is known to actively metabolize
polysaccharides [56]. The expansion in Leptospira implies
that this spirochete too may respond to diverse carbohy-
drates. Alternatively, it could also utilize its numerous

7TMR-DISMs to recognize different carbohydrates on host
cell surfaces to regulate its motility.

T7TMR-HD: a novel family of bacterial receptors with a HD
hydrolase domain

Another family of potential bacterial 7TMRs that was
recovered by our receptor search procedure was typified
by slr0104 from Synechocystis. This family of receptors is
present in cyanobacteria, spirochetes like Leptospira and
Treponema, most low GC Gram positive bacteria, some
proteobacteria, like Magnetospirillum and Geobacter, Chlo-
roflexus, Fusobacterium and Chlamydia pneumoniae (Figure
6). All members of this family are characterized by the
presence of an intracellular HD hydrolase domain [57] C-
terminal to the 7TM domain. Accordingly, we named
these receptors as 7TMR-HD (for 7TM receptors with
intracellular HD domains). The majority of 7TMR-HD
proteins also contain a distinct domain N-terminal to the
7TM domain that is predicted to localize to the extracellu-
lar or periplasmic compartment, based on the presence of
a signal peptide. Analysis of the predicted topology and
searches against a position specific score matrix library of
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KSFTGLP-AIGLLVGSFYGTAIGGTVMVLLTILLSMGTE
PYTTWS--AVGLLLGSFYGRELSMTVIGLLLFILPMSME
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FNYVIGIYYLISGISGVLFL GKHNARSKILQTGLFVAFINMVVVLSLLLIQNTALSG 2 IGTLMLMGVVSGFASSVLIIGLMPFFETGFGILS 476
STSGIAIFILLSGITSVVAL RDYSRRSAIMFSGFMVGLINMVYVLILLLVNNSTLLQ 2 TLMAIGYAFLGGFGAFILGVGVIPLFETIFGLLT 486
ATSGITIFILL VML RDYSRRSAIML NMIYVLLLLLINNSTLLQ 2 TLMALGYAFLGGFGAFILGVGVIPLFETIFGLLT 486
IGTNFLTIILMSYVFSGLMA 3 RRKRISEQGSSAAMWVIIFPVMMDVILIVYQGMSFGD 2 TWLMLVCGFTGALFSFLLTIGLHPYIELMVNDDS 486
SGWLIALIALFGGFIGVHSV SLLSQRSDLARAGLYIAAFNVLTASCIALISGMGISA WLISIGLGIVNGIFSSVLAVGTLHWFETGFGITS 490
FNIEVTILALMSSVIAFMSF RKMKQRNDTIYAALFIAIMNALMSFSIGFLVSSNLVD NVQKASFAFIAGILSAILTIGFLPIFESIFDVVT 445
FNVEITLLAIINVLSISIIL KKMQERNDILYSVLYISIVNVILTFSAGVLLSNNTID VVKKAGFSLIGSLLSGIFTIGFLPFFESTFDIVT 453
FNPNIIILAILNVVLGGTLL RKMQORNDILYSSITVAVLSSILTFSVGTLTTNNFME ILADSTFAAAGAILSGILTIGVLPFFESTFDIVT 445
NDFKFIYMALVTGTFSAFIV SKANKRNRLSLAGIIVSAINVLLVAAINIMYKTGWEI LLKECALVFANGIMSMVITIGLLPFLESTFNVIT 475
FNQAFIFMSLLGGLIGAIKL SSAKQRMDFVKAGLYVSAVNLVSIVGVGLLNSNDIVS VLKSGLWGIINGVFSIILVIGTLPFWEAAFDILT 446
NSLFVVVYGLLGGIVGAHGV RHCKDRSRIYTAGVKVSVVNFAMALAFQTMSDSFLSL 1 TIWCALFALAGGLLCSAIVTGTIPLIETVFHYVT 521
YNPTSFMLGFVSCIVSASYG RNLKKRIDFIKAGLYISGVQIIIASSGYLFDSRNYWV 15 IFKLYVLCLINGFACSTAAQFLLPIYEYLFNVPT 540
GGTDVMLFFFLSSVWGAWVI RRAQTRQEVVWSLLPLAGGILALWCGMAFLEGSGWAR FGYGLMLASANAVLSLLLIFALSPIVELAFRYTT 500
FHTEPTLFALL, IVKSSCV] Q! AATL 'AFPHAYTD AIFLLTGVAISGFLNGILVLGLLPILEALTNAPT 556
YDLKYFTIQSIAIFATGFLS KNISTRSSVIAIGIQLAILKILLYLILSFFSVEESYG VALNTIKIFISGLFSGMLAIALLPYFERTFNILT 466
GNDLTLAATLFASCTSAILL 1 RQADRLRSFLIAGFGVTATITILETTFWLSQQAIFTL 6 IATTVLSALANGGLTTILTFGLFNVVGRLAGQVT 479
VDKIDWFASAVGGIVGSLVV EKMRSREEQALLGVGVGLTQGMVYLLTNLIVRANPGL 4 IIGPVGWQVLTEGLIWGIVALGLSPYLEHLFDLIT 517
IVWEYLLGSAAAALLAGMIA SKLRSRDELALLGVGVGATQGIVYLFTYLIVNASAVT 5 ALPSAIVYGLLGLAWSAMAIGVSPYLERLFDVVT 561
LSWHYLVPSAAGGILGGLMA 8 EALRTREELATLGILIGLTQGVVYLLVNTAIAPLWYA VLGAAVLNGLAGLVWSILALGLSPYLEALFDLVT 513
ISTIGLVAGAAGGILGSYIA HRLRSREELALLGGAIALTQGGVYLLMKVLIGAAFGS 4 ILQEAGLFTLSGLAWSVVALGLSPYLEKLFDLVT 598
MSKAALLAGAGGAILGSYIA QORLRSREELALLGVAIALTQGSIYLIVKILIGQAFGS 4 VLREAGFFALSGLGWSVVALGLSPYLEKVFDLVT 639
LGEGRMIIACAIAAVAAIYS RRLRSRAQLLOMAFLLPLGALLAEWLLLSAGGSGAWG 5 GNELLSEALLMGILLMLAIL-LIPILETSFGLLT 461
LGHGRLLIAVAVATTGGVIA GROQRSRGQLLOLAVLLPLGALVSQWVLLOQLOPFTGWR 8 LDELSTDALLLGLLLMLSLL-MIPMLEGSFGLLT 455
GGLPLFIFYMIGSLMGGLSL RTCRRRFDVLRSGLAIGLVQIAVIPAVELLNGNTPGI 1 WVYSMSMGLMSGLLAGLFALALIPLMESLFNITT 597
NNSWFLSINLLCSWRILVSL HRVSRLSSVFWACMKLGGVAMGSLLMFRIFTNTISRE 1 LYADGIESFVYSLITAISVVALIPVFEASFGAST 455
YDIFLLLPFISTTFVAAVTL SKANRRLDVVKS SAFTSLALMGTSLFMKFGLKIEY-- TPYDLVAAILNPIFSGILVLGILPYVEYTSRLYS 213
LNYSVGIYVLLSSLSVSIFL REKNRRTMILQAGILVSILNVVVLAALLLLRNGNFSP 2 IGTQLLMASLSGIISSVLAMGILPYLESGLGIVS 476
eSeeeaann ) Pevevonan Sh.lS.iiiiieeeneenenenasennnasnnnannna h.uh...h...... shhE...... )

Multiple sequence alignment of the 7TM domains of the 7TMR-HD family.Multiple sequence alignment the 7TM
domains of the 7TMR-HD family was constructed was constructed as detailed in the legend to Figure |. The 95% consensus
follows the same convention as in Figure | and 2 and also shows the following classes alcohol (o: ST, Blue), the tiny subclass of
small (u; GAS, Green shading) and an 'E' shows the completely conserved amino acid in that group. The species abbreviations

are as shown in Table |.

membrane-spanning domains with RPS-BLAST, suggests
that the 7TM domains of the 7TMR-HDs are distant
relatives of other eukaryotic and bacterial 7M receptors (e-
values ~.01-.07). However, the 7TMR-HDs possess sev-
eral distinctive features in their 7TM domain that clearly
demarcate them from all other membrane proteins. These
include, positively charged patches in the intracellular
loops between helix 1-2 and helix 5-6, a glycine in helix
7, and conserved glutamate and alcoholic residues in the
C-terminal cytoplasmic tail (Figure 6).

In terms of domain architecture, the 7TMR-HDs are most
similar to the 7TMR-DISMs in possessing a large N-termi-
nal extracellular domain and an intracellular signaling
domain. This architectural pattern suggests that the extra-
cellular domain (7TMR-HDED, for 7TMR-HD Extracellu-
lar Domain) is most likely to function as a sensor domain
that transmits the signal via the 7TM domain to the intra-
cellular catalytic domain. Sequence profile searches with
the extracellular domain did not establish any relation-
ship with previously known globular domains. A multiple
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Figure 7

Multiple sequence alignment of the 7TMR-HDEDs.Multiple sequence alignment was constructed as detailed in the leg-
end to Figure |. The species abbreviations are as shown in Table 1.

alignment of the 7TMR-HDEDs shows that it is highly
enriched in polar residues and is predicted to assume a
predominantly a-helical fold with several amphipathic
helical hairpins (Figure 7).

To gain further insight into the functions of the 7TMR-
HDs we used the contextual information available in the
form of their gene neighborhoods (Figure 8A). In Gram-
positive bacteria, Fusobacterium, Treponema, Leptospira,
Geobacter and Thermotoga, the 7TMR-HD gene is always
associated with the conserved PhoH-YbeY-diacylglycerol
kinase gene neighborhood, and is specifically located
adjacent to the YbeY and PhoH genes. The PhoH-YbeY-
diacylglycerol kinase gene neighborhood [58] is defined

by several conserved genes (Figure 8A), which often occur
adjacent to each other or the gene for the well-studied bac-
terial membrane-associated enzyme diacylglycerol kinase
(DgkA) [59,60]. The PhoH gene encodes a member of the
helicase-like superclass of the P-loop NTPase fold, and has
been linked to the response to phosphate starvation in E.
coli [58]. The third major member of this neighborhood
encodes a highly conserved, uncharacterized protein typi-
fied by E. coli YbeY. An alignment of the YbeY orthologs
(unpublished data VA & LA) indicates that it possesses 3
conserved histidines that are arranged in a manner very
similar to the Zincin-like metallopeptidases [61,62]. The
occurrence of YbeY next to the DgkA gene, and the fusions
of the YbeY protein with the DgkA protein, suggest a func-
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tion for it in the same pathway as DgkA, namely lipid-
head-group metabolism. This function is also supported
by the fusion of the YbeY protein to the acyl carrier protein
synthase domain in Plasmodium. These observations,
taken together with the predicted metalloprotease-like
active site of the YbeY proteins, suggest that YbeY is most
likely to function as an endogenous lecithinase (phos-
pholipase C) in lipid metabolism to generate diacylglyc-
erol, the substrate for DgkA, from phosphatidylcholine.
This would imply that the 7TMR-HDs, which show a
strong association with the PhoH-YbeY-diacylglycerol
kinase gene neighborhood, are likely to function as a reg-
ulator of this pathway of lipid metabolism.

It is possible that the highly polar 7TMR-HDED may sense
particular changes to ion concentrations, and regulate the
YbeY-DgkA-dependent lipid metabolism pathway in
order to regulate membrane properties. The nature of the
intracellular signal transmitted by the HD hydrolase
domain of the 7TMR-HDs is unclear. This HD domain is
very distinct from the HD-GYP variety, which acts as a
cyclic diaguanylate phosphodiesterase. Contextual analy-
sis also provides no evidence for any association with
GGDEF proteins, thus ruling out a role in cDGMP signal-
ing [39]. Likewise, contextual information does not pro-
vide any evidence for association with cyclic NMP
signaling even though HD domains are known to act as
phosphodiesterases in this signaling pathway. These
observations imply that the HD hydrolase domain of the
7TMR-HDs may have a distinct function of its own. One
possibility is suggested by the contextual association of
the 7ZTMR-HD genes with the genes for the P-loop protein
PhoH (Figure 8A). These two proteins could potentially
constitute a kinase-phosphoesterase couple that regulates
YbeY-DgkA-dependent lipid metabolism. In Chlamydia
pneumoniae 7TMR-HD gene occurs in the neighborhood
of genes for several uncharacterized membrane proteins
with no detectable homologs in other bacterial lineages.
Hence, it is likely that in C. pneumoniae the 7TMR-HD has
acquired a distinct function, which may be related to the
expression of these pathogen-specific surface proteins.

Other bacterial receptors with evolutionarily mobile
membrane-associated sensory domains

Most of the above-identified bacterial 7TMRs contain
additional N-terminal domains that are likely to play a
crucial role in recognition of an extracellular signal. We
were also interested in identifying novel families of mem-
brane-associated receptors that do not contain any
extracellular N-terminal domains, but primarily utilize
their multi-TM domains for sensory purposes. While there
are numerous prokaryotic signaling proteins with TM
domains, a widely utilized sensory TM domain is likely to
exhibit the following characteristics: 1) distinctive
sequence or structural features that clearly distinguish

http://www.biomedcentral.com/1471-2164/4/34

them from generic multi-TM proteins and previously
characterized transporters. 2) Evolutionary mobility,
which means that the same conserved multi-TM domain
could be associated with different types of intracellular
signaling domains. These criteria are supported by the
precedence offered by the domain architectures of previ-
ously identified membrane-associated bacterial receptors,
such as those of the MHYT family [63]. Analysis of the
clusters of conserved Multi-TM domains recovered in our
receptor search procedure identified two widespread
groups of conserved membrane-associated domains that
were combined in different proteins with different types
of intracellular signaling domains, but lacked any other
extracellular domains.

The first group of these domains is typified by the Bacillus
proteins, LytS and YhcK, which share a conserved mem-
brane-spanning domain with 5 TM helices (Figure 8B and
9). In LytS-type proteins the 5TM domains are combined
with C-terminal intracellular GAF and histidine kinase
domains, while in the YhcK-type proteins the 5TM
domain is combined with intracellular GGDEF (diguan-
ylate cyclase catalytic) domains. Occasionally, some
members of the latter group, such as SO1500 from
Shewanella, are also combined with additional intracellu-
lar EAL (cyclic diguanylate phosphodiesterase) and PAS
domains (Figure 8B). We named this family of conserved
5TM domains the 5TMR-LYT family (for 5 transmem-
brane receptors of the LytS-YhcK type). 5TMR-LYTs are
widely distributed in bacteria, with multiple members in
Gram-positive bacteria, various proteobacteria, Fusobacte-
ria, and Deinococcus (Table 1). The presence of a strongly
predicted signal peptide in all members of this family sug-
gests that it adopts a topology analogous to the classic
7TMRs: the N-terminus of the first helix is extracellular (or
periplasmic), while the C-terminal tail with the fused sig-
naling domain is intracellular (Figure 9). The membrane-
spanning domain of the 5TMR-LYT family is distin-
guished from other membrane spanning domains by the
presence of certain distinctive sequence features. These
include the presence of a characteristic NXR motif in the
loop between helix-1 and 2, multiple small residues, like
glycine and proline, in the middle of helix-2, and a small
residue (typically glycine) in the midst of the 5t helix.
These small residues in the middle of the TM helices are
likely to distort them, and this conformation may be crit-
ical to accommodate a ligand, or provide flexibility for
transmission of a signal.

In several bacterial lineages, such as the Gram-positive
bacteria and Vibrionaceae, the 5TMR-LYTs of the LytS
variety is encoded by a gene that occurs in the same
operon as a gene for a LytR type transcription factor (Fig-
ure 8B). This suggests that they transmit a signal via a LytR
protein to regulate transcription. In Gram-positive bacte-
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Figure 8

Gene neighborhoods of 7TMR-HD, 5TMR-LYTs and the Phylogenetic tree, domain architectures and gene
neighborhoods of the 8TMR-UT.A) The domain architectures found in 7TMR-HD proteins and the PhoH-YbeY gene
neighborhoods are shown. The upper panel shows the PhoH-YbeY neighborhood in proteobacteria (E. coli DgkA-YqfG-Y qfF-
YqfE operon), while the lower one shows the neighborhood typical of bacteria with the 7TMR-HD proteins. The organisms,
possessing a particular domain architecture, are indicated by abbreviations in brackets). YbeY or its ortholog YqfG is the pre-
dicted lecithinase with a metal binding active site. YbeX is a Cystathionine beta-synthase domain (CBS) containing protein.B)
The domain architectures found in 5TMR-LYT containing proteins and the conserved operon LytT-LytS found in Bacillus and
gram-positive bacterial genomes are shown. C) Phylogenetic relationships of the 8TMR-UT domain containing proteins along
with their domain architectures are shown. The RELL bootstrap values for the major branches are shown at their base. The
thickness of a given branch is approximately proportional to the number of proteins contained within it. Domain architectures
of the proteins in each branch of the tree are shown in boxes pointed to by the black arrows. The gene neighborhood data of
some of the genes encoding 7TMR-DISM containing proteins are shown. The red arrow points to the architecture of protein
encoded by a particular gene in a depicted neighborhood. Domain abbreviations are as shown in Figure 2 and HD, hydrolase of
the HD superfamily; HD-GYP — cyclic diaguanylate phosphodiesterases of the HD-GYP variety; GAF — domain found in cGMP-
specific phosphodiesterases, Adenylyl cyclases and Escherichia coli EhlA. Species abbreviations are as shown in Table |

ria, LytS and LytR affect the composition of the cell wall
by regulating murein hydrolases, and disruption of the
LytS gene results in increased autolysis [64,65]. This sug-

gests that the membrane-spanning domain of the 5TMR-
LYT family may act as a receptor for derivatives of murein.
Some of the 5TMR-LYTs of the YchK variety occur in gene
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TPRIAALVGIGMESLOMIIILLMAKPFSDAWELVSMIGIPMILINGTGSFIFLSIIQAIIRKEEQA 215\LytS

KHSKSKT 1 NPKLAFITTIIAEILEMIIILILSKPFNHALQLEKIFALPMIIINSVGVFVFVYITKD--ALEQYN 212
RFIKSKD KIFFGFFLACVVENLSMGLILIILKDKILAQONIVANFYVPMVFMNSIGSSVLILLVEDIIQKSELI 200
YIFKKYN 3 TPKFSAVLSVFIVSLEMIMILLIVEDG---ISIVKTIAIPMILVNSFGSFILLSMIQAILRQEENA 212
WRVKESM DWRLAAMLGLVGETVHMILVLALSRPFPQAVELVKVIGMPMIVVNSLGAALFVQIINLVSKGRERR 200
SILIRRG 6 NPITAGAVTFVAEMVOMLIILAIARPYEDAVRLVSNIAAPMMVTNTVGAALFMRILLDKRAMFEKY 209
LKIPKAQ RWRVGILGGMLCETLTMILVIVWAPTTALGIDIVSKIGIPMIL-GSVCIG-FIVLLVQSVEGEKEA 200
RFIKNKD RIFFGFFLACTIENLSMGLILILLIDKILAQONIVTSFYIPMVLMNSIGASVLILIVEDIIQKSEIV 183
HRLKRGQ 1 DPAVAFITGVAVETLQMVILLVMAKPFTAAVSLVSVIGFPMILVNSIGLALFVELVSSVFREKERF 199
QFFSDDR 2 SPNKALFIGIFPPVLHMGLLLIMLPDQQOIGVQIVNTIGIPLVVTNSIALTIFTMMIRLALNETEQE 214
HSYSKRR 3 TAGVAAITGLGMEFIQMLFILVFSVSG---LQLVKLIFLPMMILNSFGTWVFMSIISAYLHQEEQL 213
RYLVSRG 6 QPLVVGLVTLFAEVCQOMLIIILVARPAVNAVHLVETIALPMLVANSVGAAMFMTILLDRRTMFETQ 206
SVLIRRG 6 SPLTAGAITCIAELVOMLIILLIARPFDDALHLVSNIAAPMMVTNTVGAALFMRILLDKRAMFEKY 204
FYLRRAG 6 NPLLVCLVTFYAEIMOMSLILLIACPFDAAWELVRQIAPPMLLVNSIGAALFMSMIRDOKTMFDKL 201
LOAQRRK 3 SIAKSAMIGIVMEMIQMLSILTFSHDKAYAVDLISLIALPMIIVNSVGTAIFMSIIISTLKQEEQM 215
HQTIKON 3 SIKKGAIIGAITEIIQMGCILLFTNNLHHAITLVSFIALPMIIINSLGTAIFLTIILSTIKQEEQM 215
NYLRKNY 3 RVLDAMVVGFGMEILOMICILIFSVDFNQALRLVSFISMPMILSNTLGLGIFISIISSTQKLEEHA 214
DKLKENH 3 STSQVILISIIAESIQMLFVGIFTG----- WELVKMIVIPMMILNSLGSTLFLAILKTYLSNESQL 208
KYYKGEY 2 WEYAFMAGFIGEGVQOMLIILATAKPFHQAVELVKIIGIPMMVVNATGIGIFMIMIKSIFDEKEQI 198
TYLLRKG 6 SPSIVFAVTLFAEIVQMLIILVVAKPFEQSYALVSTIAAPMIIANSVGAALFMSILLDRKTIFEEY 201
LYLTRKN 6 QPLVVAGITLVAEVLOMMIILAVARPFNEAVELVENIALPMMITNTIGAAMFMRILLDRRAIFEKY 206/
SRRKKVQ 1 KHAFYLLIITNSLISFSFYFLID--—----- LHSYELHLYFWIISIAGGMLSLYIIDHETNAHLLF 185\yhck
RHYRKAH 3 ISGTEVISFAFLVHLVMLSWFFLLPGQHVV-PVLSKITLPILLIYPLATWLLSRLLSRRFELERDE 187
VLRRRLG 1 GHFTGLVLLAVMISLPLVLLAWLPVGRT---DSLEVLAAILVLLNLTGALVFGTFLQRERAAAQRE 190
FL-====- -IYTLSEVIILIPISLIITLASAITFVDIWHFFSLV 181
VDRKIKS 2 ~DGIIDVLVQYSIIILVSGILQYMLLDYVKTSNKLY 190
IWRMKVS 2 ~-MSIVALYLVCSSVAAYITFISANYV---LOSNELF 184
LFSKRLE 2 ~DFWVNMFTFVSIALVIG-AVSAGLMKNMIKSKQLF 188
GRLGLFR 2 WPWERLLLPLLLIFLPNGLLLPIIRHDL---SLYLTVWLPLLVMCFLGALITLGILRSRFRLLSLV 195
RSVDLSA 2 LDWRSLWWRLLLVFMPNGILIPVLRGDP---AALLTVYLPLLVVTYAGFLVSLGIQRNRYRLLSLI 190/
S | S TS ‘SR NN S T

Multiple sequence alignment of the 5TM domains of the 5TMR-LYT family.Multiple sequence alignment the 5TM
domains of the 5TMR-LYT family was constructed as detailed in the legend to Figure I. The two subgroups I) LytS and 2)
YhcK are shown on the right. The species abbreviations are as shown in Table I.

neighborhoods containing genes encoding various signal-
ing proteins with GAF [25], histidine kinase and receiver
modules. Hence, the YchK-like proteins could be part of a
distinct signaling complex that could relay signals, which

may be dependent on cell wall composition.

A second family of evolutionarily mobile TM domains
that was recovered in our search procedure is typified by
the conserved N-terminal TM domain, which is found in
the E. coli sugar response histidine kinase UhpB (Figure
8C and 10). In addition to orthologs of the UhpB protein,
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Multiple sequence alignment of the 8TMR-UT family.Multiple sequence alignment the 8TMR was constructed as
detailed in the legend to Figure |. The species abbreviations are as shown in Table I.

this conserved TM domain was recovered in diverse sign-
aling proteins that are particularly widespread in proteo-
bacteria. Sporadic occurrences of this domain were also
encountered in signaling proteins from actinomycetes like
Corynebacterium glutamicum, cyanobacteria, spirochetes
like Leptospira interrogans, flexibacteria like Chloroflexus,
and the Ectocarpus siliculosus virus (Table 1). A search for
signal peptides using the SignalP program [66,67] with
bacterial signal peptide models did not yield strong signal

TMHMM?2.0 and TMPRED programs [34-36] also sug-
gested the presence of 8 membrane-spanning helices on
an average. These algorithms also predicted a topology
with an intracellular and C terminus for this T™M
domain, which is compatible with the C-terminal signal-
ing domains occurring immediately after the last pre-
dicted membrane spanning helix in most instances.
Accordingly, we refer to this domain as the 8TMR-UT
domain (for 8 trans membrane UhpB type domain).

predictions for these proteins. TM helix prediction with an

alignment of this conserved TM domain using the PHD-
htm program [37] suggested the presence of 8 membrane-
spanning helices. Further, helix prediction, individually
for all members of this family, with the TOPRED,

8TMR-UTs are approximately 290-300 residues in length
and are characterized by several distinctive features that
differentiate them from all other TM regions (Figure 10).
These include, an aromatic position followed by a proline
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in the second helix, a pair of small residues typically gly-
cine in the 5t helix, and a charged patch just C-terminal
to the last helix. The conserved prolines and glycines
within the predicted helices suggest that they may possess
conformational distortions that could be critical for signal
sensing and transduction. The clearest functional clues for
the 8STMR-UT domain comes from the E. coli UhpB pro-
tein, whose C-terminal intracellular histidine kinase
transfers a phosphate to the receiver domain of the tran-
scription factor UhpA. Currently available experimental
evidence suggests that the 8TMR-UT domain of UhpB
interacts with the transporter UhpC, which binds glucose
6-phosphate [68,69]. When UhpC binds glucose 6-phos-
phate it appears to transmit a signal via the 8TMR-UT
domain of the UhpB protein to activate its kinase domain.
Operons related to the Uhp operon are seen in number of
bacteria, suggesting that a similar signal relay system is
widely employed in sugar sensing by bacteria.

Phylogenetic analysis of this family suggests that the
8TMR-UT proteins are divided into 3 major groups (Fig.
8C). Proteins belonging to each of these sub-divisions
often show a sporadic phyletic pattern, and often 8TMR-
UT domains from distantly related organisms group
closely together in the tree (Fig. 8C). These observations
suggest a dynamic evolutionary history with gene loss and
lateral transfer as in the case of the 7TM-DISMs. Likewise,
the 8TMR-UT domains also appear to have extensively
combined with a range of intracellular domains in various
bacteria (Fig. 8C). These combinations often include link-
ages with GGDEF and HD-GYP domains, which are cyclic
diguanylate generating and degrading enzymes respec-
tively, histidine kinase and receiver domains, and PAS
domains. In some cases the 8TMR-UT is combined with
extracellular CHASE domains [23,70] (Fig. 8C), which
suggests that it may transmit the conformational changes
arising from the interactions of ligands with the CHASE
domain, to intracellular signaling domains. These
observations suggest that the STMR-UT domain might, in
general interact with other membrane-associated
proteins, and act a switch that senses conformational
changes in them to transmit signals. Examination of the
gene neighborhoods of the 8TMR-UTs showed that they
often co-occurred with genes predicted to encode mole-
cules with HTH, HAMP, PAS, GGDEF, HD-GYP, histidine
kinase and receiver domains (Fig. 8C). These predicted
operon organizations suggest that the 8STMR-UTs might
functionally interact with other signaling molecules to
form complex signaling networks that might help in sens-
ing a wide diversity of stimuli [9].

Conclusions

The presence of a relatively small set of well-understood
signaling domains that are combined with a variety of
other accessory domains allowed us to set up a sieve for

http://www.biomedcentral.com/1471-2164/4/34

new receptors in prokaryotes. As a result, we were able to
identify two distinct families of 7TM receptors, namely
7TMR-DISM and 7TMR-HD that are unique to bacteria.
The discovery of these new 7TMRs in diverse bacteria
suggests that they may be more widely utilized in prokary-
otes than has been previously suspected. Importantly, the
domain architectures of the 7TMR-DISMs suggest that
they are likely to activate a variety of intracellular signal-
ing cascades including adenylyl cyclases and kinases. This
suggests that these bacterial 7TMRs are functional ana-
logues of the eukaryotic receptors, and could serve as
models for the non-G protein linked pathways down-
stream of the eukaryotic receptors. Most members of the
7TMR-DISM family are fused to one of two extracellular
domains at their N-termini. Both these domains are pre-
dicted to adopt all- fold with a jellyroll topology similar
to the discoidin-type sugar binding domains. One of
them, 7TMR-DISMED1 can be unified with the carbohy-
drate binding domains of -galactosidases and B-glucoro-
nidases. Accordingly, the 7TMR-DISM family is predicted
to function as receptors for carbohydrates and related
molecules.

Based on the contextual information from gene neighbor-
hoods, the 7ZTMR-HD proteins are predicted to act as
receptors that regulate the highly conserved glycerolipid
metabolism pathway in response to stimuli sensed by
their extracellular domains. The architectures of most of
the 7TMR-HD and 7TMR-DISM proteins are reminiscent
of the animal metabotropic glutamate and taste receptors.
These animal receptors contain an extracellular periplas-
mic solute-binding domain that is typical of several bacte-
rial signaling proteins [54]. This architecture, along with
the limited phyletic pattern of these 7TMR (only found in
animals), could imply that they were acquired from an as
yet unknown prokaryotic source. In more general terms,
the eukaryotic 7TMRs are thus far restricted in their
phyletic spread to a few crown group lineages (animals,
slime molds fungi and plants) and appear to have prolif-
erated principally through lineage specific expansions
from a few founders. The herein-reported discovery of
new representatives of 7TMRs in bacteria suggests that
they are ancient and widespread in the bacterial lineage.
Hence, it is possible that a subset of the crown group
eukaryotes may have ultimately acquired the founding
members of their 7TMR families from a prokaryotic
source through lateral transfer.

We also detected two evolutionarily mobile membrane-
spanning domains, namely 5TM-LYT and 8TMR-UT that
are associated with several different types of intracellular
domains. These conserved TM domains, unlike members
of the 7TMR-DISM and 7TMR-HD families, are not asso-
ciated with large globular extracellular domains. We pro-
pose that one of these families, the 5TMR family, is likely
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to function as receptors for murein or its components.
8TMR-UT in contrast may sense conformational changes
in other membrane-associated proteins and relay these
signals to the intracellular signaling domains.

Identification of these receptors suggests new paradigms
in bacterial signal transduction, and could also provide
models for the functions of an important class of eukary-
otic proteins. Experimental investigation of these pro-
teins, particularly those from pathogenic bacteria, such as
Bacillus anthracis, Leptospira and Cytophaga, are likely to be
of interest in understanding microbial physiology and
pathogenesis.

Methods

The non-redundant (NR) database of protein sequences
(National Center for Biotechnology Information, NIH,
Bethesda, Date: April 1, 2003) was searched using the
BLASTP program [71]. The searches were supplemented
with a new round of searches at the time of revision of the
manuscript (June 20, 2003). All completely sequenced
and assembled microbial genomes that were submitted to
the NCBI GenBank database as of April 2003, including
16 species of archaea and 96 species of bacteria were
included used in this analysis. A complete list of these
genomes and the predicted proteomes in fasta format can
be downloaded from: http://www.ncbi.nlm.nih.gov/

PMGifs/Genomes/micr.html

Additional sequences, from microbial genomes that have
been sequenced but not completely assembled and sub-
mitted to the GenBank database were also used in this
analysis. A list of these prokaryotic genomes, from which
sequences have been deposited in GenBank can be
accessed from  the following URL:  http://
www.ncbi.nlm.nih.gov/PMGifs/Genomes/eub_u.html

Profile searches were conducted using the PSI-BLAST pro-
gram with either a single sequence or an alignment used
as the query, with a default profile inclusion expectation
(E) value threshold of 0.01 (unless specified otherwise),
and was iterated until convergence [71,72]. For all
searches involving membrane-spanning domains we used
a statistical correction for compositional bias to reduce
false positives due the general hydrophobicity of these
proteins. Multiple alignments were constructed using the
T_Coffee program [73], followed by manual correction
based on the PSI-BLAST results. Signal peptides were pre-

dicted using the SIGNALP program [66,67]http://
www.cbs.dtu.dk/services/SignalP-2.0/. Multiple align-

ments of the N-terminal regions of proteins were used
additionally to verify the presence of a conserved signal
peptide, and only those signal peptides that were con-
served across orthologous groups of proteins were consid-
ered as true positives. Transmembrane regions were

http://www.biomedcentral.com/1471-2164/4/34

predicted in individual proteins using the TMPRED,
TMHMM2.0 and TOPRED1.0 program with default
parameters [34-36]. For TOPRED1.0, the organism
parameter was set to "prokaryote" [34]http://bioweb.pas
teur.fr/seqanal/interfaces/toppred.html. Additionally, the

multiple alignments were used to predict TM regions with
the PHDhtm program [37]. The library of profiles for
membrane proteins was prepared by extracting all mem-
brane protein alignments from the PFAM database http://
www.sanger.ac.uk/Software/Pfam/index.shtml) and
updating them by adding new members from the NR
database. These updated alignments were then used to
make HMMs with the HMMER package [74] or PSSM with
PSI-BLAST. All large-scale sequence analysis procedures
were carried out using the SEALS package http://
www.ncbi.nlm.nih.gov/CBBresearch/Walker/SEALS/

index.html.

Structural manipulations were carried out using the Swiss-
PDB viewer program [75] and the ribbon diagrams were
constructed with MOLSCRIPT [76]. Searches of the PDB
database with query structures was conducted using the
DALI program [77]. Protein secondary structure was pre-
dicted using a multiple alignment as the input for the
PHD program [78]. Homology modeling was carried out
using the Swiss-PDB viewer, version 3.7 to align a target
sequence with template structures. This alignment was
then provided as input to the SWISS-MODEL server [75]
to generate a homology model using the PROMODII
program. This model was then energy-minimized using
the GROMOSY6 routine of the SPDBV.

Similarity based clustering of proteins was carried out
using the BLASTCLUST program ftp://ftp.ncbi.nih.gov/
blast/documents/blastclust.txt). Phylogenetic analysis
was carried out using the maximum-likelihood, neighbor-
joining and least squares methods [79,80]. Briefly, this
process involved the construction of a least squares tree
using the FITCH program or a neighbor joining tree using
the NEIGHBOR program (both from the Phylip package)
[81], followed by local rearrangement using the Protml
program of the Molphy package [80] to arrive at the max-
imum likelihood (ML) tree. The statistical significance of
various nodes of this ML tree was assessed using the
relative estimate of logarithmic likelihood bootstrap
(Protml RELL-BP), with 10,000 replicates. Text versions of
all alignments reported in this study can be downloaded
from: ftp://ftp.ncbi.nih.gov/pub/aravind
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