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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

Page 3 of 20

(page number not for citation purposes)



BMC Genomics 2003, 4

Secondary Structure [ YRR oL LU e e LU U
QUL YGLYYOGFMIVEYNGF| FIAVR - AL T FQrEe

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

L LB e LT L VLT
K P AL

Wieq06s. e 23026847 202 PG GNEGLLVTL SLSLVF Y AsGY- KVFGVLPRTFFTENGFQl G - S| TEWLLSLALGSR 406

Peyr24ed Pyl 47081 195 K WEGIYGVLLGULVINGF YL - VOV VR ERVAEGIYQHSI N VEDPWAASTPYL sLm:msRst.s AcLsmmv.LAvu wvww MLELSY L RCARCLVIAGALT. | YEAGRVAY KCE. - st K FGUMLYLPNTFLTWASH G - TVLEVALSUALADx 399

PraTE] Pput_74986538 182 VYNGF| YLSVR. - DVSYLYY! L ASFGYQUISVNGAG - VAWWDSWWWRF ULFOIARFLC - - LGN TRLLLLM G ALRRTLLALET! SV SACLVAVPRCL. - FAFE) SAVEAB LG VT WL G WASQLG - SAEVALLSLALACR 386
R YVLGIIYGVLLVMLIYNCF| FLSVR- -  DTSYLYYI LYl I VALTLATYLALRETL | FAACELAVERGH |- RVARYE| SAVIAS. L1 WTLWLO

Doaus7on Brat 29115653 m A6l GIYYGI LLAFFINIVLILSL - DSSYRYLER! CAPGMLETLNGLG. FEVURPEPVLAD VAL S CLAVGVIRAREFLG - L

BhgnBo28 g 23016342 193 SQIAHGLARGASVEL] LLALVQUAAGR -
A3843_Lint 125 TGUNGEYROl L) RMAHEF LTV, DRSYFPAVPY, LCEASFLNSQUEEA

Mieg0804_Nieg_23026970 166 EYLLHGPLFGGLFVIALYNFLVETVLR--  QRAY| YYVAY| TCLTAFAASLSGLS: - FRYLWPNATLVADI S| LFSLAGLVLFASI FOMVFLDV-
S04207_Sone_24350618 181 TAVEHGEQLGVLAAIGIFSLF| ALASG - SFSYSYTYSGYVLOWLLVATI NaFA- - FRELWPNAPALQQL M/PMLL K
Nhgn8o53_Mmg 23016367 192 QSALHGIDFGVVAVEVVSNILLGLWLR- -  DASWLMYAVEVVTSMCREATHSGI V- - TVI L SDAGRPLNYLLSAN GLFGG SAFM MVDLIED-

MC12300_M6p_23000642 199 DNLIYGHHLGI FLLLI GYNLUAGIWR- -  DPVLRIYALYLVGLI Ll QANTANLF- - FLLLPI TWPWENDFVLI FALH MIT AVI LLVDH. L
CBULO6O_Cbru_29654376 179 SYFVI GYCYASVI LLLPYSVI LFLI LM - KKEYLI¥ALYI ESFLLGLAVLDGTI N- VI PYEVLSTPVYTYLAVLLAW VAVEYGTEDPVI L
Chut 1502_Chut_23136490 179 KDITFGIYSGI | LVMLFYNLF YSTLK- -  DSI YLKYWYI TG GUAGASLMGYS-

VLTLSI SeHG.
LVGENGREYOVLFGUFCINGFLIVSLE. - EATYANILETNGSL GLESASF DL L

0 QEGNGHPYGVLLALFCCQUFLFLFLR. - EPSQGHYLVYSLASI LLALGFDGYL-
ESLADGLVFGI VLLLVIPSLALGR FR--  LPLLVARAMSVEAYCLNVALATGYG.
HANTETLOLT VLATLSASLIMRLR. - EPVYGEETYNLYOLL L IGFDGEAR
RATLFGLTLGFGI AMGLYNESLYMFFR- -  TRSYLYYFIMI LESTVYLA SPLF)

2
108
183
202
184
10¢
182
84
Chut 1005_Chut (23135898 139 KNYPNGRYWGVI AVMQIVALFFFIRSK- - ERAFI YYSLELEGTI ALNLOLEGYF-
230
180
10
209
209
181
192 FOTEovSIEGl VAL PYSLFOMRFR . NFTFVSPLLN| FoVLVTFYELIERT.
72 i YRl SPFY

R Ub_22066033 1

Rrub0627_Rrub_22966032 160 RDITEVFFVISWLLLINGVHQUFI k- QK| LI LECTYQEVYTLYGIALTGYF-
PAABS6_Paer_15600049 187 PAYAFGMLLGGVLLLMYNL| RFAYSR- -  SASSLNLAAVHAALAVCARANLGL
Avin2657_Avin_23104497 183 LAYTLGALLSALALGVIYHIVREGYNR. - VLCNWLSAMQGTLLLSATAHFGLL.
PP4824_Pput_24986585 170 CPLLFQMLFGGLI MUl MHNLI RPLYTR--  SSTTLILALYFGLM.LSGLI LLNLS. -~
Privasis piiy zsoezs 170 orffiviifon A Lo Flivie- - sresifilea gL -

LA3986_Li nt_24216 182 ANLLI LFLLVLSLFII LLI GFI YRQTL- - DPVYLSIMGFLVFI TLEGHVCFANG - YK
Py 2376 Pyt 23470745 704 QPLLFCLLROALOH OTRYOTTS. . SROMLNLAMGESLLCLGAL LLALLR
SNE00074_Srel 15073849 193 FTLYRGIVLGI AGLL- AVFLTI LEVVKG  TSWLPATAALAWAVLAYI CVDFGF-

LML PVELTIASS & - SRV LS AL AR 3
FAVELCL | ATOUPY  RITE! ASNAVEVS! QI | AOASHAALRGH - KPARLELLAVEAE. - LLCTCMF AR AFDLLPRVEL TENGV G - SALEM.LESVALYR 316
A TRITLAAVG P- - FLI AT VARALGLADI PYELDLVARG - AUHLLLIGSGLI Wt 397

FYALKTI GAI PVSFVTEYSMY G - SSEVTLLSLALODR 333

L POAREEVEAEL AL - NRGALVLRETLLPSLVTANSVGFG - SEEM LEGF LA 406
- APARYEI MAFTCLL- LPAVI | LPGNVG TPDF| EHAEFATLLG - GIVDALLLSLALANK. 370
+- PSAKIITUAPALE. - YO VLALTKLA | EQT FSENALGRG - SLIEALLSTALAER 371
- KLAKEYTIGA/SH- - LTGACLSSLLYLSVI ELN KPQTPVMLG - LTPEI | FHSLVLA R 385
TMAFTLVLRHPGD- - WLLRFYLCAFFPIV- LLVG/EVGALVFPT PFDLGRQV- DI | A-- TMEHLSI LFLALGYR 398

KRYLPTNHKLYHVLVI GIALVMP FGLTQQY | YFSPH WNLAFYVFAL SSFLTLE| AYRRQSY- - GL YL LYFIAFLPT- - AVGGY| YRMQEGTI PHNPWTEHAFQLG: - SLSHLI LFTLVLGYR 405
VKHFLPRS YR TQAYLFGVI LAFS LTLIDVR  LTRQTVGVY] LFIYLV- - FGUI SLYLSFKKY- LVGTLVL - LVMTAL LSIEWI HAFALSAF 383

N SYFLVLTNARI O1 Y- MLVGEVI LKKRY-

H NAMLVSLY- TLEVGRI | ARKGY- - - RP/
LUAFTI | QUI TFVLOI G- 11 VTATKI 1 VI GY-

| LAFTALQULTFGLSVC- | | VTATKI | HVGY-

ISIF. STKNEFQGY- £
| CSTP FTI FNI LFI Q - FPRVGINRYKKGL I VGFI FLSI S TES 399
LLSLVMYDY| PF V- - - AYLTATYSYS! AVLE| LFLSLSLGAW 385
NYPLALM/EDLAAPVI V- FLES| ISRFEKN- LAl a
YRPLLYFYGLOLLI LI F- | FYTSIVEYKKDF- | VIQUFLFSFALADR 386
TRVEYPFVYLI PI LI - - - YLVSFQl YLKGE: FLIEWI LS| ALGDR 308
FPLLLAI Rl LTPLPFLM VFISTII | YSKGY- - - LIZES! | LS| ALSDR 384
LSEYVFESVFI | V- - - - - - YITSLF AKKGN- - V1 LEVI | PSVALADK 287
HAQALYTLQUTAFLQ |1 Y1 LYGLG RRKGN--- VNNYVUG He--oo- 336
WQAAGHLALTLLANLP! - Al GLAVGRVRQES. - - GLv- - LGSVSLGUNRATALVGPTSANAMFPLA. - LTLEALLFSLALASR 434
RANVLASLTVMVSLS: LLLAGIHWRQLL - RYCLEX! LAVGAL - G- MIVELVTLS GLADR 383
SAWTLAHFATLIGALL- LPSCGal - RAGAYHLTAVALL- - LVSLGGBOAFAELGLDLLGEHATMLAKI G- - | ASLLI LAVGLADR 390

1 ELLAPOAIP G AWAALL GEACNTLVOHRGKL. PYDGTEVPCLELLQALL| TAFLFGLASFFPAEYOWLSL ST Y. CGnL LCYRL VadTAR 420
QEYPVLTYLSLI AASLLLLFSCANL CORG - - FOANSLLYAVTPILLFSM.RSL ELI HRLSGNGAN OYCLSW SLALSLIVTLVLAD 417
THNRI SYYLGLVNLI - PVAG LTNSTFGAI SI DYLSLHLLKLA-- FI ¥
WO LLLWIVGSS. Y91 FYEhGFrcoNs S I TAOHIVE. LN YT FHEDPPENESVEONLE. - LPRVS LISESUET 397
ALAVI SNALLI KGALFY- FVFVARSLKVDLDPTRRTLRIEFIG ALT- - NLI FAMTPRVGCEL KVILGLSAVQALVI
BLAL SAALLMGAVFY: WWEVAPSLIKEL TR RLBFLSVRVA:  NCAFRCHRLVEENFALEL] O/CBLI V.- GF/G/FEAVIGR 367
LVFSVLI YLLVI LSSLS- VPLI ARV PARLIVAGH V- - NAGFM/FLPVLFGTKQLDPGL VL GVFSF- ATLAGL VLSVSLTER 390

RSGLI LLASLSATG CALYHALE FPARLALVGTLLE- - HLGFSAYL- SMLLDF FALFAFTAASGLLLVFALAER 384

LPLNLMTYALMALGSVS. M.LVSSYHAYKGY- - - APGRLPSLAMA'E- - NLGALVLLPALLGLTRTSTPVLLCI LLGL LLNLAVSER 373

RALWKI FSWFIFVSV- LVLI STFSI | KSF- - - SPARKII LM PT- -| GSGLI TI LYYLDLLKYNEYYVHAYLLS: - LPSI Y1 VITVSLROR
CPINFLTFGLVSLTTLS. | LAVNVHUOr - ROARLEVEQH T3 | QYL PGLL VESLVPPGUL! LALLSV. - FCSOVLASLALSER 456

- NLNRWHGHLGEATLAW LGLGLL FGVAVYD  PAI ASG ARLSFALTAT- VGIVLIAYLGFN. - - - RYDRAILLVPAWL- - LI LVWLFGAW AVTGQLANDI VIQPAL GG LVEI VLLIGFTVNG: 394

LA2676_Li nt_24215376 257 TENIQ LEM YTAGIYFLALSERG,  DREN.SYCLFTILLVEYCRLA -- KYPKTTI LKVEDGL YVSFATFYE FSNWV- - EHYNFI NKNLVQYGN L- YLG TENHLI RRVI AKDRDAFLI Ll GVLET- VFAAl LDTLGARNVFVFPRLVGYSFLF- - - FI LS| ATILANKFVR 459

Leoios Lint 2421459 184 REICO LIPGSFLLIGGPFLFLSWREXK.  YGENFYPGRLILFALFQVSLSDL-- GEQFLEILFLFPWI INE SYPVLDA | NRYALG SW GrVILS: LK LIPALKIGSE: - ESRTIILG | FLI -1 O/ V- LSQRIM KM RLSGLGVSG - FLRLTLILANGV: 385

CE_15804105 194 NASIDLIVPGGLIVTELIFLI | APKLKKS KVLLYLSI LGVEVOFKCLELNEXI | TMCI VIDNLY  DKFNFFAGPILYII| [ 1 - | LVFLIGKI R\KV: - - VGSGVSI VAFSI V- -| LNCI NDSPADGGAVYSRSSFVI SMFI L - | LIETCTIVAKYCSE 398

ChooaT T 24212727 232 FEXWDLLLYGI RRK- DLYYL - FPREKGV RGPV FLI GLEF ALLTVPE 1 Wit AFKI GO LAI CFSWI LFFS) CTVRKKK. - CORRKELYG, OV - G VESIVEL YOSV ENAKVHSTEEKLY: - YLPFI | STASTUR 439

199 STLIN CLNII YVFFGRYHLLI YVKRRE.  DLYN. YPGIFSVFMALYSLSRSNI A - FEVI YGRAFSQLEA LILIWIAL TILLEPE  RYTMTSLRLVQ i LPT- LUILLYFVSKAVYLRON LLATSVETY: - VFL AVYDM 0S| FFQSG RETGFAY- -+ FLEWAUTTI LAY 398

198 EEWREI ILTVVI FSFGIYHIVFFFSYXQ  DS| PLYPAVFCRLVSGYSFI TSE: - - - FQ - FTALPELSLDLRLRI KFFCEWFFPTSFVLQ - - - KVFPVQESRWEQ! Si GTSTVFLL G FTFNE ALVLI LGTATARF- TMNDG YGLYE] YTLYPYSFPLG - - - - - LVAFVALNSYI | SSR 395

_ 306 RADLQL WUMRRQ -~ AWEVALNQV- - ATT! L IR T WAMCUFF ATCIVFLGHAVRIGR. - MLV A . LVAAVLDLLSFLGI L TEXAYAALT. - SQIM AMALVLAVR 505

2 et 8 210 HRTLFMINITVSGVMARLFFC WVVRRE-  QTAYGRYALMYLFWWLFI ANVLVT- - - TPVPAHSTLTVARFNTIALLL- S| ACFCVE Vol Y. neorreraLRTr - e g e - LS DL LA Resve et T s L. e 409
LB241_Li nt_24202368 230 Hox FLFRIR  SKEVL FI| E2PDI DFDFY] RF| YFTVLS! G FNOMS EFFSH VLI SHUPLGL TTILFHONCS - KGATLILIAYL . STWLINI LFTLGYI STGN S1 .. G TVF FFOraLAg

BH2013_Bhal 10174632 55 TSAACLMVAAIVFIHGIAC! LFFIFP. - K ELLYFAVAYLLSAFSYLVSDER - LLLGIPLYEWH KLAYLSYTGLSLFFLLAVR1 VLATPETT- HLLWQ/ILN(ER»—DS{FLLL SVASDS LVESFTGRSFENG LSQ DISFYPY- LTLAPLOFSTFW & 203

LADO67_Li nt _24193410 43 ATEHLGUAPFTFGLFEIGYZMAAS “Pl AAYHRWLTGOLI LPTITHFTQ - - FFI RYPS\NWRKFGFVMEGH LGFI Vi TEAFL | At o i TTDKEKKKFA- | FLESTGEM AAFY- PN SWLSRDGYNERSTYNTSVI FF| AA- FSVVVI AFI NNSTER 241

LA3610_Li nt 24216308 135 PLEPDIFSFoS, LENGITHAFQULVLRS. | 5VSPL EPQLSEM CLRTSLI EK) - LML FFQ PUSWI) N TLOVENPEFL FESSEF. NGBS 1 YLV 1511 OV LT LK) CEOKE. - FRYTYELYCE b < F1 AV VL AVLKTCS! QTSHIALV - PPVELGBLLLAGER 301

Desu7352_Dhal 23121831 203 TTLLAVSLIVSLLMLGCYQUSVFT| RRE-  EKGPLYFGLSOVM AWSYASTGORL: - LI EYENLPTEI YYKI QAl SLYSSLI PAMEI KTIE: - SPENLLESF| QAN |- VGLLL'YSFROGRYGEFNOKGLGLF LALCOTLLGL] DYGLYLSSWLDYKLGYYATLSF- GFLASFINSYGRSEA 413

Desu7142 Dhaf 23121547 174 DSPLDI SLISGVEFLALYFFGLGLGRK- -  KSAEI LEFALYCLVSSLQASVRSEAL- LNYALPALSYNTSLKI LI | SYTLCLYALI KFLYHAQ: G YTVALV- 3 T FLLTI LANFT LLVESNLFL CPVEQRILV- - -- - 365
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TP0040_Tpal ~1354776 191 NG TR VAL 2356 B iR T PR T GIOPIWRL EVLTLAF SO/ VL STEN. FVVAFGAEGLAYAVII LL LPPASFA A DM LAV SCAPLLI FCF - VG VTOTAL £ 415
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Figure |

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

Page 4 of 20

(page number not for citation purposes)



BMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/34

DISMED2 HIS Kin DISMED2 | GGDEF
Chut2463_Chut (4) XFO986_Xf (Pae) 1.2 RECs Chut3598 Chut
I Disvep2 HIBAAH-_HISKin HIS Kin
Chutlo10_Chut (2) PA3462_Paer(Avin 2) Chut1692_Chut (Cchut 4,Msp,Mmag,Pput,Psyr)
[a4
& T— A. Cyclasg
Chut1424_Chut (2) Mmc13461_Msp LA3843_Lint
-\ PAS HIS Kin
Magng928_Mmag
<Rub062}Ruo062d o | GODEF
X x Avin0870_Avin [Dhaf, Mdeg 2, Sone 2]
DISMED2 69
ENERRN | GCDEF 4 831~ HIS Kin
Rrub0628_Rrub [2 4 P S
u _Rub 2] 87 PA3974_Paer
V GGDEF EAL ~3 ~
SMc00074_Smel / 74 T
HIS Kin @ @ DIOOEED 7™ of the 7TM-DISM
PA4856_Paer(Pae,Avin,Lint) AqC 12 RECs 98 1 Signal Peptide
LA3986_Lint [2]
- TetR
“ .
" /
DISMED1 HIS Kin
LA0815_Lint DISMED] HIS Kin
DISMED] A Cyclase Reutd777_Rmet [Rmet 2, Dhaf 2]
LA0027 Lint [2] OmpR HEEYED-HH—
BH1549 Bhal [Bhal 2, Dhaf 2]
CAC0818_Cace LAT919_Lint
0..2 TPRs TPOO40_Tpal
i DISMED1 HIS Kin @
LA2676 _Lint [3] 8241 Lint
s 'o¢ LAC067 HEEED L0000 Hiskin HSKin  }—
e — >
LAO067_Lint [2] [, BH2013_Bhal

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, f-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 = 104),
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-DISMED 1s 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 B-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: 1C3W) 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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Secondary Structure ... EEEEEEEEEEEEE. .. ...... EEEEEEEEEE. HHHHH. . E
Desu7352_Dhaf 23121831 50 SDQVVPLDGQWEFYWHQLLE- GAATYRLTIKLKPSD- - - TV
Desul817_Dhaf 23113315 54 EDG | ELGGEWEFYWGQLLS- - - PDDFKDAT PPALTGEFVNVLFNW- GSGTYRLLVKNVPSE- - - KV
BH1549_Bhal _10174166 55 TEQTI TLDGEWAFYPSTWLI - - - DKNNLNNV 3 NALSIEVPGGWKH- - - - GYGSYQLKIFVDPEDN- - MT
Desu7142_Dhaf 23121547 17 RDKTVKLSGEWEFYFGQLLT- - - PEDFKNQE 2 GKTI QNVPASWGS- - - - GSATYRLRILLPAEG - - GN
hrd22-1_Ddeh_6466833 16 DDA | ELNGEWEFYWGQLLS- - - PDDFKHSN 3 MTGYLNVLSDwWI GSGTYRLLVKNVPSEE- - VL
Desul754_Dhaf 23113246 58 KDRSVFLNGEWDFYPGKLLQ - - PEELPKE- THYFMKVPGGH- - - - DKTKGAFLQKSR GNGTYRLSVKLPELQ- - - EQ
LA0289_Li nt _24212989 49 QHGPVALQGDWI FRWKEFI K- - - NPKI DSE- KNRI MPVPKAWTRI - - QEPNGKNYPGT- Gl ATYFLKVI LPENLS- SNN
LB241_Li nt _24202368 75 NI ESI NLKGNWEFCWDQW P- - - PNAEESQW 3 CNGFYPAPAYWKF- - YNI PGKNLSPF- GKATYRLKVI LPTSF- - HDS
LA0815_Li nt _24213515 46 K- NTVQLDGNWEFYWKELTH- - - GNFTTPK- NTSYFPVPG W- - - - RDYDPNFTPE- GYATYRLRVLCECI N- - - KN
LA3610_Li nt _24216308 33 DFGMTKLNGEWEFSW.QGPE- - - KG ENH- - SVEFIGVPGSWTN- - - ESKSNQTYPKF- - - - GYG YRLKVFLPEI K- KKI
CAC0818_Cace_15894105 31 VYKGNI NLKNYDFDKNKI VKLE- GQLELYNN 12 SSRYLTVPSELKD- - - - GKVDEYMTLHLMVQAKD- - - DW
LA3614_Li nt _24216313 34 FAFPI DLTKDWKI | SGKNLNAS- | KDVSVK- ELKSLPIPEDSI SF- SEGIY- - - TLTLLKTFEVSANDFQKLA- LDG
LA2196_Li nt _24214896 23 EENFQDLSsGI WEVYVSLVSEDL- QTNKNLKQ 3 RWEPIPIPSNLKDF- SSNEEI LLRKQFDFRNVA- - DTS
LA2676_Li nt _24215376 95 VSLDSTKEHGWEI TLQKI DPVA- FSDSYLKG 8 EAYEAPGVYI L- - - S| QrAFI VKKFIAPKNVK- - GSG
LA0027_Li nt _24212727 58 SFLKNKKEKLNI ETNSREKES- - KDFKNVK- LI TREPVNFNFLF- DVTVKVEFSI HSDSI FLTFLKQP
cyaAl8_Lint_24217179 24 \\KPI DLRKGNWI AVEGFQREYL- NG DSTFS 3 Kl SHFPVVLNEI F- EYTLQTRFHI QEDFQKTKV- YKP
Reut 4832_Rnet _22980118 46 AASAWAQrPTAQCSVRI LTVST- AEAGPHGA 5 QARSVTLPDDWNR- - GFGeSWwRI DWQRECPGTLREP
Reut 4777_Rnet _22980062 144 VLLAGAASARAQSEAVAFTRI E- AAQGSTWD 6 GAVPVSLPDI WST- - GFDEVWWERL SWQGADP- - - RQP
Mleg0217_Mieg_23026370 246 | NSDKKAQAQWHNQLTQNDKGT- AEELPWYA 6 NWHSMQVPGYWANHP- TI NeNVWERKTLTLPNDAA- NEA
XCC1753_Xcam 21112846 227 KQRDAAAQAATGKRI GRWPKVD- GDTPQART 6 DWDSIPVTQQWELS- - GVDel AWCRTTFTLTAAEA- KAG
XCC4103_Xcam 21233525 234 ATSPTDAAPRWGKLVETWARAH- GDGAPWQP 2 PGAWQPAPATLGAVD- - - EWGVPQLV- - GFNGMAWRSTVEL TAAQA- AQD
C87348_Ccre_25398225 227 ARDPALGVARWSQSLGRWADAKI PAAKGNEK 6 AVWKPMPTEGFWEQA- - - - APDLA- - - GFDGTVWALRLELTLTKAQA- AQG
l'acZ_Ec_18073591 54 SQQLRSLNGEWRFAWFPAPE- - - AVPESW.E 4 EADTVVWPSNWQVHGYDA- - - Pl YTNVTYPI TV TENPTGCYSL TFNVDESW.QEGQ
lacZ_Ldel _149566 50 SSLVQSLDGDWLI DYAENG - - - QGPVNFYA 6 NFKSVKVPGNLELQGFGQ - - PQYVNVQYPWDG 10 SKNPLASYVRYFDLDEAFW DKE
lacL_Lpl a_28379799 38 SRFI KSLNGAWRFNFAKTPA- 6 DFDTIQVPGHIELAGYGQ - -1 QYI NTLYPWEG 23 ADNTVGSYLKTFDLDDVFK-
LAC4_KI ac_173305 29 QDI FESLNGPWAFALFDAP- 7 KWSTISVPSHWEL QEDVWKYGKPI YTNVQYPI PI TVNPTGVYARTFELDSKS| ESFE
ebgA_Ec_26110092 97 SSLFLPLSGQWNFHFFDHPL- - - Q/PEAFTS 4 DWGHITVPAMAQVEGHGK- - - LQYTDEGFPFPI SDNPTGAYQRI FTLSDGAQ GKQ
LACZ_Kpne_114941 55 SSRRRQLDGSG SSLTPAAR- - - LPSMRWT 4 DCRGTPVPSNWQVEGYDA- - - PI YTNVRYPI DT EDNPTGCYSLHFTVEDTWRENGQ
TML193_Trar _15643949 40 EEFI - SLNGNWRFLFAKNPF- - - EVPEDFFS 6 NWDEIEVPSNWEMKGYGK- - - Pl YTNVVYPFEP DDNPTGVYRRWEEI PEDWF- KKE
lacz_Ssal _18265743 42 MKLRQSLNGKWKI HYAQNTN- - - QULKDFYK 6 DLNFINVPGHLELQGFGS- - - PQYVNTQYPWDG 11 ESNAVASYVKHFTLNDALK- DKK
AAA23216_Cace_144746 43 MPLKQNLNGKWRFSYSENSS- - - LRI KEFYK 6 W DYIEVPGHIQLQGYDK- - - CQYI NTM{PVEG 11 TYNPVGSYVTFFEVKDELK- NKQ
l'acA_Tthe_22138751 1 MRKI | Pl NNNWYFKADYEEG- - - YEKVDDLR 7 PHTNIELPYNYFDEKMY- - - - Q KSCYKYPLHI EKYRDKVIYI HFEGV-
GUSB_Mrus_114964 35 SRELKALDGLWHFRADLSNNRLQGFEQQWR 7 PVLDMPVPSSFNDI TQEA- - - ALRDFI GRVWE TQDTDVRVVLRINSA-
GUSB_Hsap_4504223 35 SRECKELDGLWSFRADFSDNRRRGFEEQWR 7 PTVDMPVPSSFNDI SQDW - - RLRHFVGIVWE TQDLRTRVVLRIGSA-

ui dA_Ec_15804986 9 TREI KKLDGLWAFSLDRENC- - - G EQRWAE 4 ESRATAVPGSFNDQFADA- - - DI RNYVGWWYQ KGAAGQRIVLRFDAV- -
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Desu7352_Dhaf 23121831  YGLRI SNI RVASAIYVNGNQAGGSGK  PALTQDEYQYENKPYNV 3 - ENNQGel PYRLYFGSAQ 194 \ A
Desul817_Dhaf _23113315 LPIKKSNI RMBSVIFVNGKKII QDGR PALLENEYLFSNI PRLG 1 - DYI YGal VAPLI LGETQ 200
BH1549_Bhal _10174166 YSIRVPSVRSASALYVDGRLIAGSGQ  LGESEADYVASNLPYTA 4 - DTRNGGI | RSI KFGPEN 206
Desu7142_Dhaf 23121547 FGIKI TCl SASARIFADDQLILECGS PGNSPETTVHKYYADTG 3 TDDGEVEILVQAADF-------- - SYVNSGI LYEI HFGDQK 165
hrd22-1_Ddeh_6466833 Al KKSNI RTSSAVFVNGEKI TQDGRP - ALLENEYLFSNI PRVG 3 LHSSDIEILVQVSNY- - - DYMYGel VAPLLLGETQ 164
Desul754_Dhaf 23113246  LGLKI HNI WAHRLFINGQLVKESGL PSDSLEGYQALNTPYW 2 EPAEELEIVIQVSNQ - - VHFTGel AHPI QLGLKN 201
LA0289_Li nt _24212989 LAILAETSETAYEVWIDDNKIGAQGY PGETAATSTPEWNVKI L 3 | NKKEFQIRIPLSNF- - - YHARGGLTARLI LGNED 197
LB241_Li nt _24202368 YGIRWIEI LSAFQIFINNKSVAQ GV LGTDFNTMTPKLKPDRT 3 PONNQMTIVIW/SNF-------- - NHONHGFWOPI YLGKVE 225
LA0815_Li nt _24213515 FKIRI PRLPGVYEVYLDNQKVYSNGF VGTNSVETLFLAHPLI T 3 VSSGDFYITVNVSTFK------- GNYLKGGI RKPFLI GNSN 189
LA3610_Li nt _24216308 LSVSLGAI ASAYRIKINEQI IGECGT PG DPDSI VSRI EPRDF 3 ADEDEVQIEIFVSNY- - TSTMPGI LLPI SI GPSD 179 /
CACD818_Cace_15894105 YGLKI DELLMDSKVWINGI LQDKAG 7 ERQVYLPGYYYFTAK- - NG | DIVIQPSN- - - - HI NI FHV 3 | YFSTKDKI MNEFI | NAS 196 \
LA3614_Li nt _24216313 LSIHFPLLTNVYEVYFNGEKIGSGE 7 KDGFKRHVI LPI PENKV 1 | GKNEIRLI LSSN---AGEELNV 1 ASFDSAPLVI DLQSKNVL 193
LA2196_Li nt _24214896 FSISLGKI SDQVRVFWNGQELSEELF 7 PQGYDRTRI ¥SI SENKI FKKNEILIYIKPY- 2 GQLEI GeSAl - | WKRFYL 183
LA2676_Li nt _24215376 LAVRLGTLTDKDKTYLNGTLIGETGD 5 PQAYDKI Rl YQI PNGLI 1 KDEVNILVI EVKKY--FQKEI G 2 DKTAI GOSLL- | QKELLE 256
LA0027_Li nt _24212727 TAIYFPDLGENVELYLNGI PIRKEKF 10PSVRRSLKSVI LPI PSG 3 EGKNTILIYMI G ---ESDFTHY 3 EHFGFYHSKGYKI LSLEQ 226
cyaAl8_Lint_24217179 | FLYLESI GENVEIFLNDHSLAQEI H 9 LRRTI RSFRLPVDSSLL 1 SGENLLTFRLI GDAP- ASFLSKN 3 GFYI DGDYSLTTEQKLSG 196
Reut 4832_Rnet _22980118 VALVLQSVVMAGEAFINDEPLWRDAQ 7 SWALPRHWRLPEAW H- DGNTLWRVVGV- - - AGQSLGL GPVFVGDSLA- MXQRYDE 205
Reut 4777_Rnet _22980062 VALLLDYLNVAGAVYLNGSLLMRDTS 7 AWNTPRYQLLPASLLR- EGUNTLLVRVSGL- - - SAYQPGL - GPVSI AAPEHLRPAYDR 301 /
Mleg0217_Mieg_23026370  GQIWLGTI VDADTVYINGHKIGNTG YQYPPRLYPINKNI LQ- AGENTIVVKITSNHGKGGFVLDK PYW.EVNNTRYDLKGEWQ 406 \ B
XCC1753_Xcam 21112846 VQLGVGQ DDSDI TYVNGQQVGQTEK  QUNLPRVYAVPAAALR- AGVNQIAVRVEDLSGGGGVHGPD 1 QRFVQ GSTQ RALAGAK 384 |
XCC4103_Xcam 21233525 ATLLLGPVDEL DQTWVNGHAVGSSY- GADQPRRYSVPRGQLQ- AGRNSIVLNVLNTYRRGGLLGDA 3 ALQFADGSRV- PLDRPWQ 394 |
C87348_Ccre_25398225 ATLALGPVDDI DTTFLNGREIGSTQ RWDTPRTYRLAPGALK- AGRNVLALRVI DMGGGGGPWGKA 3 GLTLADGTFV- PLPTAWR 388 /
l'acZ_Ec_18073591 TRII FDGVNSAFHLWCNGRWGYGQD - SRLPSEFDLSAFLR- - AGENRLAVMWLRWSED- GSYLEDQ DMARMSGI FRDVSLLHKP 224 \ C
lacZ_Ldel _149566 VSLKFDGAATAI YVWLNGHFVGYGED - SFTPSEFMYTKFLK- - KENNRLAVALYKYSS- ASWLEDQ DFWRMBGLFRSVTLQAKP 224
lacL_Lpl a_28379799 | | IQFQGVEEALYVWLNGHFIGYSED - SFTPSEFDLTPYI Q- - DQ&IVLAVRVYKHST- AAFI EDQ DMFRFSGI FRDVNI LAEP 226
LAC4_KI ac_173305 HRLRFEGVDNCYELYVNGQYVGFNKG - SRNGAEFDIQKYVS- - EGENLVWKVFKWSD- STYI EDQ DQMALSGI YRDVSLLKLP 204
ebgA Ec_26110092 TLIKFDGVETYFEVYVNGQYVGFSKG - SRLTAEFDISAMVK- - TCGDNLLCVRVMWAD- STYVEDQ DMANBAGI FRDVYLI GKQ 266
LACZ_Kpne_114941 TQIl FDGVNSAFHLWCNGVWWGYSQD - SRLPAAFDLSPFLR- - PGDNRLCVMMRWBA- GSWLEDQ DMARMBGI FRSWALLNKP 224
TML193_Trar _15643949 | FLHFEGVRSFFYLWVNGKKIGFSKD - SCTPAEFRLTDVLR- - PGKNLITVEVLKWSD- GSYLEDQ DMAAFAGI YRDVYLYALP 211

| acZ_Ssal _18265743 VFISFQGVATSI FVYWVNGNFVGYSED - SFTPSEFEISDYLV- - ECGDNKLAVAVYRYST- ASWLEDQ DFWRLYGI FROVYLYAI P 218
AAA23216_Cace_144746 TFISFQGVETAFYVWVNGEFVGYSED - TFTPSEFDITDYLR- - EGENKLAVEVYKRSS- ASW EDQ DFWRFSGI FROVYLYAVP 219
lacA Tthe_22138751 ~  -------- MAYAQVYLNGLYIGEHKG - GYTPFDI RIDEVYDWK KELNMLTVWDSTER- SDI PPKG 3 DYLTYGal YREVSLG YD 157
GUSB_Mrus_114964 - - HYYAWWVNGI HVWVEHEG - GHLPFEADISKLVQSG 9 Al NNTLTPHTLPPGT- | VYKTDT 14 DFFNYAGLHRSWLYTTP 223
GUSB_Hsap_4504223 HSYAI VWVNGVDTLEHEG - GYLPFEADISNLVQVG 10 Al NNTLTPTTLPPGT- |1 QVLTDT 14 DFFNYAGLQRSVLLYTTP 224
ui dA_Ec_15804986 - GYTPFEADVTPYVI AG 180 /

7 CVNNELNWQTI PPGM VI TDENG 8

DFFNYAGI HRSVMLYTTP
.s.1.1.h .

Siiiiii
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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 |, 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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Psyr 2444_Psyr_23470811 41 LPLGRA| QUFEDPTGEATI ESVSAAAHASAFKPVPPGTFNAGYSRSAFWLKVELTYRPTDAS] HNDW LELAYPPMDH DFYGPDADGQ: PTRAVHT GDM.PFSS- RGFAQNNYL FQUDLP- PGQTRTLYMRIRSEGAVQAPL YLVST 185
PP4781_Pput 24986538 28 LPLGKAMQVYEDPDGNAS| AQVSAPGFAKHFQPHHEDVL NAGYSTSVFWLKVELRPTAAPNAAPRSW. LEL AYPPLDHL ELYL PDSSGL- YRLAQRTGDALPYDS- RQI RQNNYLFELQLP- PGKVTTAYLRLHSQGSVQAPLALWEP 172
Pt | u4318_Pf I u_23062251 25 AAQGSGWSVLLDDQGNLQLSDIRSARYTNQFSP! ELDRL TAAEPDGALWLRFRLAPG - - - - - KHEQVLR! FAPDLSHLNLYVLDGDR: - LI EQRDTGTAQPQAE- RPLPSSDFMLPLPQ- - SDKPLDVYLRLVSDHQLRPYI TLQAA 161
PP4824_Pput _24986585 25 AEHDGGWIVL LDEQANL QL SDVRSERYRNQFSPL PLADL DAAPAGQALWLHYRLAPG: - - - - - DQeEQLLRVFAPDLSGLDLYALEGEQ - LLRQLHHGRQAGNAS- PTLRGSDHVLPLPN- - SRQPLDIYLRLVSEHQLRPAI SLEPA 161
PA3974_Paer _9950164 28 LPLGQSI DVFEDVRGSADI NDITSRAI DSSFRRHDKDVLNAGYSRSVFWLRLDLDYRPVASSDPRTW. LEL AYPPLDKL DLYL PDGQGG YRLAQRTGDTLPFAS- RPI RONNYLFELGLE- PNKPQRVYLRLESQGS| QAPLTLWP 172
Magn8928_Mrag_23016342 44 QPLGGOWSALRDPSGTLR! EDVAQSEAAHGFAPL - PGNLAAGYDRGAVWLSAETRRTADA- - - SADVLLEVEPAFLDEVTLFTGDGQG- - GFRAVTI GDRVPFSA- RQLAYRTLVFRLHL P- DDLPLRVYLRIKSTSTI SVSAQILSP 183
Mieg0804_Mieg_23026970 20 L'VI QQGLAFLEDKSGAL SFEDVQTR: - - GCDWQLQASGNFSQGYNRSAVWLKFELLNTQQ - - - AN VLLEVAYPI LDYVTVYVGNPQG- - VYTKVEMEDKLPFDS- RPI KHRNFLVPLDL T- KREPVTIYIRVASSSSVQEPLVLWEP 156
PA3462_Paer _9949605 32 LSLGAYAEYYRDAGGKARL GDILAL PA- QAFAAL RGDHANFGKNAAAVWERVRLONRNGA- - - DLAGFLEVNYPLLDDLKVYLLTADG - Rl EQUESGDLFAFSQ RPVQURNFWEPLRLP- PGES- TLLLRVQSTSTWLPLYFSTY 170
Mieg0691_Mieg_23026847 52 LELDNNFKLYEDVSASATI DDVAQVFEDEATTQFSVGDTNI GYSSSAVWVKLSFHNPQSA- - - PKEI | LRQAYPL IDNLQEWTRSYES- - HASVKQYGDKFPFSH: REI YHREFLFPLI | P- ARSTKEYFLRYESEGSLDI ALSTHEP 192
C83029_Paer _11350324 81 AWLNGSLDLLEDPDGNLAVEDLEQAEQAGRFVAA- AGRTSVGL SRSAWLRLDLPRREAV- - - SGGMLEVASASLHEDL RLYL PDERG- - GFREHRSGEAVPFAEGRDHAYRHPL FRIPP- - GDGPLRVYLRSYDPGGNAFPLRLWH 220
Chut 0509 chut 23135396 35 El QPQFVEQLQDPAASYTI DQVSSPL FAAKFKATGETM.RNTNRQAAYWLKLRII NHTDK- - - SQQW. IESFNFRINEI SCFLQTDS- - - GF-TEVWWEGDWAFKQ RSVGHKNFEFLLPN- - DRDSI | CYLRIKTKQPASFELFIRRF 173
Avi n0379_Avi n_23102206 42 LSLGPYTLYVEDRDADL DAAQVL AVPE- SAFRPVEGDQANL GQSRSAVWF RVDL - - SLGGFLEVNYPLLDDVRLTVL TPDG- - RLQRESGDTRPPGMV RPVPI RNLWEPLEL P- PGTS- TLLVRVKSSSAI Tl PLYFGTS 180
Chut 1543_Chut 23136440 34 EVRKGNYAI YRDTVRNLPLSRILELQREGH FKKTTSDAPRLQSSRQDMIAKYI VYNGSLN- - - QTEWL. TELYDFHIDEYDIYI LQKDS- - LYAHFTGSDLQPFHK- RKI EHKNFI HETVFE- PHQLYTLFIRTHSRQSVAVNGVWRIF 174
PA4856_Paer _15600049 44 PSANQWWRLLRDESAQLR! ADVLQRK- - EQFRPLAKRSFI FPASPQAVWLQUQLPAQK- - - - - VPSW LW FAPRVQYLDYYLVQDGR - LVRDQHTGESRPFQE- RPLPSRSYLFSLPV- - DGKPMILYVRMTSNHPLMAWFDQ! DE 178
Mt12300_Msp_23000642 49 QSLQGHFQLLPAQATPLTI EQVI KPQ TQQFLNI NWGFAGGFQS- GERWLRVNLEREPDA- - - PSRW IELGSALLDRLELY| PTPTPG HYQRVWLGDHTPLNQ RPMASRLYSVPLDLG SAPQTTLYLRLQTLQWILFGTIWE 189
Chut 1592_Chut _23136490 31 | Pl GGYSEI FTDPGNTHTI QDVI KT- - - GQFVAANSSTPNLG SPNAFWVKFTIQNQSD- - - - ADKLLLEYDLPFIDElI SVYEVDKDKNEVTGVHT SGDKYNFSN- REYDYQNY! FSTAI K- KNEI KDIYLFIKSGEQ VLPI MuGST 169
Chut 3598_Chut _23138550 41 MKI DKG MYFQDETNLLTI NDIVSR: - - KDFI AVNQKVPNLGVTSSAQHLKITIKNTTD- - - - VPKLLLKVDFPI IDEI EFYSFEDG - - KMRI EKMSEYKDFSE- RRYNDPNYI ¥YDITI K- NNQTQTYYLKIKSGEQ M_PI TIGIP 176
Chut 2183_Chut 23137079 34 SLSDNYI TI LEDTTAAFS| TEVI AADSAQQFKQA- SYNFNI - HPASVYWIKETVKNEGDV- - - FTQYVIENYYAHAKEFSVFYQEHG - - KLFQOKTGEYVTYKN- RNFSHKNLVLDLPAPQAGNERTFYLKVYSGL YVNENFVINNQ 172
Magn8953_Mrag_23016367 45 RPLDGYLTFLEDRESAFS| EDVARH - - GVFEAV- TPRRPGLI SGGTLWYRFTVKRTAGA- - - AEDVWLAFGEPDIDDVRVYVTKPGG- - SFTETLLGRRLPARQ LDVAVRLHAANLSLP- EEI PTTVYIRLSSLHKI RFEAAALWR 182
Chut 0774_Chut _23135667 32 LNI GNKASI RI DTNQTYTI HQILSDT- - PEYVYP- EAVPNLGLSSYVYWATFDLVNTS- - - - - SENLI LKFNQPLLNEI TLYRTDGK- - - SLSEI TYSESEPFLS- RKYYYPSYAFDMNAN- MGDTI TYVLRFKSNEP! | FOVDIANQ 166
Chut 0775_Chut _23135668 34 | NI GNQAAI YADTNQTYTI HQIL SGTP- KRIYS- - SAMPNLGLSNHVYWATFNFVNI S- - - - - PEKLI LKFNQPLLNEVTLYRADCK- - - TLSEVTYSEKNVFFS- RKYYYPFYAFDMNAG- MGDT! TYVLKFKSNEP! | FDVDIATE 168
Chut 2463_Chut _23137358 49 YWWRKYAEYYEDQQRGKKI TETAGKVPFKKISEK- DLDFTNNNL TSAYWLHFYVVNHTPD- - - LTDFI TEMYDYDINEVDLY| KDSKG - SFI EKKSGLDFPFDT- RDFAHKNI CFKLSI P- LADTTEVYMRLYSSSI NVFEPVIKTH 188
Avi N0870_Avi n_23102702 57 LDLHPHLQLLHDPGGRL QAEEVVASGQ: AFAPAAGRHDL NFGYTRDIVWLRLDLESRAKE- - - VREWQIEFL YPSLDRI ELFG GE- - - - - - APLLGSDRVPAGQ: RDSPHLSPAFSVRLA- PGERRSLFFRTQSSGTL TLDAQLVES 192
Rr ub0628_Rr ub_22966033 27 ADHI LARAFLEDPAGVLTI DEVAR: - - - GDFTPF- GPNFSKGYTQSVYWVRLLVRASAA. - - - PERTVLFI RPSFLNEVRLFYRDRASPDGAATRVSGNRYPFSE- RDRKSVAL GFVWDV- - THPQEEFYLRIKTNTQMQ DVQAVSP 162
Chut 2884_Chut 23137778 42 YVDEKSQVC! | DSSNFQEWNPVNR: - - - MSYPPTSKFFRNRSI D- HAAWYTFKITNTSRT- - - ALEWLVSYNYSIDEI DLTTVSDAG- QTEEFQFRDTTS! YN- - RI | KHKQPVFKVSLK- ANETKTYYLRLKNESTYNYVFALYSH 177
Chut 2495_Chut _23137390 54 PLRSGLI HVFEDTDNSCTSVESVQT- - - KTFRPANSYFFSTPNPSSTYWGKFI LTDNSSI - - - NNHWFFI SYNYSIDSLDIFAFKKSTLQFHKKYRFGSPNETT- - KEI RHKNFTVDFPVS- KNDTLTVYIKLKNKNATQYDFALVEH 192
Rr ub0627_Rr ub_22966032 15 EDLVVSRAY| EDPGGVL S| DDVVSR- - - AAVPF- - DAVL SKGFSASVYWVRLRVRAPEA- - - - GARTVLLI SPSFLNDVRLFRROPKAAQRAEVRVTGNL HPFAE- RERKAVSL SFWGV- - SPPQEDFYFRIKTRSPMIFEVQALSY 150
Avi n3704_Avi n_23105533 61 LVLQPW.RVFEDARADVELEQILALPE- ERLSAATAHLL APGYSRSAFWLRLELENRTGQ - - ACQWALFPGSARARDM LEQQEAG - - GASRQVAGAWHPLAE- WINPTRLPAFEVGL P- AGTSKVLWLRLASDYAFVMPMELSH 199
XF0986_Xf _9105918 65 AQSLM.ERLDDDPPAHEVLAGVYDA- - - M.RPNDTGGAS| YETARHP\VWWRIRADRQ! SA- - - AGRPKLQ EFPYLNWEAWVPGRSV- - PSRHAI YGAAAD- - - - RRYATRALVIDLPEG- L PQGRAVWLRVHAQST! PVMPVSIVSN 199
Avi n2657_Avi n_23104497 42 GAPNGDWR! LLDESASLTLKDVI ERR- - DHFAPL- GHRSL TLPANQRAWLRVSIAGHD: - - - - TPRW TWFAPRVDRVDFFL TNRGA- - TERRI ETGAM_PDG- - LSTSGQAHLFDLPT- - DQT TREVWLRLAPRQAAPAWDYVDT 174
Pf | u4190_Pf | u_23062112 27 LPLGRSLQUFEDPSGQAS| ADVRAQAAAGNFKPHDKATL NAGYSRSAFWLKI DLHYRPTNPSAQRSW.LELAYPPLDHL DLYL PDAAGD- YRLVRQTGDAG- - - - - RSPVAKS- ARTITCS- TURSSRISSERFI CGCPAKARSRRR- 165
LA3996_Li nt _24198039 36 SLSFFVYYFSSDSDENFRERIFAKDSS- LSFONI PAEVFSLGFTSNTVWFYIPLKNDTEK- - - DYRGEFEI FNSYLEEVDIFYRYGSKD- S| HEI LAGTS- - - - - - RVYEKSFPALNFYLR- PGEEI QIVCKIKSGTPMRI Pl VLESE 171
S04207_Sone_24350618 36 NLMPWLTVTHLNTTSELADI QALPK- - - TKwW - TSGDI QRLSQHNFWLTFSIQSGDE- - - - SLSRI LALDNPLLDKVTLYHLVGNQ - LI NTTYMsDTLPYQQ RPLLSNI FLYPFKI N- ANEQHTFYLHIETEGNAAVPI NLVWSA 171
LA3986_Li nt _24216685 39 | CEFDQ EFALDPDLSNEVPKEPKKS- - LVFLPKENSFLKLGFI KESVWIRENIKQYP- - - - - RSRCFLRI PQUTLDGAALFAK: - - - - - - SSVQI TGDRFRYSE- RFVDDYYVFYPLEPLDI QKEKNQYYLW! KTSS| | NFPI FLES 171
LA4269_Li nt _24216967 42 NI SSLI EYRYREQQFAGCSPEH! DGLEDLEWHQ PTEVLRVKRTPFGNWLRESVKNSEST- - - | QSRI LLLGALNVPDTQLCFFDKSG- - KFVSARSGYSNDI ED- EKI LTNLPHFRIDLE- PNENR| FYLFVLSNEDI NYRI QIMGL 182
SOL570_Sone_24373140 28 | ALDSPYLFHAEA- KQLPPADFKEV- - - SQiMSQLKEASSVSLTGGD YHMVSPYMNSR: - - - QTRVVDASNSI TESVDYWLLGSDG- - SVQFAHSGYYAPY- - - EFLFDYGRKVRLNM - GTDYW.VTRLSSQYFSSAPEVALESQ 160
Psyr2376_Psyr_23470745 109 AEHGAGWSTLLDEKAHLTLDEIRSARYQNQFSPI ELERVTAADRDSALWLHYRLQPT- - - - - - QHEQLLRI FAPDLSSADMYVMDGDR- - Q DHVRTGNDVPI ED- QRLPSNDFLLPVPQ- - SSAPLDIYLRLVSAQKMRPS| TL- EP 244
SME00074_Snel 15073849 49 LDLTATTEI YSGRGDAFQUSTAPGTD- - Gl VRRI EVRSSTE- - NHQSDWAVFALANVSEEQ - LERVI VAPHFRLVNSKLFWPDLGS- - - QRI LS| TPSEGFALD- RQPSEEADVFRITLN- PGAVI TFVAEL- - TTPELPQ YLWoP 183
AGR_C_1434_Atum 15888127 49 LDLTATTDI YANQGEAFQVSTAPGPD- - G RRRI EVRASSE- - DHQSDWAVFALANVSEEQ - LERVI VAPHFRLVNSKLFWPDLGS- - - QRI | Al TPSEGFALD- RQPSPDADVFRITLN- PGSVI TFVAEL- - STPQLPQ YLWEP 183
AG3433_Brel _25526193 44 LDLSRAVEL L RYKGESVQUSTMPGPD- - Gl VRRI EVQSDQNA- NASGDWAAFSIANPTDEQ - | DRLI VAPHFRLVGSGVIWPDLGS- - - PRI AS| TPSEGFALD- RQPSADADVFRITLN- PGSVI TFVAEL- - SSHALPQLYLWEP 179
Rpal 2189_Rpal 22962895 25 | DLTGVLEHLHSDNDRVQ STAPGND- - Gl VRRVEVRAREG - - - GQNWVVFALANNSDDQ - LDRL| VAPHYRM/GSGLLWPDLGM - - SRI ATI TPSTGDRPE- RQDSATADI FRVTLD- PGSVI TFVAEL- - RTDKLPQLYLWEP 157
bl 1 1502_Bj ap_27349754 24 | DLTGVLEHQRsDADRI QVSTAPGID- - Gl VRRI EVRAREG - - - GONWVVFALANNTDDQ - LDRLI VAPHYRI VSSGLLWPDLGL- - - SRI ATI TPSTGDRPE- RQESPTADVFRVTLD- PGAVI TFVAEL- - RTDKLPQLYLWEP 156
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Figure 5

Multiple sequence alignment of the 7TMR-DISMED2s.Multiple 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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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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1in1503_Li nn_16800571 46 VKLFQVAEKTIRSPQI- - VEDTEKTKEERTKASNA- VEDVYVYNRETGQNRVAL - IQSLFAYVI EVNSE- AEENDK 33 VSEKI TSNI SDEV- FTTLI EADSKDFNVMEDVI TTE
| "01466_Lnon_16803506 46 VKLFQVAEKTIREPQI- - VEDTEKTKEERTKASDA- VEDVYVYNRETGQNRVAL - TQSLFAYVNEVNAE- AQEKDT 33 VSEKI TSNI SDEV- FTTLI EAKSKDFNVVEDWTTE
Ef ae2969_Ef ae_22993455 44 FREGQVAEESIRANKT- - IENTEETEQKRKLAAEA- VTPEYTYQKDLADDQNNR- TKQLFEL| DKTNDAI NKSYDE 32

Desu2389_Dhaf 23113918 64 LKLGDPSPQLVTAPYEKNIEDLKKYYQDQEAAAEA- VKPVYTQDEEYLTSI SRD- LSTAFTALEEAI AS- DEDKAD 10

CAC1292_Cace_15894574 40 LKEGDI AKNDIKATRD- - VNDEAATEERRKQAVNS- VG QYDKNTEI | NNI | DN- INNDFTI MNKVKDE- NSDDKT
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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 I.

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-YqfF-
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 |

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

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-
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R COLLLEC DL -
TPRI AALVG GVESLQM | ILLVAKPFSDAVELVSMIG PMI LI NGTGSFIFLSII QAI | RKEEQA 215\ Lyt S
NPKLAFI TTI | AEI LEM | ILI LSKPFNHALQLEKI FALPMI | | NSVGVFVFVYITKD- - ALEQYN 212 |
Kl FFGFFLACVVENLSMGLILI | LKDKI LAQNI VANFYVPMVFIWNSI GSSVLI LLVEDI | QKSELI 200 |
TPKFSAVLSVFI VSLEM MILLI VEDG - - | S| VKTIAI PMI LVNSFGSFILLSMI QAl LRQEENA 212
DVWRLAAMLGLVGETVHM LVLAL SRPFPQAVEL VKVIGVPMI VVNSLGAALFVQI| NLVSKGRERR 200
NPl TAGAVTFVAEMVQWLI ILAI ARPYEDAVRLVSNIAAPMMWTNTVGAALFMRILLDKRAMFEKY 209
RWRVG LGGMLCETLTM LVI VWAPTTALG DI VSKIG PMI L- GSVCI G- FI VLLVQSVEGEKEA 200
Rl FFGFFLACTI ENLSMGLILI LLI DKI LAQNI VTSFYI PMVLIWNSI GASvLI LIVEDI | QKSEI V 183
DPAVAFI TGVAVETLQWI LLVMAKPFTAAVSLVSVIG-PMI LVNSI GLALFVELVSSVFREKERF 199
SPNKALFI G FPPVLHVGLLLI ML.PDQQ GVQ VNTIG PLVVTNSI ALTIFTMMI RLALNETEQE 214
TAGVAAI TGLGVEFI QMLFILVFSVSG - - LQLVKLIFLPMM LNSFGTWZFMSII SAYLHQEEQL 213
QPLVWGLVTLFAEVCQMWLI I| LVARPAVNAVHL VETIAL PMLVANSVGAAMFMIILLDRRTMFETQ 206
SPLTAGAI TCl AELVQWLI ILLI ARPFDDALHLVSNIAAPMMVTNTVGAALFMRILLDKRAMFEKY 204
NPLLVCLVTFYAEI MQVSLILLI ACPFDAAVEEL VRQIAPPMLLVNSI GAALFMSMI RDQKTMFDKL 201
S| AKSAM Gl VMEM QWL SILTFSHDKAYAVDLI SLIALPMI | VNSVGTAIFMSII | STLKQEEQM 215 |
S| KKGAI | GAI TEI | QUGCILLFTNNLHHAI TLVSFIALPMI | | NSLGTAIFLTII LSTI KQEEQM 215 |
RVLDAMWGFGVEI LQM CILI FSVDFNQALRLVSFISMPMI LSNTLGLGIFI S1l SSTQKLEEHA 214
STSQVI LI SI | AESI QULFVGE FTG - - - - WELVKMIVI PMM LNSLGSTLFLAILKTYLSNESQL 208
VEYAFMAGFI GEGVQWLI ILATAKPFHQAVELVKI 1G PMMWVNATG GIFM Ml KS| FDEKEQ 198
SPSI VFAVTLFAEI VQWLI ILWAKPFEQSYALVSTIAAPMI | ANSVGAALFMSILLDRKTI FEEY 201
QPLWAG TLVAEVLQW ILAVARPFNEAVELVENIALPMM TNT| GAAMFMRILLDRRAI FEKY 206/
KHAFYLLI | TNSLI SFSFYFLID-------- LHSYELHLYFW | S| AGGMLSLYI|I DHETNAHLLF 185\ yhck
| SGTEVI SFAFLVHLVM.SWFFLLPGQHVV- PVLSKITLPILLI YPLATWLL SRLL SRRFELERDE 187
GHFTGLVLLAVM SLPLVLLAW.PVGRT- - - DSLEVLAAI LVLLNLTGALVFGTFLQRERAAAQRE 190
- KONDVLSLLI LNWTI | | LFGVALVSP- - - | YTLSEVI | LI Pl SLI | TLASAI TFVDI WHFFSLV 181
KRWFYKMVFTLLM NVTDYYM.RKV- --DA | DVLVQ¥SI | | LVSG LQYMLLDYVKTSNKLY 190 |
TRW WFNVYSLFI LAVPLSMLFKD- - - - - - - MBI VALYLVCSSVAAY! TFISANYV- - - LQSNELF 184 |
NI VWGVFI LNI | ACGFWI NLHLI LAKEP- - - DFWNMFTFVSI ALVI G- AVSAGLMKNM KSKQLF 188 |
WPWERLLLPLLLI FLPNGLLLPI | RHDL- - - SLYLTVW.PLLVMCFLGALITLGILRSRFRLLSLV 195 |
LDVWRSLWARLLLVFMPNG LI PVLRGDP- - - AALLTVYLPLLWTYAGFLVSLGIQRNRYRLLSLI 190/
Cohe hooheooe ... p..

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 |. 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- A second family of evolutionarily mobile TM domains
ing proteins with GAF [25], histidine kinase and receiver ~ that was recovered in our search procedure is typified by
modules. Hence, the YchK-like proteins could be part ofa  the conserved N-terminal TM domain, which is found in
distinct signaling complex that could relay signals, which ~ the E. coli sugar response histidine kinase UhpB (Figure

may be dependent on cell wall composition.

8C and 10). In addition to orthologs of the UhpB protein,
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Secondary structure
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Mleg2742_Mleg_23028963
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consensus/ 90%

Secondary structure
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SVb20868_Srel _16264910
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sl r1805_Ssp_16330325
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sl r1798_Ssp_16329416
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consensus/ 90%
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RNI LWAM.VP- ML TFRHGWKG- SALGSLLASFAI EFSLPRVYQ - IGFFDQQ- - VFSMQLLYAVTTTVLFVFNARLREPARNKVS 294
GYLPFAYI | MPPLLWAAVRFEVKGAVWLVLLTLI TAI FTI SGTSP- - FAGDHET! - QFMLQLFLAI SAFSALI VAAI SRQYQLALSN 300
GYLPFAYI VMPPLLWAAVRFEFKGAAVTLTLLALI TAI FTI SGASQ - FI SDPQBQKHS- - Q MLQLFLAI SAFSALI VAAI SRQHOQAVLT 355

FNYSLGYVLVPLI LWSAFRLGERASSLAVI LSs! | Al FGSI PTR- - - - FNAES| GES-

- SI LLQFFI AVLSI TSLLVVSMVNERKEVEDQ 304
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201
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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 actinomyecetes 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-B 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 GROMOS96 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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