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Abstract

Background: The H subunit of the purple bacterial photosynthetic reaction center (PRC-H) is
important for the assembly of the photosynthetic reaction center and appears to regulate
electron transfer during the reduction of the secondary quinone. It contains a distinct
cytoplasmic �-barrel domain whose fold has no close structural relationship to any other well
known �-barrel domain.

Results: We show that the PRC-H �-barrel domain is the prototype of a novel superfamily of
protein domains, the PRC-barrels, approximately 80 residues long, which is widely represented in
bacteria, archaea and plants. This domain is also present at the carboxyl terminus of the pan-
bacterial protein RimM, which is involved in ribosomal maturation and processing of 16S rRNA.
A family of small proteins conserved in all known euryarchaea are composed entirely of a single
stand-alone copy of the domain. Versions of this domain from photosynthetic proteobacteria
contain a conserved acidic residue that is thought to regulate the reduction of quinones in the
light-induced electron-transfer reaction. Closely related forms containing this acidic residue are
also found in several non-photosynthetic bacteria, as well as in cyanobacteria, which have
reaction centers with a different organization. We also show that the domain contains several
determinants that could mediate specific protein-protein interactions. 

Conclusions: The PRC-barrel is a widespread, ancient domain that appears to have been
recruited to a variety of biological systems, ranging from RNA processing to photosynthesis.
Identification of this versatile domain in numerous proteins could aid investigation of unexplored
aspects of their biology.
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Background 
Identification of conserved protein domains that span a wide

range of biological functions provide deep insights regarding

the origin and evolution of complex biological systems.

These versatile conserved domains often have catalytic or

structural roles that can be utilized, with small variations, in

different contexts. The P-loop-containing nucleotide phos-

phatase fold represents one such catalytic domain that is uti-

lized in almost every conceivable biological system in all the

three superkingdoms of life [1,2]. Folds such as the SH3-like

barrels, the PAS-like fold, the OB fold, the double-stranded

�-helix, the �-propeller and rubredoxin-like zinc ribbons are
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predominantly non-catalytic domains that are widely repre-

sented in multiple functional contexts, with roles such as

small-molecule binding, nucleic-acid binding and interac-

tion with other proteins [3-5] (see also the SCOP [6] and

CATH [7] databases). Versatile globular domains appear to

have emerged fairly early in evolution in various fold classes,

such as the �/� or �+� mixed folds, or the all-� and all-�

folds [5,8]. Comparative genomics and evolutionary studies

indicate that many of these versatile folds probably emerged

in contexts related to RNA binding in the ancient translation

system and were subsequently re-utilized in other biological

systems [9,10]. 

Of particular interest in this context are the small all-� folds

that assume conformations such as barrels or �-helices

[3,4]. These structures have considerable potential for func-

tional versatility, because they are able either to accommo-

date small molecules within cavities formed by the curved

�-sheets or to interact with various larger molecules, espe-

cially nucleic acids or proteins, via the external surfaces of

the sheets. A few ancient and widespread �-rich folds such

as the SH3-like barrel and the OB fold appear to have colo-

nized multiple functional niches early in evolution,

although their earliest versions may have had roles related

to RNA metabolism [9,11-13]. We were interested in identi-

fying other such functionally versatile �-rich folds that

could be traced back to the early stages of life’s evolution.

The availability of extensive genome sequence data and

advances in structure determination over recent years allow

the successful application of comparative genomics,

sequence and structure comparisons to identify any such

folds that may be somewhat less widely represented than

the OB or SH3-like folds.

Here, we identify one such �-barrel fold typified by the glob-

ular domain of the H subunit of the photosynthetic reaction

center (PRC-H) from purple proteobacteria such as

Rhodopseudomonas viridis [14,15]. The purple bacterial

photosynthetic reaction center consists of three primary

subunits, of which PRC-L and PRC-M primarily bind the

pigments involved in photochemistry, whereas PRC-H

appears to be a key regulator of electron transfer between

the quinones in photosynthetic reaction centers [16]. So far,

homologs of the H subunit have only been found in photo-

synthetic proteobacteria [17-19] and the carboxy-terminal

globular domain of PRC-H shows a distinct �-barrel fold

that is structurally unrelated to other characterized

�-barrels. This raises the important question of the evolu-

tionary provenance of this unique domain. Here we use

sequence-profile analysis and comparative genomics to show

that the �-barrel domain of PRC-H defines a novel, wide-

spread superfamily of �-barrel domains that is represented

in several bacterial, plant and archaeal genomes. We also

show that this �-barrel domain is found in the conserved

protein RimM, which is involved in RNA processing and

ribosomal assembly in the course of translation. Thus we

provide evidence for an unexpected evolutionary connection

between RNA metabolism, translation and the redox reac-

tions in photosynthesis in the form of a shared functionally

versatile �-barrel domain.

Results and discussion 
Identification of the PRC-barrel domain 
The PRC-H subunit is a membrane-spanning protein with a

single amino-terminal transmembrane helix [14,15]. Its

crystal structure reveals a cytoplasmic region comprising a

largely non-globular segment followed by a �-barrel-like

structure. The entire cytoplasmic region has been classified

as a novel �-rich fold with no relatives in the SCOP database

[6]. However, we observed that the most carboxy-terminal

part of the cytoplasmic region forms a distinct folding unit in

the form of a six-stranded �-barrel that could define a novel

evolutionarily conserved domain (Figure 1). A DALI search

Figure 1
A ribbon representation of the H (gold) and the M (gray) subunits of the
photosynthetic reaction complex (PDB 1eys). The PRC-barrel is colored
purple to highlight it. The two acidic residues projecting in the direction
of the membrane, including the glutamate (E) involved in regulation of
quinone reduction, are shown in space-filling representation. The peptide
from the amino-terminal tail of the M subunit that interacts with a cleft in
the PRC-barrel (PCR-M peptide) is also shown in space-filling
representation.
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[20] of the PDB database with this �-barrel revealed no spe-

cific structural relationships with other folds such as the OB

fold or the SH3-like barrel beyond the presence of curved �-

sheets, suggesting that it represents a domain with a distinct

fold (Figure 2). 

To further investigate its evolutionary relationships, we used

the sequence of this �-barrel unit from the PRC-H protein

(gi: 132177, residues 151-257) of Rhodopseudomonas viridis

in a PSI-BLAST [21] search of the non-redundant (NR) data-

base at the National Center for Biotechnology Information

(NCBI). This search (expect value (e) threshold for inclusion

in profile = 0.01) recovered, in addition to the orthologs of

the PRC-H proteins from other purple proteobacteria,

several uncharacterized proteins from the cyanobacterium

Anabaena (for example, all5315 and alr5332, iteration 2, e =

10-6-10-4), non-photosynthetic �-proteobacteria such as

Mesorhizobium, Sinorhizobium, Brucella and Caulobacter

(for example, SMc00885, iteration 4, e = 10-4 or CAC1676,

iteration 5, e = 10-6), several other assorted bacteria like

Deinococcus, Bacillus and Streptomyces (for example, YlmC

iteration 4, e = 10-5) and several archaea with completely

sequenced genomes. Interestingly, in addition to these pro-

teins, this search also recovered the ribosome-associated

RimM protein from bacteria (for example, RimM, Deinococ-

cus radiodurans, iteration 6, e = 10-4). To establish the

validity of these relationships we collected all the true posi-

tives detected in this search and clustered them on the basis

of similarity, obtained diverse representatives belonging to

each cluster, and seeded PSI-BLAST searches with each of

them. The majority of these searches recovered approxi-

mately the same set of proteins with statistically significant

e-values. For example a search started with the archaeal

protein Ta0943 (gi: 10640258, whole length) recovers

RimM (from Vibrio cholerae, iteration 4, e = 10-4), and the

PRC-H protein (R. viridis, iteration 8, e = 10-3). Although

some of these searches converged prematurely, they consis-

tently recovered true positives detected in the other searches

Figure 2
A comparison of the PRC-barrel with the analogous �-barrels, namely the SH3-like barrel and the OB fold. (a) The representative of the SH3-like barrel
is the dihydrofolate reductase subunit (PDB 1vie) and (b) the representative of the OB fold is the cold-shock protein S1-like RNA-binding domain (PDB
1mjc). Note the difference in packing of the last strand of the OB fold with respect to the first strand in the SH3-like barrel and (c) the PRC-barrel. In
the case of the OB fold, note the difference in orientation of the second strand with respect to the first as compared to the other two �-barrels.
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with at least borderline statistical significance (e approxi-

mately 0.05-0.01). 

We prepared separate multiple sequence alignments of this

region for all the major, distinct clusters of the proteins

detected in the above searches and predicted secondary

structure for each of them. The predicted secondary struc-

ture [22] corresponded perfectly with that of the barrel

domain of the classic PRC-H proteins. Furthermore, the

smallest proteins with this region were detected in the Eury-

archaea (for example, Ta0943) and their length of approxi-

mately 80 residues exactly corresponded to that of the

�-barrel that forms a distinct folding unit seen in the PRC-H

subunit. Consistent with this, several proteins, such as

mll3685 from Mesorhizobium loti, have duplications or trip-

lications of this region, which indicate that the boundaries of

each repeat correspond perfectly to the �-barrel unit of

PRC-H. These observations suggest that this region indeed

defines a novel evolutionarily mobile domain of approxi-

mately 80 residues (Figure 3). We named it the PRC-barrel

after the photosynthetic reaction center subunit H, in which

it was first observed.

Most of the sequence conservation in the PRC-barrel is cen-

tered on the hydrophobic residues that stabilize the six

strands of the domain. Additionally, there is a nearly invari-

ant glycine (Figure 3) that corresponds to the beginning of

strand 2 and is likely to stabilize the first �-hairpin in the

structure. Beyond the conserved core, there is considerable

variability in the residues in the loops, and these are likely to

impart the specificity required for the diverse interactions of

this superfamily. 

Potential biological functions of the PRC-barrels 
The experimentally characterized PRC-barrel-containing

proteins possess diverse biological functions: the PRC-H

subunits themselves are involved in photosynthesis in the

purple bacteria [14], whereas RimM is a protein that associ-

ates with the 30S ribosomal subunit and is required for

efficient translation and processing of 16S RNA [23-25].

Gene-disruption studies in Rhodobacter capsulatus indicate

that loss of the PRC-H subunit results in disruption of the

reaction center and the light-harvesting complex-1 and loss

of photosynthetic growth [26,27]. Biochemical studies have

pointed out that the PRC-barrel of the purple bacterial

PRC-H lies on the cytosolic face of the reaction center and

directly affects the redox processes during the photosyn-

thetic reaction [16,28]. On photoactivation there is an

electron-transfer chain from the primary donor - the

bacteriochlorophyll molecules - to the primary quinone, and

then to the secondary quinone. A glutamate residue (E173 in

R. viridis PRC-H) located in the loop between strand 2 and 3

of the PRC domain is in the vicinity of the secondary

quinone of the reaction center. The site-directed mutagene-

sis of this glutamate severely retards the first and second

electron transfers from the primary quinone that succes-

sively reduce the secondary quinone to semi-quinone and

quinol [16]. The crystal structure of the reaction center

reveals that this acidic residue of the PRC-barrel is situated

close to other acidic residues from the PRC-L subunit, which

interact with the quinone [16]. Thus, the acidic residue in the

loop between the PRC could act as a regulator of the electro-

static state of the reaction complex to potentiate electron

transfer. The multiple alignment (Figure 3) of the

PRC-barrel reveals that this glutamate, or an equivalent

acidic residue, is conserved in the majority of PRC-barrels

that are most closely related to the PRC-H version. In addi-

tion to the purple bacteria, such versions are seen in the

cyanobacteria, �-proteobacteria such as rhizobia, Agrobac-

terium tumefaciens and Brucella melitensis, and Deinococ-

cus radiodurans (Figure 3). In the case of the cyanobacteria,

it is possible that some of the PRC-H-like proteins that

contain an equivalent acidic residue might associate with

their very distinct photosynthetic reaction centers [29-31],

by analogy with their purple bacterial counterparts. One of

these proteins from Anabaena cylindrica is exclusively

expressed in the spore-like akinetes [32], though its actual

function remains unknown. The extensive spread of this

4 Genome Biology Vol 3 No 11 Anantharaman and Aravind

Figure 3 (see figure on the next page)
A multiple alignment of the PRC-barrel was constructed using T-Coffee [38] and realigning the sequences by parsing high-scoring pairs from PSI-BLAST
search results. The secondary structure assigned by PHD [22] is shown above the alignment, with E representing a �-strand, and H an �-helix. The 85%
consensus shown below the alignment was derived using the following amino-acid classes: hydrophobic (h, ALICVMYFW, yellow shading); the aliphatic
subset of the hydrophobic class (l, ALIVMC, yellow shading); small (s, ACDGNPSTV, green) and polar (p, CDEHKNQRST, blue). A ‘G’ denotes the
conserved G of the tiny subset of the small class. Columns of residues that are peculiar to a particular category of PRC-barrels (see text) are colored
red. The limits of the domains are indicated by the residue positions on each side. The numbers within the alignment are non-conserved inserts that have
not been shown. The different families are shown on the right. The sequences are denoted by their gene name followed by the species abbreviation and
GenBank identifier (gi). The species abbreviations are: Archaea: Af, Archaeoglobus fulgidus; Hsp, Halobacterium sp. NRC-1; Mac, Methanosarcina
acetivorans; Mta, Methanobacterium thermoautotrophicum; Mj, Methanococcus jannaschii; Ph, Pyrococcus horikoshii; Tac, Thermoplasma acidophilum; Bacteria:
Atu, Agrobacterium tumefaciens; Aae, Aquifex aeolicus; Ana, Anabaena sp.; Bs, Bacillus subtilis; Bb, Borrelia burgdorferi; Bmel, Brucella melitensis; Cac, Clostridium
acetobutylicum; Ccr, Caulobacter crescentus; Cj, Campylobacter jejuni; Des, Desulfitobacterium hafniense; Drad, Deinococcus radiodurans; Ec, Escherichia coli;
Hi, Haemophilus influenzae; Hp, Helicobacter pylori; Mlo, Mesorhizobium loti; Mtu, Mycobacterium tuberculosis; Nm, Neisseria meningitidis; Pae, Pseudomonas
aeruginosa; Pmar, Prochlorococcus marinus; Rcap, Rhodobacter capsulatus; Rp, Rickettsia prowazekii; Rsp, Rhodobacter sphaeroides; Rvi, Rhodopseudomonas
viridis; Sli, Streptomyces lividans; Sme, Sinorhizobium meliloti; Scoe, Streptomyces coelicolor A3; Syco, Synechococcus sp.; Ssp, Synechocystis sp.; Tm, Thermotoga
maritima; Tp, Treponema pallidum; Ter, Trichodesmium erythraeum; Tsyn, Thermosynechococcus elongatus; Ttep, Thermochromatium tepidum; Xf, Xylella
fastidiosa; Plants: At, Arabidopsis thaliana.
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Figure 3 (see legend on the previous page)

Secondary Structure             ...EEEEEEEEEEEEE.......EEEEEEEEEEE......EEEEEEE.......    ...EEEEE........EEE.........EEEEE.
prcH_Rvi_13096660           143 FSIAEGDVDPRGLPVVAA---DGVEAGTVTDLWVDRSE-HYFRYLELSVAG----    SARTALIPLGF----CDVKKD------KIVVTSILSEQ 222 \
puhA_Ttep_12084456          142 FSIAEGDPDPRGMTVVGL---DGEVAGTVSDVWVDRSE-PQIRYLEVEVAA----    NKKKVLLPIGFS---RFDKKARKVKVDAIKAAHFANVP 228 |
puhA_Rsp_2624659            140 FHVSAGK-NPIGLPVRGC---DLEIAGKVVDIWVDIPE-QMARFLEVELKD----    -GSTRLLPMQM----VKVQSNR-VHVNALSSDLFAGIP 222 |
rceh_Rcap_132175            142 MKVSAGR-DPRGMPVQAG---DTEVVGKIVDMWVDIPE-QLVRYLEVELNS----    -GKKKLLPMTM----LKIWSDR-VRVNAITSDLFDTIP 224 |
all4050_Ana_17231542         26 YQDSFQGNDIKGLGVYTER--SDEKIGTVNDVLVDD-E-GHFRYLIVDL-GFWI-    FGKKVLLPVGRS---RIDYGAG-----RVYAIGMTRDQ 109 |
all4051_Ana_17231543         13 YRETFGGDDVKALELYTQ---SGVRVGAIADVLVDN-E-GRFRYLVIDTHIDDS-    ISKKILLPIGLS---QINYPER-----RVYVDGLSKEQ  96 |
alr5332_Ana_17232824         14 INEIFGGNDIKDFDVYA----DNDKIGNVDNILVDEDD-GHFRYFIIDT-GFWV-    FGKKVLLPIGLA---RLNYENK-----RLLVPGLTKEQ  96 |
all5315_Ana_17232807         14 RDTEFDNYNIKDFDVYSDI--DNDKVGTVKHILVDD-S-GRFRYLVVDT-GFWF-    FGRQVLLPIGRS---RFNYTNR-----RVYANGLTKEQ  97 |
mlr9657_Mlo_13488501_A      124 APNGSLVSKIIGATVYNGTDANAQTIGKVNDVLLAK-D-GKAQSLIIGVGGFLGI    GEKNVAFDFNKA---QWAEKDGK----RWLVIKTTKED 212 |
mlr9657_Mlo_13488501_B      253 PIDKIRAEDLVGTTVYGA---NDAKVGKIGDVVLTG-D-KKVDAVLIDVGGFLGI    GAKEVAVGMDNL---KFMTDKSGN---KYLYTNFTKEQ 339 |
mll3685_Mlo_13473176_A       46 RAEGNIVTNIIGESVYNGTGDDAENIGKVSDVVFDK-D-GMAKSVVIGVGGFLGV    GTKNVAFDYDKL---QWAEKNGD----RWLVAQTTKDE 134 |
mll3685_Mlo_13473176_B      178 RADGNLATNIIGKTVYNGTGDDAQNIGSVNDIVLSK-E-GKAESLVIGVGGFLGL    GAKNVTYDFNKA---QWAEKNGD----RWLVAQTTKEA 266 |
mll3685_Mlo_13473176_C      331 PVGEIKASDLKGTTVYGA---NDAKVGEIGDVVLTP-D-KKTDAVIVNVGGFLGI    GTKEVAVGLDNL---KFMTDKNGK---KYLYTTFTKEQ 417 |
mll8059_Mlo_13476673        151 LGPGLRVDEIVGSEVRSS---DDKIVGEVRNVVIGT-K-DRWDYAVVASGGFFIA    GKDSIVVPLRY----LQVNEERT----SFYLRISS-AD 234 |
BMEI0367_Bmel_17982267        5 ANEGLSAEKLIGAMVYDA---DETKIGTIGDVLMSA-D-GQTEAFVADVGGFLGI    NSKPVAISIANL---DVATGKDGK---LSVFTQFTKKD  91 |
BMEI0366_Bmel_17982266       46 SPGQLLTSDFIGQPVYNGPSDDADNIGTVNDIILGA-D-GTPQAIVIGVGGFLGV    GEKDVAIGCNHF---SWVDKSGGT---RWLMVDADKEQ 135 |
SMc00885_Sme_15073752        84 AENQVSANTYIGQSVYNA---SDESIGEINDLIIEK-E-GGIAAAVVGVGGFLGI    GEKNVAVPFDKIA--VADQPDSDDI--KLTTTETA-DS 171 |
SMa0541_Sme_14523364         56 KPTDVLSYNLINLNVTNT---ANESIGEIKDLVLS--E-GQLAGYILSVGGVLGM    GERYVVVSPKAL---KITYVENDK-KWTAVMDATK-DQ 142 |
AGR_L_1375_Atu_15890813      74 GENQVSANDYIGKSVYTG---ADESIGNVTNLIMEQ-D-GGLVAAVIGVGGFLGI    GAKDVAVPMDK----VTMTRNTQ---DGTIRLTTTETA 159 | PRC
AGR_C_3639_Atu_15889293     212 QKTDLTASQLDGMDIYNA---QNENIGEIEDVVIG--DGKSVIGLVASVGGFLGI    DKSYVVLDPAS----VAVHNDNG--TWKAYVDTTKDAL 298 |
MA0627_Mac_19914425_A         8 NPDFLSANTLKGDKVVNR---AGEDIGKIEELMIDLQD-GRVGYAVLSFGGFLGM    SDKFFAIPWQA----LQLRVHEH----AFLLDIPKETL  93 |
MA0627_Mac_19914425_B       151 GPEFLSASTIKGDKIISS---TGEDIGKIDELMIDL-ENGRVAYAAVSHGGYLGV    GSKFFAIPWQA----LQLKVHEH----AFVLDISKETL 236 |
MA0627_Mac_19914425_C       469 IPDFLSANTIKTDRVVNT---AGEDLGRIDELMIDL-DNGRVAYAVLSFGGFLGM    SDKLFAIPWNF----LTYRAHEH----AFTLDIPRDVL 554 |
MA0477_Mac_19914260          15 NRTFVAATEIKGSKILTV---KDEELGTIKEVMIDS-EWGRIAYVVFACDCFLGM    KCKFFAIPWGA----LHTSRG------DYILKVDKDAF 98  |
DR1314_Drad_6459065          75 NLNDTSMYNPVGAAAYGV---NGDKIGTVRDALVEP-ETGRIRYFLVDVGGWF--    SSKEVLVPVGY----GRVDDS------GVYFDSLTKDQ 156 |
SCM10.07c_Scoe_6580633        1 MITREEIANVLDQPVYDG---DGNKIGDAKHVFFDD-MTGR-PEWVSVKTGMF--    GSTESFVPIR-----AALVQD------HLEVPYGK-DQ  80 |
SC10A9.21_Scoe_13122124       5 VRTDIDPRNLIGRKAFDR---DGSRIGTVDEVYLDD-ATGV-PEWAAIRTGLF--    -SRDAFVPLE-----SELVDG------ALRVPFDR-AL  83 |
SCF55.21c_Scoe_6448732       14 MFEAENIRDWRGLDVVDY---DGRKIGTLESIYFDT-LTDR-PAFATVTIGLPT-    RRRLVFVPVD-----ATVGPS------YLKVTYDK-SL  94 |
AGR_C_723_Atu_15887760       29 TPSLIASDKVEGTRVYGA---DGKHIGSIQRIILEK-RGGRVAYAVLSFGGFLGI    GDDYYPLPWEK----LHYDEELD----GYRIDLTKEQI 114 |
SMb20522_Sme_15140376         9 SHDLIASDRVVGTAVYDM---NGENVGSIERIILEK-RGGRVAYAVMSFGGILGI    GHEHYPLPWEM----LDYNTDLG----GFQVNITK-EQ  93 |
mlr9581_Mlo_13488432        151 LGPGLRVDEIVGSEVRSS---DDKIVGEVRNVVIGT-K-DRWDYAVVASGGFFIA    GKDSIVVPLRYL---QVNEERN-----SFYLRISS-AD 234 |
mlr0376_Mlo_13470613        111 HTEAIAASRVIGTSVYNT---EGRSIGSIEDIMLDK-TSNGIMFAVIGFGGFLGI    GEKYHAIPWAS----LDYDENRG----GYVVPFSKEQL 196 /
alr1129_Ana_17228624_A        3 SEQIIRRSDILNTQVITRD--NGKRLGIVSQVWVDI-D-QREVVALGLRDSLI--    --SISGLPRYM----YLSSIHQYG---DVILVDNEDVI  80 \
alr1129_Ana_17228624_B       82 DIEVEALSNLINWEVITE---TGEVLGRVRGFRFEA-ETGKLNTIVIASLGVP--    QIPDQFLSTYEISI-EEVVSTGPN---RLIVFEGAEER 169 |
Tery_p_2245_Ter_23041561_A    3 SEKNRQRSELLGTQIITRD--KGKRLGVVSQLWVDV-D-KREVVAIGLRDNIL--    --AVAGIPKFM----FLKDVCEIG---DVILVDDEEVI  80 |
Tery_p_2245_Ter_23041561_B   83 DIDTEAYSGLINSEVLTE---NGDFLGRVRDFKCDV-RDGKVLSLIIASIGIP--    QIPDQIISTYEMPI-DEIVASGPN---RLIVFEGSEEK 170 |
Pmar_p_57_Pmar_23121939_A    18 SERLWLRSELMGTQVITTD--TGRRLGVVGEVVVDI-D-RREVVALGLRDNPLTR    --FLPGLPKWM----PLESIKQVG---DVILVDSLDSL  97 |Plant-
Pmar_p_57_Pmar_23121939_B   100 GFSPERYGKVINCQVITE---SGQLLGRVLGFSFDI-ETGDLISLVMGAVGVP--    LLGEGVLSTWEIPV-DEIVSSGTD---RIIVYEGAEEK 182 |cyano-
slr1220_Ssp_1652582_A         3 IDNIRLRNEFINTEVITRS--SGKKLGVVKEVLVDV-D-QREIVALGLRDNFL--    --SLTGMPQYLY---LNSIVQTGD---VVLVENDDVFE  81 |bacterial
slr1220_Ssp_1652582_B        82 LVEVDLYSPLVNSEVVTE---TGEPLGRVRDFQFDL-ATGKVSSIIIASLGLP--    QIPDQLISTYELSI-DEVVSSGPN---RLIVFEGAEER 169 |group
tll0853_Tsyn_22298396_A      31 STQLLQRADLIGTQVITRD--TGRKLGVINQVWVDT-D-QRQVVALGVRNTLF--    ----TGEQRYI----LLDSIRQIG---DVILVEHDDDV 106 |
tll0853_Tsyn_22298396_B     109 ALNTYNYSTLIDSEIVTE---TGELLGKVRGFKFDP-DTGDITDLILASIGLP--    WIPAQLISTYELPI-EEIVSTGPD---RIIVFEGAETR 191 |
At2g38570_At_15224902_A     114 FKQSTTRSNLVAKQVVSIQ--SALSLGFISQLWVDT--TSWLVLVVDVKPS----    LLSGESERFL-----LTDIVRV-----LLCLVSATLKV 193 |
At2g38570_At_15224902_B     196 TYILVYIKISVGYRVVTP---GGRNIGKVSTYRLDV-ED---IIEVL---------   --QDIVVVQ------EDAASRKQ----RLTKGLWDAQF 266 |
Tery_p_1588_Ter_23040898_A    4 IPEVIKHSQLLKRLVLDIE--TVEDQGCIEELCLNI--QSHQVIGFICKSGFF--    ---GRQKKYF-----TWKQVETIGV--DATLVNGKSQP  80 |
Tery_p_1588_Ter_23040898_B   83 LENYNNIIHIIGNEVWTD---TGEKVGFIVEYLLNI-KTGEIVNYLFKYNGL---    -QGALNSIYLLNP--EAISSVGNK---RVIVVNNYLDN 162 |
orf288_Syco_974616_A          4 QPEELTLSDLLNRQVLDRQ--TTDEHGRIDRVWMHP--PAHRVLGFLCKQGLI--    ---RGEFSAF-----RLDQLHALGD--DSVVLEAAPQP  80 |
orf288_Syco_974616_B         83 PEKVDRLESLLQHEVWTD---AGLHVGKIVDCRFDR-QTGYISAYLVSPHGW---    -RGVAGMLWDLDP--QLVLSYGQA---RVLVAELDPET 162 /
yrrD_Bs_2635192_A            18 DHTLRTCHEVEGFPVYSER--TSSYLGTISDICFSL--KGDCLGFILAQKRFL---   HHHHALLRACDI---SSIFDD------RILASVSSEQL  95 \
yrrD_Bs_2635192_B            99 PKSCFTYEQMKMKLVKSQ---EGDILGMLEDVYFCL--DRGIIVAYELSDGFFSD  1 AGSKRQIQRADSL--VEVRKD------EIVLNG----- 174 |
Desu_p_7167_Des_23121582_A   10 VLRLKPSKEFLSLPIVSLS--EGQHIGYVKSLVIDA--QAKALAALVIDPKGF--    ----FRDQRII----PYAKVVSVGA--DAITIDKGAYV  86 |
Desu_p_7167_Des_23121582_B   96 LSLIKEKLTIIGTRVITQ---SGKTLGVVEEYYVDP-DTGKITQMEISGGKI---    --EGFFSGKAILEA-DYVVTIGQD---VIVAQKGCETS 175 |YrdD-
DR0894_Drad_6458620_A         1 ---MIKGKELLGRPVVAVS--NGAQVDNVHDVVFDH--QGNRVLALLVEEGGW--    ---LRAAKAV-----PFGRVQSIGE--KAVMIATPEDV  74 |like
DR0894_Drad_6458620_B        84 KEALAGKTNLIGMTLLTT---DGQTLGKITDVYFDE--RSGQVEGYEASGGLFAD  1 TNGRTFIPAPQ----SIQIGKDSA---IVPAGVAA-AM 169 |group
CAC1676_Cac_15894953_A        1 ---MIRSREFIGADVYST---KGEKIGAVDDVILNF--SSGFVLGFKINKGKV--    FNKHCCISVKN----MVSFTS------KMIVNYVPYKG  73 |
CAC1676_Cac_15894953_B       72 KGSFIRFNSIKNMDVINY---DGTILGMVEEIMFDE--KTFKIKGIIVSRGFFAN  2 SGKKIILEGN-----YMLGKK------NLFCFSNDKNL 155 |
SC5H1.16_Scoe_7479623_A       1 MDELMAARSLTTRPVVTL---GGDAVAHVKDTVCDA--AAERITGFTLTGRGLLS    GPLKEGLPWSA----VYALGH------DAVMIRDRRGL  83 |
SC5H1.16_Scoe_7479623_B      86 AHQQNLRARLRGARVLTE---AGTEIGTVLDVVVEGG-TGGRVVGFRVAASRRFV  5 HRRRVYVPRGR----TLTVSG------RALVLPDGAVR 174 /
AF0359_Af_2650274             1 --MYVPARSLARKSVVLT---DGTVVGTLYNITVDF--KTGTIVNLLVKPENEIP  4 EEGLYIIPFEC----VRSLKD------FIVVDRRRVR-  79 \
AF1532_Af_2649046             1 MGMIGEITTFFGMRVFTD---EGRYVGRVEDVILDQ--NTKSIRGLAISDYNKAL  3 HAKGVIIPYRV----VKAVGD------IIIIKDLFKRK  86 |
VNG1995C_Hsp_10581428         1 -MADILAENLSGKAVMGS---DGTELGMLYNITMDL--KSGTLEHLLVEQTEESV  7 DDGRYRVPVSR----VQAVKD------YIVVRR-----  79 |
VNG0982C_Hsp_10580536         2 DADADEITSLVGREVYSN---NGVFVGEVEDIQLNL--NAEAVTGLALTELNADL  6 GQKGVIVPYRW----VRAVGD------IILINDVVERY  90 |
MA3528_Mac_19917583           1 MSKIFARNLLFNKQVMAT---DGTEIGTLSNIVVEI--KGGHIIDLMVSPNPTFD  6 EDNYILIPFDS----VSAIKD------YIIIDKMKARV  84 |
MA0818_Mac_19914631           1 --MRAELTSLFGLNIYTN---NGVYVGKLQDLVIDV--EEQKVTGLAVSDINREL  3 SSRGIIIPYRW----VITAAD------IIIIRDVIQRY  84 |
MJ1118_Mj_1591757             1 -MEKMPAKLLFERSIIGN---KGSVIGKVKDIVFDE--KVGRLVSLEVEPAEHSP  4 EGRNVLIPYKL----VVAIKD------VVVIDETNLNR  86 |
MJ0916_Mj_2826349             1 --MAIRVSDILDKPIYTT---TAIYVGKVYDVMLDL--NKGVISGLIVSDIQNGC  7 PSKKVVLPFNL----ITAIGN------IILVKPPADSG  88 |
MTH974_Mth_2622073           10 GGKMVELSSLYGLEIYTS---RGKYVGRVQDVVLNI--KKGRVSTLKVRPMRHDK 26 EEGIIDINYDR----VQAVGD------ILIISPDVSVE 118 |Archaeal
MTH815_Mth_2621906            7 HGVQMKVTEFLGLKVLDK---NAMEIGKVSDLEVDP--EEGLIKSLIISKGELSL    KQRTFIVDMES----VSRVGD------YVVLAIAADEA  89 |
MTH1151_Mth_2622257           8 KGEEKYWSEIKGYQVATN---NARILGELEELIIND--KTGKITDVVIKVDSGRN  8 KGDYLLVPFGK----VEKVGE------FIIIAE-----  88 |
MTH1859_Mth_2622995           1 ---MRIVEEMVGKEVLDS---SAKVIGKVKDVEVDI--ESQAIESLVLGKGGISE  4 SKGETIVPYEM----VKKIGD------KILLKGPEE--  77 |
PH0209a_Ph_14591739           1 --MVMELSKMYGKLIYNT---RGKYIGKVDEIVIDI--KEGEGKVLILAL-----    PGERVGVPYEK----VTAVGD------IILVQAPERK-  70 |
Ta0943_Tac_10640258           7 AEKEFDVASLIGKDVYTI---KGIKVGRVNDIVLDF--DKNQIHGIFIMNTNDRL  2 NGDPISIPFNY----VKAIGD------IIILKSFPDLM  88 |
Ta0850_Tac_10640127          46 ---MEFYSRVNQKPVMSS---SGEIIGYVKSFMADE--KWNLTTMVAKPSGGRGR  6 DDGNYLIPMSN----VNVGND------AIVVMNIESIR 131 |
ylmC_Bs_2633909               1 ---MISISEFQVKDVVNVS--NGKKLGSIGDIDINV--TTGKIQAIILGGNGKVL  4 KEEELVIPWRNI---VKIGED------VILVRLSEPHA  81 |
ymxH_Bs_16078735              1 ----MRLSELSGKEIVDIK--RAERLGVLGQTDLEIN-EQDGQITALLIPTVKWF  4 QGHDIRVPWHHI---QKIGSD------MIILDVPEEMP  85 |
CAC1697_Cac_15894974          2 DLPSHSINAMKSMEVIDIN--TGTKLGLIKDLKIDT--EEYKVISIILPGS-KVG  4 KGNDIEIDWTDI---QKIGVD------VILVNGDNLFV  87 /
aq_1057_Aae_2983543          94 GEEEYYAYELVGMEVETD---KGKKLGKVERVQDM---GPYDALVLD--------    -KENLLVPFVSD---IVLKVDKE--NKKIIVKEELLPV 166 \
ylqE_Bs_2633974              97 NEGEFYFHEIIGCEVFTE---EGELIGKVKEILTP---GANDVWVIGRK------    GKKDALIPYIES---VVKHIDVR--EKKIEIELMEGLI 174 |
BB0697_Bb_2688631            93 KEGEYYLGKLIGYAIVN----NNKKLGEVVAFFEY---LNSVFLEVRV-------    GIKFFFIPFLSI---YIGDINTQ--EKTIELKVLDLLK 166 |
BMEI0148_Bmel_17982028       95 DEDEFFQTDLIGLEAVDG---DGKSYGVVSAIFDF---GGGDLIELSEK------    GKRPMLIPFTEA---AVPEIDFD--KGIIKVEPHAAGL 175 |
CAC1757_Cac_15895034         89 KEGQYFIKDIIGCNVFDE---NDKDLGEVYDVIST---KNNDVYCIRKE------    GQQDILVPALKD---IVLKIEIE--NKKIVIKAVEEWL 166 |
CAC0683_Cac_15893971          4 LLNNFFLSEVLYRKVYDE---YGEYVGKLWDIYVTA--DESYPRAIGYKIKKGGE  2 NYEFKSIHFYR----EDESRKI-----YMQVKAVKDTI  89 |
CC3651_Ccr_16127881          96 DDDEFYLTDLVGLTVRHIQ--TDQLLGRVKSVQNF---GAGDILEITPDLGG---    --PTWYLPFTRA---AVPEVRVS--EGLILADPPALVG 178 |
rimM_Cj_6968169              94 KKDEFFYFDILECEVFE----EDKRLGKVVDILET---GASYLFEIQSDEKWVEK  1 YPKIFFIPYLDK---FVKNIDIE--KRQIFCTQDAFLI 179 |
DR2010_Drad_6459796          97 EEGTFYYHDLRGLEVYGA---GGERLGTVSDVMDA---GHQDLLVVDYGGGT---    SFVPLQAPY------VEVPLAGG--KPGAVHLTADAPA 177 |
yfjA_Ec_1788960             105 EEGDYYWKDLMGCQVVTT---EGYDLGKVVDMMET---GSNDVLVIKANLKDAF-    GIKERLVPFLDGQ--VIKKVDLT--TRSIEVDWDPGF- 185 |
HP1149_Hp_2314304           100 KEGEFFYCDLVGLSVVE----ENEILGKVIEIQRI---SQTDYFLVETTLNLVEK  1 LAKIFLIPYRDF---YIQEILLQ--DKKITTHNAKTLL 184 |
HI0203_Hi_1573163            98 EEGDYYWHDLIGCTVVNL---EGYTMGTVTEMMET---GSNDVLVVKANTKDAF-    GKQERLIPFLYEQ--VVKRVDLT--TKTIEVDWDAGF- 178 |
mll4288_Mlo_13473626         94 EEDEFYHADLVGLEVRDD---TGTALGKVVAVHNF---GGGDILDVTLAG-----    -RKGVLIPFTQA---AVPDVSVA--EGFVRVDPVAAGL 174 |RimM
rimM_Mtu_1403428             99 EPDTYYDHQLVGLMVQTA---TGEGVGVVTEVVHT---AAGELLAVKR-------    DSDEVLVPFVRA---IVTSVSLD--DGIVEIDPPHGLL 176 |
alr2812_Ana_17230304        158 GEDEYHVVDLIGMEVFLQA--SGDLVGAVVDVIP----AGNDLLEVSLHEPVTSD  1 KPKTVLIPFVKA---IAPVVDLQ--TRRIEITPPPGLL 245 |
NMB0591_Nm_7225821           96 EEDEYYWTDLVGMTVVNK---DHTVLGKVSNLMET---GANDVLMIDG-------    EHGQILIPFVSQ---YIETVDTG--SKTITADWGLDY- 169 |
rimM_Pae_9949912             97 EEGEYYWHQLEGLKVIDQ---GRQLLGVIDHLLET---GANDVMVVKPCAGSL--    DDRERLLPYTGQ---CVLSIDLA--AGEMRVDWDADF- 175 |
RP348_Rp_3860908             93 EEDEFYIADLNHLQILDQ---SNKEIGKIKNILNF---GAGDIIEIEFL------    DKTTELLPFNKE---FFPIITKD----YVILNYQTKV- 165 |
ROS_Sme_15076269             95 DEDEFFYADLEGLEAVDR---TGKSYGSVTGVFDF---GAGDLLELKGP------    GLRPVLIPFTEW---SVLEIDLE--AGKLVIDPTAAGL 174 |
O69881_Sli_14423884          92 DEDEYYDHQLIDLDVVTE---DGTEVGRITEISHL---PTQDLFVVERP------    DGSEVYVPFVSE---IVTGIDLD--AQRAVIDPPPGLI 172 |
slr0808_Ssp_1653194         107 EPGEFHVTDLLGLIVYDHD--NGDRLGIVTDFYSA---G-NDLLGITLDKN----    PDKEVLVPFVEA---IVPTVELA--EQRLEIKTIPGLL 185 |
TM1568_Tm_4982137           103 SEDEYYFYEILDCDVFYE---SGENVGKVVDIIET---GSNDVLVVRK-------    KKKETLIPMTKD---CIVEIDKG--AKKIIAKEMEWI- 176 |
TP0907_Tp_3323220           100 SAGEFYLADLCRCELVF----EGSAVGVVLSVVEG---GGSSLLEVQRT------    HGGVCYVPFHRT---FIGDVDVG--RKKIELLQRWILE 174 |
XF0108_Xfa_9104888           97 HPDEYYWVDLEGLQVHTL---EGVVLGSVSHLFSN---GANDVIVIH--------    GERERLIPFVQPD--YVKSVDFE--AERIVVDWDPEF- 170 |
BAB10810_At_10177579        176 DEGEFYSRDLVGMRVLLKE--TGQLVGTVANIFDN---GGNDLLHVLLDSSMEVC  5 TNQLVWIPFVDA---IVPDVDLE--RKEMYITPPKGLL 268 /
consensus/85%                   ........ph.s..lhs....ps..lG.l.pl.............h.........    ......lsh...........p.......h.h.......



version of the domain in non-photosynthetic proteobacteria

such as the rhizobia, suggest that a similar mechanism of

regulating electron transfers may, perhaps, be used in regu-

lating non-photosynthetic electron-transfer reactions. 

Many PRC-barrels, including those of the RimM family, lack

the acidic residue typical of those related to the PRC-H

subunit and required for redox regulation. The crystal struc-

ture shows that the PRC-barrel domain mediates a contact

with the amino-terminal cytoplasmic peptide of the PRC-M

subunit and also makes contacts with the other structurally

less ordered regions of the PRC-H polypeptide [14,15]

(Figure 1). This suggests that, in addition to the specific elec-

trostatic regulatory function, the PRC-barrel mediates spe-

cific interactions with other molecules through multiple

surfaces. These interactions are consistent with the ‘founda-

tional role’ postulated for the PRC-H protein in the assembly

of the reaction center [33]. Such a protein-protein interac-

tion role in the assembly of complexes could be a potential

function of the PRC-barrels that do not possess the features

suggestive of redox regulation. Given that RimM specifically

associates with the 30S ribosomal subunit rather than the

fully assembled ribosome, and participates in the maturation

of the 16S rRNA [23-25], it is possible that the carboxy-

terminal PRC-barrel could be used to bind RNA or proteins.

An acidic residue at the beginning of strand 3 and a patch of

large and acidic residues at the extreme amino terminus of

the PRC-barrel that is specific to the RimM proteins are of

particular interest in this regard (Figure 3). On the basis of

the structure of the PRC-barrel it can be predicted that in

RimM these residues are likely to line a cleft that may

accommodate a peptide from an interacting protein

(Figures 1,3). Other surfaces of the PRC-barrel in the RimM

protein could interact with other proteins, or, alternatively,

interact with RNA. The original report on the crystal struc-

ture of the photosynthetic reaction center suggested that the

region corresponding to the PRC-barrel of the PRC-H

subunit could bind a small-molecule ligand [14]. While the

structure of the PRC-barrels with a central aperture

(Figures 1,2) makes this a tempting possibility, currently

there is no evidence to support the possibility that these

domains bind small-molecule ligands.

Evolutionary history and diversification of the
PRC-barrels 
The phyletic patterns and relationships of the PRC-barrels

have a number of important implications, including some

for the evolution of the photosynthetic reaction center in

bacteria. Phylogenetic analysis and similarity-based cluster-

ing show that these domains essentially form three large and

distinct groups (Figure 4) and at least two smaller clusters.

The PRC-H subunits and their close relatives from

cyanobacteria, non-photosynthetic �-proteobacteria and

D. radiodurans form the first of these groups. They are rep-

resented in multiple copies in the proteomes of most

�-proteobacteria. In addition, they are also seen in multiple

copies in the cyanobacterium Anabaena, the actinomycete

Streptomyces coelicolor, D. radiodurans and the eury-

archaeon Methanosarcina acetivorans. In this group, the

PRC-barrel occurs either linked to amino-terminal

transmembrane helices or as tandem repeats, with up to

three copies, or linked to another �-helical repetitive domain

also found in the Bacillus protein YsnF (Figure 4). Most

members of this group contain a negatively charged residue

in the loop between strand 2 and 3 (Figure 3) that could be

implicated in electrostatic regulatory processes, as in the case

of PRC-H proper. The second major group is represented in

all the euryarchaeal genomes available to date and is addi-

tionally found in a few Gram-positive bacteria. All proteins

belonging to this class are the stand-alone minimal version of

the PRC-barrel. The third large group of these proteins com-

prises the RimM orthologs. These are the most prevalent of

all the PRC-barrel proteins and are present in a single copy in

all bacterial proteomes available to date, and also in plants in

the form of a chloroplast-derived version. The RimM proteins

have an additional specific amino-terminal �-strand-rich

domain with no detectable relationship to other domains. 

In addition to these three major groups, there is one small

group that has representatives only in the cyanobacteria and

plants (Figures 2,4) and appears to contain more distant rel-

atives of the PRC-H-like PRC-barrels. All members of this

group contain two copies of the PRC-barrel, and, in most

cases, one of these copies contains an acidic residue in the

loop between strand 2 and 3 that might be equivalent to the

classic PRC-H-like regulatory acidic residue. The presence of

a predicted amino-terminal transit peptide in the plant pro-

teins suggests that it probably functions in the chloroplast,

and that these proteins may, in part, have a regulatory func-

tion analogous to the PRC subunit. The other small group,

typified by the Bacillus subtilis protein YrrD, has so far been

found only in the actinomycetes, Gram-positive bacteria and

D. radiodurans (Figures 3,4). This group is most closely

related to the above-discussed plant-cyanobacterial group,

and is ultimately a distant relative of the larger PRC-H like

group. Most members of this group have duplicate copies of

the PRC-barrel domain and typically lack the acidic residue

in the loop between strands 2 and 3.

The phyletic pattern of RimM is reminiscent of proteins that

for part of the ribosome or participate in RNA metabolism

[9]. Likewise, the presence of the euryarchaeal-type solo

PRC-barrels in every euryarchaeal genome, despite the

metabolic diversity of these euryarchaea, suggests that these

proteins probably have a core cellular function. One likely

possibility is that they function in RNA metabolism, perhaps

as the archaeal equivalents of RimM. In contrast to these

two groups of PRC-barrels, the PRC-H-like group and their

more distant relatives have a phyletic distribution, mainly

limited to bacteria or archaea with large genomes and

complex metabolism. This suggests that they were, perhaps,

derived later in bacteria evolution from a version involved in

6 Genome Biology Vol 3 No 11 Anantharaman and Aravind



RNA metabolism. The extensive presence of multiple copies

of the PRC-H-like versions in diverse �-proteobacteria sug-

gests that this particular form, with the characteristic acidic

residue, was derived in their common ancestor. A corollary

to this is that these proteins probably functioned, initially, as

regulators of electron-transfer chains in non-photosynthetic

energy metabolism systems in the ancestral �-proteobac-

terium. They were subsequently utilized in the photosyn-

thetic reaction center after a subset of these bacteria

acquired photosynthesis. The phylogenetic tree supports a

close relationship between some of the cyanobacterial

PRC-barrels and the PRC-H proteins of the photosynthetic

�-proteobacteria (Figure 4). This implies that the cyanobac-

teria probably acquired these forms of the PRC-barrel

through lateral transfer from the purple bacteria and may

have incorporated them as regulatory subunits into the orga-

nizationally distinct cyanobacterial photosystems [29-31] or

into other uncharacterized electron-transfer chains. This is

consistent with the previously observed case of horizontal

transfer of �-proteobacterial reaction-center genes, includ-

ing that for PRC-H, into the �-proteobacteria [34].

Conclusions 
We show that the carboxy-terminal �-barrel domain of the H

subunit of the photosynthetic reaction center defines a novel

all-�-sheet fold, representatives of which are widespread

throughout the prokaryotic world. Homologs of PRC-H, with a

conserved acidic residue that has been shown to have a role in

regulating electron transfer in the reduction of the secondary

quinone of reaction centers, are also found in non-photosyn-

thetic �-proteobacteria, cyanobacteria, D. radiodurans and

the archaeon M. acetivorans. It appears likely that the PRC-

H-like version of the PRC-barrels was first derived in the
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Figure 4
Phylogenetic relationships of the PRC-barrel-containing proteins along with the domain architectures. The phyletic pattern of each family is shown, along
with the number of proteins (if there is more than one). Species abbreviations are as in Figure 3. 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. Ysnf, a repeat domain
typified by the Bacillus subtilis YsnF protein; N-term, the specific amino-terminal domain of the RimM proteins.
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ancestral �-proteobacteria, followed by dissemination into

other lineages. Probably, these proteins originally func-

tioned in non-photosynthetic electron-transfer chains and

were subsequently incorporated into the photosynthetic

apparatus after its emergence in the �-proteobacteria. In

addition, this domain also appears to mediate specific

protein-protein interactions. This is likely to be the principal

role of versions of this domain present in the pan-bacterial

RimM proteins and other proteins widely distributed in bac-

teria and archaea. A protein comprising only a stand-alone

copy of the PRC-barrel is conserved in all the euryarchaeal

proteomes available to date, and, by analogy with the RimM

protein, is predicted to function in RNA metabolism. It

seems possible that PRC-barrels with a sporadic distribution

and a regulatory function in energy metabolism or photosyn-

thesis are likely to have been derived from more conserved

and ancient versions that were probably involved in RNA

metabolism. The identification of this domain may help in

the exploration of hitherto unexplored facets of diverse bio-

logical processes such as photosynthesis, energy metabolism

and RNA metabolism.

Materials and methods 
The non-redundant (NR) database of protein sequences at

NCBI was searched using the BLASTP program [21]. Profile

searches were conducted using the PSI-BLAST program with

either a single sequence or an alignment used as the query,

with a profile-inclusion expectation (E) value threshold of

e = 0.01, and were iterated until convergence [21,35]. Before

use in PSI-BLAST searches, the PRC domain was evaluated

for compositional bias using the SEG program [36]. No such

bias that could skew the statistics of sequence relationships

in searches of the NR database was detected. Accordingly, to

achieve maximum sensitivity, all searches were run with the

compositional-bias-based statistics turned off [37]. Multiple

alignments were constructed using the T_Coffee program

[38], followed by manual correction based on the PSI-

BLAST results.

Structural manipulations were carried out using the Swiss-

PDB viewer program [39] and the ribbon diagrams were

constructed with MOLSCRIPT [40]. Searches of the PDB

database with query structures was conducted using the

program DALI [20]. Protein secondary structure was pre-

dicted using a multiple alignment as the input for the

program PHD [22]. Signal peptides were predicted using

SIGNALP [41,42] and the transmembrane regions were pre-

dicted using TOPRED [43]. 

Phylogenetic analysis was carried out using the maximum-

likelihood, neighbor-joining and least squares methods

[44,45]. Briefly, this 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) [46], followed by local rearrangement using the

Protml program of the Molphy package [42] to arrive at the

maximum likelihood (ML) tree. The statistical significance

of various nodes of this ML tree was assessed using the rela-

tive estimate of logarithmic likelihood bootstrap (Protml

RELL-BP) with 10,000 replicates.
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