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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 B-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.
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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.

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
B-helix, the B-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 a/p or a+p mixed folds, or the all-a and all-B
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-B folds
that assume conformations such as barrels or B-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
B-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 B-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 B-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 B-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 B-barrel fold
that is structurally unrelated to other characterized
B-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 B-barrel domain of PRC-H defines a novel, wide-
spread superfamily of B-barrel domains that is represented
in several bacterial, plant and archaeal genomes. We also
show that this B-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 B-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 B-barrel-like
structure. The entire cytoplasmic region has been classified
as a novel B-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 B-barrel that could define a novel
evolutionarily conserved domain (Figure 1). A DALI search

Figure |

A ribbon representation of the H (gold) and the M (gray) subunits of the
photosynthetic reaction complex (PDB leys). 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.




[20] of the PDB database with this B-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 3-
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 B-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 =
107-1074), non-photosynthetic a-proteobacteria such as
Mesorhizobium, Sinorhizobium, Brucella and Caulobacter
(for example, SMc008835, iteration 4, e = 104 or CAC1676,
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iteration 5, e = 10), several other assorted bacteria like
Deinococcus, Bacillus and Streptomyces (for example, YImC
iteration 4, e = 1075) 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 = 104). 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 Tao943 (gi: 10640258, whole length) recovers
RimM (from Vibrio cholerae, iteration 4, e = 104), and the
PRC-H protein (R. viridis, iteration 8, e = 1073). Although
some of these searches converged prematurely, they consis-
tently recovered true positives detected in the other searches

(a)

N
SH3-like barrel

(b)

OB fold

Figure 2

A comparison of the PRC-barrel with the analogous 3-barrels, namely the SH3-like barrel and the OB fold. (a) The representative of the SH3-like barrel
is the dihydrofolate reductase subunit (PDB Ivie) and (b) the representative of the OB fold is the cold-shock protein S|-like RNA-binding domain (PDB
Imijc). 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 B-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
B-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 B-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 B-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, a-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

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 3-strand, and H an a-helix. The 85%
consensus shown below the alignment was derived using the following amino-acid classes: hydrophobic (h, ALICYMYFW, yellow shading); the aliphatic
subset of the hydrophobic class (I, ALIVMC, yellow shading); small (s, ACDGNPSTYV, 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-I; 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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Secondary Structure

prcH_Rvi _13096660 143
puhA_Tt ep_12084456 142
puhA_Rsp_2624659 140
rceh_Rcap_132175 142
al | 4050_Ana_17231542 26
al | 4051_Ana_17231543 13
al r5332_Ana_17232824 14
al | 5315_Ana_17232807 14
m r9657_M o_13488501_A 124
m r9657_M o_13488501_B 253
m | 3685_M 0_13473176_A 46
m 13685 M o_13473176_B 178
n | 3685_M 0_13473176_C 331
ni 1 8059_M o0_13476673 151
BVEI 0367_Brel _17982267 5
BMEI 0366_Bnel _17982266 46
SMc00885_Sne_15073752 84
SMa0541_Sme_14523364 56
AGR L_1375_At u_15890813 74
AGR_C _3639_Atu_15889293 212
MA0627_Mac_19914425_A 8
MA0627_Mac_19914425_B 151
MAO627_Mac_19914425_C 469
MAO477_Mac_19914260 15
DR1314_Dr ad_6459065 75
SCMLO. 07c_Scoe_6580633 1
SC10A9. 21_Scoe_ 13122124 5
SCF55. 21c_Scoe_6448732 14
AGR_C_723_At u_15887760 29
SMb20522_Sme_15140376 9
n r9581_M o0_13488432 151
m r0376_M o_13470613 111
al r1129_Ana_17228624_A 3
al r1129_Ana_17228624_B 82
Tery_p_2245_Ter _23041561_A 3

Tery_p_2245_Ter _23041561_B 83
Par_p_57_Pmar_23121939_A 18
Prar _p_57_Pmar_23121939_B 100

sl r1220_Ssp_1652582_A 3
sl r1220_Ssp_1652582_B 82
t110853_Tsyn_22298396_A 31
t110853_Tsyn_22298396_8 109

At 2938570_At_15224902_A 114
At 2938570_At _15224902_B 196
Tery_p_1588_Ter _23040898_A 4
Tery_p_1588_Ter _23040898_B 83

orf288_Syco_974616_A 4
orf288_Syco_974616_B 83
yrrD_Bs_2635192_A 18
yrrD_Bs_2635192_B 99

Desu_p_’ 7167 Des_23121582_A 10
Desu7p771677D3572312158275 96

DR0894_Dr ad_6458620_A 1
DR0894_Dr ad_6458620_B 84
CAC1676_Cac_15894953_A 1
CAC1676_Cac_15894953_B 72
SC5HL. 16_Scoe_7479623_A 1
SC5HL. 16_Scoe_7479623_B 86
AF0359 Af 2650274

AF1532_Af _2649046 1
VNGL995C Hsp_10581428 1
VNGD982C_Hsp_10580536 2
MA3528_Mac_19917583 1
MAO818_Mac_19914631 1
MI1118_M _1591757 1
MI0916_M _2826349 1
MIH974_M h_2622073 10
MIH815_M h_2621906 7
MIH1151_M h_2622257 8
MIH1859_M h_2622995 1
PH0209a_Ph_14591739 1
Ta0943_Tac_10640258 7
Ta0850_Tac_10640127 46
yl nC_Bs_2633909 1
ynxH Bs_16078735 1
CAC1697_Cac_15894974 2
aq_1057_Aae_2983543 94
yl qE_Bs_2633974 97
BB0697_Bb_2688631 93
BVEI 0148_Brel 17982028 95
CAC1757_Cac_15895034 89
CAC0683_Cac_15893971 4
CC3651_Ccr_16127881 96
rinM g _6968169 94
DR2010_Dr ad_6459796 97
yfj A_Ec_1788960 105
HP1149_Hp_2314304 100
HI 0203_Hi _1573163 98
ni14288_M o0_13473626 94
rimM M u_1403428 99
al r2812_Ana_17230304 158
NVB0O591_Nm 7225821 96
ri mM Pae_9949912 97
RP348_Rp_3860908 93
ROS_Sne_15076269 95
069881_Sl i _14423884 92
s r0808_Ssp_1653194 107
TML568_Tm 4982137 103
TP0907_Tp_3323220 100
XF0108_Xf a_9104888 97
BAB10810_At _10177579 176

consensus/ 85%

1 -- MYVPARSLARKSWLT- - - DGTV

FSI AEGDVDPRGLPWWAA. - - VTCLVWDRSE- HYFRYLELSVAG
FSI AEGDPDPRGMIVWGCL - - - DGEVABTVSCVWDRSE- PQI RYLEVEVAA-
FHVSAGK- NPI GLPVRGC- - - DLEI ABKVVEI WDI PE- QUARFLEVELKD- - -
MKVSAGR- DPRGVPVQAG- - - DTEVVBKI VEMAVDI PE- QLVRYLEVELNS- - - -
YQDSFQGNCI KGLGVYTER- - SDEKI BTVNCVLVDD- E- GHFRYLI VDL- GFW -
YRETFGGDCVKALELYTQ- - - SGVR
| NEI FGGNCI KDFEVYA- - - - DNDKI
RDTEFDNYNI KDFCVYSDI - - DN
APNGSLVSKI | GATVYNGTDANAQTI
Pl DKI RAECLVGTTVYGA- - - NI
RAEGNI VTNI | GESVYNGTGDDAENI
RADGNLATNI | GKTVYNGTGDDAQN!
PVGE| KASCLKGTTVYGA- - - NI
LGPGLRVDEI VGSEVRSS- - - DI
ANEGL SAEKLI GAW/YDA:- - - DETKI
SPGQLLTSCFI GQPVYNGPSDDADNI
AENQVSANTYI GQEVYNA- - - SDESI
KPTDVLSYNLI NLNVTNT- - - ANESI
GENQVSANLY| GKSVYTG- - - ADESI
QKTDLTASGLDGME] YNA- - - QNENI

VSCWWFDK- D- GVAKSWI GVGGFLGY
VNI VL SK- E- GKAESLVI GVGGFLGL
| GEWLTP- D- KKTDAVI VNVGGFLG
VRAWI GT- K- DRADYAVVASGGFFI A
| GOVLMBA- D- GQTEAFVADVGGFLG
VNI | LGA- D- GTPQAI VI GVGGFLGY
| NCLI | EK- E- GA AAMAWGVGGFLG
| KCLVLS- - E- GQLAGYI LSVGGVLGM
VTALI MEQ D- GGLVAAVI GVGGFLG
| ECWI G- - DGKSVI GLVASVGGFLG
NPDFL SANTLKGDKVWNR: - - AGEC! [BKI EELM DLQD- GRVGYAVLSFGGFLGM
GPEFLSASTI KGDKI | SS- - - TGECI [8KI DELM DL- ENGRVAYAAVSHGGYL GV
| PDFLSANTI KTDRVVNT- - - AGECLIERI DELM DL- DNGRVAYAVL SFGGFLGM
NRTFVAATEI KGSKI LTV- - - KDEELBTI KEVM DS- EWGRI AYWWFACDCFLGM
NLNDTSMYNPVGAAAYGV- - - NGDKI BTVRCALVEP- ETGRI RYFLVDVGGWF- -
M TREEI ANVLDQPVYDG - - DGNKI BCAKHVFFDD- MTGR- PEVWSVKTGVF- -
VRTDI DPRALI GRKAFDR- - - DGSRI §TVDEVYLDD- ATGV- PEWAAI RTGLF- -
MFEAENI REWRGLEWWDY- - - DGRKI GTLES| YFDT- LTDR- PAFATVTI GLPT-
TPSLI ASDKVEGTRVYCGA- - - DCKHI BSI QI | LEK- RGGRVAYAVL SFGGFLG
SHDLI ASDRVWGTAVYDM - - NGENVBSI ERI | LEK- RGGRVAYAVNVBFGG LGl
LGPGLRVDEI VGSEVRSS- - - DDKI VBEVRAWI GT- K- DRUWDYAWASGGFFI A
HTEAI AASRVI GTSVYNT- - - EGRSI [§SI ECI M.DK- TSNGI MFAVI GFGGFLG
SEQ | RRSCI LNTGVI TRD- - NCKRLEB! VSQUWWDI - D- QREVWALGLRDSLI - -
DI EVEALSNLI NVEVI TE- - - TGEVLBRVRGFRFEA- ETGKLNTI VI ASLGVP- -
SEKNRQRSELLGTG | TRD- - KCKRLBVVSCLWDV- D- KREVWAI GLRDNI L- -
DI DTEAYSCLI NSEVL TE- - - NCDFLBRVRCFKCDV- RDGKVLSLI | ASI G P- -
SERLW.RSELMSTGVI TTD- - TGRRLEBVWGEVWWDI - D- RREVWALGLRDNPLTR
GFSPERYGKVI NOQVI TE- - - SGQLLBRVLGFSFDI - ETGDLI SLVMGAVGVP- -
| DNI RLRNEFI NTEVI TRS- - SGKKLBVWKEVLVDV- D- QRE! VALGLRDNFL- -
LVEVDLYSPLVNSEWTE- - - TGEPLBRVROFQFDL- ATGKVSS! | | ASLGLP- -
STQLLQRACLI GTGVI TRD- - TGRKLEBVI NQWWWDT- D- QRQUVAL GVRNTLF- -
ALNTYNYSTLI DSEI VTE- - - TGELL@KVRGFKFDP- DTGDI TDLI LASI GLP- -
FKQSTTRSNLVAKQWSI Q - SALSLEFI SGLWDT- - TSW.VLVVDVKPS-
TYI LVYI KI SVGYRWTP- - - GGRN| @KVSTYRLDV- ED- - - | | EVL- - - - - - - - -
| PEVI KHSGLLKRLVLDI E- - TVEDQECI EELCLNI - - QSHQVI GFI CKSGFF- -
LENYNNI | HI | GNEVMWID- - - TGEKVIBFI VEYLLNI - KTGEI VNYLFKYNGL- - -
QPEEL TLSCLLNRGVLDRQ - TTDEHERI DRVMWHP- - PAHRVL GFLCKQGL - -
PEKVDRLESLLQHEVWID- - - AGLHVKI VECRFDR- QTGY! SAYLVSPHGW - -
DHTLRTCHEVEGFPVYSER- - TSSYLTI SCI CFSL- - KGDCLGFI LAQKRFL- - -
PKSCFTYEGMKMKLVKSQ- - - EGDI LBVLECVYFCL- - DRG | VAYEL SDGFFSD
VLRLKPSKEFLSLFI VSLS- - EGQH [BYVKSLVI DA- - QAKALAALVI DPKGF- -
LSLI KEKLTI | GTRVI TQ - - SCKTLBVWEEYYVDP- DTGKI TQVEI SGGKI - - -
- - - M KGKELL GRPWAVS- - NGAGVDNVHEVVFDH- - QGNRVLALLVEEGGW -
KEALAGKTNLI GMTLLTT- - - DGQTLBKI TCVYFDE- - RSGQVEGYEASGGLFAD
- - - M RSREFI GACVYST- - - KGEKI [BAVDCVI LNF- - SSGFVLGFKI NKGKV- -
KGSFI RFNSI KNVEVI NY- - - DGTI LGWEEI MFDE- - KTFKI KGl | VSRGFFAN
MDELMAARSLTTRPWIL- - - GCDAVHVKCTVCDA: - AAERI TGFTLTGRGLLS
AHQQNLRARLRGARVL TE- - - AGTEI §TVL CVWEGG- TGGRVWGFRVAASRRFV
LYNI TVDF- - KTGTI VNLLVKPENEI P
MGM GEl TTFFGVRVFTD- - - EGRYVBRVELVI LDQ - NTKSI RGLAI SDYNKAL
- MADI LAENLSGKAVMGS- - - DGTELBMLYNI TVDL- - KSGTLEHLLVEQTEESV
DADADE! TSLVGREVYSN- - - NGVFVBEVEL] QLNL- - NAEAVTGLAL TELNADL
VBKI FARNLLFNKGQVNMAT- - - DGTEI BTLSN WEI - - KGGH | CLW/SPNPTFD
- - MRAELTSLFGLNI YTN- - - NGVYVBKLQELVI DV- - EEQKVTCLAVSDI NREL
- MEKMPAKLLFERSI | GN- - - KGSVI BKVKCI VFDE- - KVGRLVSLEVEPAEHSP
- - MAl RVSCI LDKFI YTT- - - TAl YVBKVYCVMLDL- - NKGVI SCLI VSDI QNGC
GGKMVELSSLYGLEI YTS- - - VQEWLNI - - KKGRVSTLKVRPMRHDK
HGVQVKVTEFL GLKVLDK- - - NAVEI BKVSCLEVDP- - EEGLI KSLI | SKGELSL
KGEEKYWSEI KGYQVATN- - - NARI L LEELI | ND- - KTGKI TEWWI KVDSGRN
- - - MRl VEEMVGKEVLDS- - - SAKVI [BKVKLCVEVDI - - ESQAI ESLVLGKGG SE
- - MVNVEL SKMYGKLI YNT- - - RCKYI BKVDEI VI DI - - KEGEGKVLI LAL- - - - -
AEKEFDVASLI GKEVYTI - - - K& VNCI VLDF- - DKNQI HGI FI MNTNDRL
- - - MEFYSRVNQKPVVES- - - SCGEI | BYVKSFMADE- - KWNL TTMAKPSGGRGR
--- M S| SEFQUKCVWIVS- - NGKKLESI GCI DI NV- - TTGKI QAI | LGGNGKVL
- - - - MRLSELSGKEI VDI K- - RAERLEVLGQTDLEI N- EQDGQ TALLI PTVKWF
DLPSHSI NAMKSVEVI DI N- - TGrKLE KCLKI DT- - EEYKVI Sl | LPGS- KVG

GEEEYYAYELVGVEVETD- - - KGKKLEKVERVQDIM - - GPYDALVLD- -
NEGEFYFHEI | GCEVFTE- - - EGELI @KVKEI LTP- - - GANDVWI GRK- --
KEGEYYLGKLI GYAl V- - - - NNKKLEEVVAFFEY- - - LNSVFLEVRV- --
DEDEFFQTCLI GLEAVDG- - - DCKS VSAl FDF- - - GGGDLI ELSEK: --
KEGQYFI KCI | GCNVFDE- - - NDKCLEEVYLVI ST- - - KNNDVYCI RKE- - - - - -
LLNNFFLSEVLYRKVYDE- - - YGEY! LWl YVTA- - DESYPRAI GYKI KKGGE
DDDEFYLTCLVGLTVRH Q - TDQLLERVKSVQNF- - - GAGDI LEI TPDLGG- - -
KKDEFFYFCI LECEVFE- - - - EDKRLEKVVLI LET- - - GASYLFEI QSDEKWEK
EEGTFYYHCLRGLEVYGA- - - GEERLETVSLCVNMDA- - - GHQDLLVVDYGGGT - - -
EEGDYYVKCLMECQWIT- - - EGYCLE@KVVEMVET- - - GSNDVLVI KANLKDAF-
KEGEFFYCCLVCGLSWVE- - - - ENEI LEKVI El ORI - - - SQTDYFLVETTLNLVEK
EEGDYYWHCLI GCTWNL- - - EGYT] VTEMVET- - - GSNDVLVVKANTKDAF-
EEDEFYHACLVGLEVRDD- - - TGTALEKVVAVHNF- - - GGGDI LCVTLAG - - - -
EPDTYYDHCLVGLMWQTA- - - TGEC NVTEVVHT- - - AAGELLAVKR- - - - - - -
GEDEYHVVCLI GVEVFLQA- - SCDLVEBAVVLVI P- - - - AGNDLLEVSLHEPVTSD
EEDEYYWICLVGMIVWINK- - - DHTVLBKVSNLMET- - - GANDVLM DG- - - - - - -
EEGEYYWHCLECGLKVI DQ- - - GRQLL@VI DHLLET- - - GANDVMVVKPCAGSL - -
EEDEFY! ACLNHLCI LDQ- - - SNKEI @K1 KNI LNF- - - GAGDI | El EFL-
DEDEFFYACLEGLEAVDR- - - TCKS! VTCVFDF- - - GAGDLLELKGP-
DEDEYYDHCLI DLCWTE- - - DGTEV@RI TEI SHL- - - PTQDLFVVERP-
EPGEFHVTCLLGLI VYDHD- - NCDRL@ VTCFYSA- - - G- NDLLCI TLDKN- - - -
SEDEYYFYEI LDCCVFYE- - - SGEN WVLCI | ET- - - GSNDVLWRK- - - - - - -
SAGEFYLACLCRCELVF- - - - EGSA VLSWVEG - - GGSSLLEVQRT-
HPDEYYW/CLEGLQVHTL- - - EGWLESVSFLFSN- - - GANDVI VI H- - - - - - - -
DEGEFYSRCLVGVRVLLKE- - TGQL VAN FDN- - - GGNDLLHVLLDSSMEVC
........ ph.s..lhs....ps..IGl.pl.............h.........

EEEEE.

KI VTSI LSEQ
NKKKVLLPI GFS- - - RFDKKARKVKVDAI KAAHFANVP
- GSTRLLPMQV - - - VKVQSNR- VHVNALSSDLFAG P
- GKKKLLPMTM - - - LKI WBDR- VRVNAI TSDLFDTI P

FGKKVLLFVGRS- - - R DYGAG- - - - - RVYAI GMTRDQ
I SKKI LLFI GLS- - - Q NYPER-
FGKKVLLFI GLA- - - RLNYENK-
FGRQVLLFI GRS- - - RFNYTNR-
GEKNVAFCFNKA- - - QAMEKDGK- - - - RWLVI KTTKED
GAKEVAVCNDNL - - - KFMIDKSGN- - - KYLYTNFTKEQ

GTKNVAFLYDKL - - - QMAEKNGD- - - - RALVAQTTKDE
GAKNVTYCFNKA- - - QMAEKNGD- - - - RWLVAQTTKEA
GTKEVAVCLDNL- - KYLYTTFTKEQ
GKDSI VWPLRY- - - SFYLRI SS- AD
NSKPVAI SI ANL- - - DVATGKDGK- - - LSVFTQFTKKD

GEKDVAI CONHF- - - SW/DKSGGT- - - RWLMVDADKEQ
GEKNVAVPFEDKI A- - VADQPDSDDI - - KLTTTETA- DS

GERYVWVSPKAL- - - KI TYVENDK- KWIAVMDATK- DQ
GAKDVAVPMK- - - - VIMIRNTQ- - - DGTI RLTTTETA
DKSYWVLDPAS- - - - VAVHNDNG- - TWKAYVDTTKDAL
SDKFFAI PWQA- - - - LQLRVHEH - - - AFLLDI PKETL
GSKFFAI PWQA- - - - LQUKVHEH - - - AFVLDI SKETL
SDKLFAI PWKF- - - - LTYRAHEH - - - AFTLDI PROVL
KCKFFAI PWGA- - - - LHTSRG: - - - - - DYI LKVDKDAF
SSKEVLVPVGY- - - - GRVDDS- - - - - - GVYFDSLTKDQ
GSTESFVPI R- - - - - AALVQD- - - - - - FLEVPYGK- DQ
- SRDAFVPLE- - - - - SELVDG - - - - - ALRVPFDR- AL
RRRLVFVPVD- - - - - ATVGPS- - - - - - YLKVTYDK- SL
GDDYYPLPVEK- - - - LHYDEELD- - - - GYRI DLTKEQ

GHEHYPLPVEEM - - - LDYNTDLG: - - - GFQUNI TK- EQ
GKDS| WPLRYL- - - QUNEERN- - - - - SFYLRI SS- AD
GEKYHAI PVAS- - - - LDYDENRG - - - GYVVPFSKEQL
- - SI SCLPRYM: - - - YLSS| HQYG- - - CVI LVDNEDVI

Q PDQFLSTYE SI - EEWSTGPN- - - RLI VFEGAEER
- AVAGI PKFM - - - FLKDVCEI G- - - CVI LVDDEEVI

Q PDQ | STYEMPI - DEI VASGPN- - - RLI VFEGSEEK
- - FLPGLPKWW# - - - PLES| KQVG- - - CVI LVDSLDSL
LLGEGVLSTVEI PV- DEI VSSGTD- - - Rl | VYEGAEEK
- - SLTGMPQYLY- - - LNSI VQTGD- - - VWLVENDDVFE
Q PDQLI STYELSI - DEWSSGPN- - - RLI VFEGAEER
-+ --TCGEQRYI - - - - LLDS| RQY G - - CVI LVEHDDDV
W PAQLI STYELPI - EEl VSTGPD- - - Rl | VFEGAETR
LLSGESERFL- - - - - LTDI VRV- - - - - LLCLVSATLKV
- QDI VWWQ - EDAASRKQ: - - - RLTKGLWDAQF
- - - GRQKKYF- - - - - TVIKQVET! GV- - CATLVNGKSQP

- QGALNSI YLLNP- - EAI SSVGNK: - - RVI VWNNYLDN
- - - RGEFSAF- - - - - RLDQLHAL GD- - DSVVLEAAPQP
- RGVAGMVIDL DP- - QL SYGQA- - - RVLVAEL DPET
HHHHALLRACDI - - - SSI FDD- - - - - - R LASVSSEQL
1 AGSKRGl QRADSL- - VEVRKD- - - - - - El VLNG - - - -
-~ FRDQRI | - - - - PYAKVWSVGA- - CAl Tl DKGAYV
- - EGFFSGKAI LEA- DYWTI GQD- - - VI VAGKGCETS
- - - LRAAKAV- - - - - PFGRVQS! GE- - KAVM ATPEDV
1 TNGRTFI PAPQ - - - S| QI GKDSA- - - | VPAGVAA- AM
FNKHOCI SVKN- - - - MSFTS- - - - - - KM VNYVPYKG
2 SGKKI | LEGN- - - - - YMLGKK- - - - - - NLFCFSNDKNL
GPLKEGLPVBA- - - - VYALGH- - - - - - CAVM RDRRGL
5 HRRRVYVPRGR: - - - TLTVSG - - - - - RALVLPDGAVR
4 EEGLYI | PFEC - - - VRSLKD- - - - - - FI VWDRRRVR-
3 HAKGVI | PYRV- - - - VKAVGD-
7 DDGRYRVPVSR: - - - VQAVKD-
6 GQKGVI VPYRW -
6 EDNYI LI PFDS- - - - VSAI KD- - - - - - Y11 | DKMKARV
3 SSRG | | PYRW-- - VI TAAD-- - - - - 1111 RDVI QRY
4 EGRNVLI PYKL- - - - WAI KD- - - - - - VWI DETNLNR
7 PSKKWLPFNL- - - - | TAI G- - - - - - | | LVKPPADSG
6 EEG | CI NYDR- - - - VQAVGD- - - - - - I'LI | SPDVSVE
KQRTFI VENES- - - - VSRVGD- - - - - - YWVLAI AADEA
8 KGDYLLVPFGK- - - - VEKVGE- - - - - - FIILAE- - ---
4 SKGETI VPYEM - - - KI LLKGPEE- -
PGERVGVPYEK- - - - VTAVGD- - - - - - I'| LVQAPERK-
2 NGDPI SI PENY- - -~ 111 LKSFPDLM
6 DDGNYLI PMBN- - - - VNVGND- - - - - - Al WMNI ESI R
4 KEEELVI PWRNI - - - VKI GED- - - - - - VI LVRLSEPHA
4 QGHDI RVPWHHI - - - QKI GSD- - - - - - M | LDVPEEMP
4 KGNDI El CWIDI - - - QKI GVD- - - - - - VI LVNGDNLFV

- KENLLVPFVSD- - - | VLKVDKE- - NKKI | VKEELLPV
GKKDALI PYI ES- - - WKHI DVR- - EKKI El ELMEGLI
G KFFFI PELSI - - - YI GDI NTQ- - EKTI ELKVLDLLK
GKRPMLI PFTEA- - - AVPEI DFD- - KG | KVEPHAAGL
GQQDI LVPALKD- - - | VLKI El E- - NKKI VI KAVEEW.
NYEFKSI HFYR- - - - EDESRKI - - - - - YMCVKAVKDTI
- - PTWYLPFTRA- - - AVPEVRVS- - EGLI LADPPALVG
YPKI FFI PYLDK- - - FVKNI DI E- - KRCl FCTQDAFLI
SFVPLCAPY- - - - - - VEVPLAGG - KPCAVHLTADAPA
G KERLVPFLDGQ- - VI KKVDLT- - TRSI EVDVDPGF-
LAKI FLI PYRDF- - - YI QEI LLQ- - DKKI TTHNAKTLL
GKQERLI PFLYEQ- - WKRVDLT- - TKTI EVDWDAGF-
- RKGVLI PFTQA- - - AVPDVSVA- - EGFVRVDPVAAGL
DSDEVLVPFVRA- - - | VTSVSLD- - DG VEI DPPHGLL
KPKTVLI PFVKA- - - | APWDLQ- - TRRI EI TPPPGLL
EHGQ LI PFVSQ- - - YI ETVDTG- - SKTI TADWGLDY-
DDRERLLPYTGQ- - - CVLSI DLA- - AGEMRVDWDADF-
DKTTELLPFENKE- - - FFPI | TKD- - - - YVI LNYQTKV-
GLRPVLI PFTEW - - SVLEI DLE- - AGKLVI DPTAAGL
DGSEVYVPFVSE- - - | VTG DLD- - AQRAVI DPPPGLI
PDKEVLVPFVEA- - - | VPTVELA- - EQRLEI KTI PGLL
KKKETLI PMIKD- - - Cl VEI DKG- - AKKI | AKEVEW -
HGGVCYVPFHRT- - - FI GDVDVG- - RKKI ELLQRW LE
GERERLI| PFVQPD- - YVKSVDFE- - AERI VVDWDPEF-
5 TNQLWI PFVDA- - - | VPDVDLE- - RKEMYI TPPKGLL
...... Ish...........p.......hohooo oo
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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 o-proteobacteria and
D. radiodurans form the first of these groups. They are rep-
resented in multiple copies in the proteomes of most
a-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 a-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 B-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
[o]. 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
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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.

RNA metabolism. The extensive presence of multiple copies
of the PRC-H-like versions in diverse a-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 a-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
a-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 a-proteobacterial reaction-center genes, includ-
ing that for PRC-H, into the B-proteobacteria [34].

Conclusions

We show that the carboxy-terminal B-barrel domain of the H
subunit of the photosynthetic reaction center defines a novel
all-B-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 a-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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ancestral a-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 a-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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