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Abstract

Background: The rhomboid family of polytopic membrane proteins shows a level of
evolutionary conservation unique among membrane proteins. They are present in nearly all the
sequenced genomes of archaea, bacteria and eukaryotes, with the exception of several species
with small genomes. On the basis of experimental studies with the developmental regulator
rhomboid from Drosophila and the AarA protein from the bacterium Providencia stuartii, the
rhomboids are thought to be intramembrane serine proteases whose signaling function is
conserved in eukaryotes and prokaryotes.

Results: Phylogenetic tree analysis carried out using several independent methods for tree
constructions and the corresponding statistical tests suggests that, despite its broad distribution
in all three superkingdoms, the rhomboid family was not present in the last universal common
ancestor of extant life forms. Instead, we propose that rhomboids evolved in bacteria and have
been acquired by archaea and eukaryotes through several independent horizontal gene transfers.
In eukaryotes, two distinct, ancient acquisitions apparently gave rise to the two major
subfamilies, typified by rhomboid and PARL (presenilins-associated rhomboid-like protein),
respectively. Subsequent evolution of the rhomboid family in eukaryotes proceeded by multiple
duplications and functional diversification through the addition of extra transmembrane helices
and other domains in different orientations relative to the conserved core that harbors the
protease activity.
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Conclusions: Although the near-universal presence of the rhomboid family in bacteria, archaea
and eukaryotes appears to suggest that this protein is part of the heritage of the last universal
common ancestor, phylogenetic tree analysis indicates a likely bacterial origin with subsequent
dissemination by horizontal gene transfer. This emphasizes the importance of explicit
phylogenetic analysis for the reconstruction of ancestral life forms. A hypothetical scenario for
the origin of intracellular membrane proteases from membrane transporters is proposed.
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Background

Polytopic transmembrane proteins are, in general, not par-
ticularly strongly conserved during evolution. Inspection of
the database of Clusters of Orthologous Groups of proteins
(COGs) [1] revealed only one family of such proteins that is
represented in most of the sequenced bacterial, archaeal and
eukaryotic genomes. The prototype of this family is the
rhomboid (RHO) protein from Drosophila melanogaster, a
developmental regulator involved in epidermal growth
factor (EGF)-dependent signaling pathways [2-4]. Not only
were homologs of rhomboid detected in prokaryotes and
eukaryotes, but the pattern of sequence conservation in this
family appeared uncharacteristic of nonenzymatic mem-
brane proteins, such as transporters [5,6]. Specifically,
several polar amino-acid residues are conserved in nearly all
members of the rhomboid family, suggesting the possibility
of an enzymatic activity. As three of these conserved residues
were histidines, it has been hypothesized that rhomboid-
family proteins could function as metal-dependent mem-
brane proteases [5,6]. Recently, however, it has been shown
that RHO cleaves a transmembrane helix (TMH) in the
membrane-bound precursor of the TGFa-like growth factor
Spitz, enabling the released Spitz to activate the EGF recep-
tor, and that a conserved serine and a conserved histidine in
RHO are essential for this cleavage [7,8]. Thus, it appears
that rhomboid-family proteins are a distinct group of
intramembrane serine proteases. Altogether, the genome of
Drosophila encodes seven RHO paralogs (now designated
RHO1-7, with the original rhomboid becoming RHO-1), at
least three of which are involved in distinct EGF-dependent
pathways, apparently through proteolytic activation of
diverse ligands of the EGF receptor [9,10].

The newly discovered intramembrane proteolytic activity of
RHO places the rhomboid family within the framework of
regulated intramembrane proteolysis (RIP), a new paradigm
of signal transduction, which appears to be prominent in all
forms of life [11,12]. Under RIP, signaling proteins undergo
site-specific proteolysis within TMH, resulting in the release
of active fragments, which are the actual effectors in signal
tranduction cascades. Until recently, the only characterized
cases of RIP in eukaryotes involved presenilin-1, an aspartyl
protease, which cleaves a transmembrane helix in type-1
membrane proteins such as amyloid B-precursor protein
(ABPP), Notch and Ire1 [13], and the metalloprotease S2P,
which cleaves a TMH in a type-2 transmembrane protein,
the sterol-dependent transcription factor SREBP [11].
Notably, S2P has highly conserved bacterial homologs, and
the protease domain of presenilins also might be homolo-
gous to bacterial and archaeal type IV prepilin peptidases,
although, in this case, the sequence similarity is low [14,15].

In the case of the rhomboid family, the existence of
homologs of RHO in most prokaryotes is particularly
remarkable because animal RHO proteins are involved in
signaling pathways that are not found outside metazoa,
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which seems to make functional conservation in prokaryotes
a remote possibility. The only prokaryotic protein of the
rhomboid family that has been characterized experimentally
in considerable detail is AarA from the bacterium Providen-
cia stuartii [16,17]. This protein is involved in the export of a
quorum-sensing peptide, a function that, in physiological
terms, resembles that of RHO, although the signaling mole-
cules, other than RHO and AarA, are obviously unrelated
[18]. In a striking recent development, two independent
research groups have shown that several bacterial rhom-
boid-family proteins, including AarA, can cleave the EGF
receptor ligands (Spitz, Keren and Gurken) that are nor-
mally cleaved by RHO paralogs [19,20]. The cleavage
depended on the conserved serine and histidine residues
[19] and, moreover, transgenic flies that expressed AarA
developed a phenotype indistinguishable from that induced
by overexpression of RHO, whereas RHO could substitute
for AarA in Providencia stuartii [20]. These unexpected
findings demonstrated the conservation of a RIP mechanism
producing extracellular signals in eukaryotes and prokary-
otes. Eukaryotic rhomboid family proteins seem to show
considerable functional variability; in particular, cross-talk
might exist between different RIP pathways. A distinct rep-
resentative of the rhomboid family has been shown to physi-
cally interact with presinilins 1 and 2, and was accordingly
named presenilins-associated rhomboid-like protein (PARL)
[6]. The yeast ortholog of PARL has been suggested to par-
ticipate in the processing of cytochrome ¢ peroxidase precur-
sor during its import into the mitochondrion [21].

The near ubiquity of the rhomboid family among bacteria,
archaea and eukaryotes, along with the remarkable func-
tional conservation, suggests that a signaling mechanism
mediated by rhomboids might have functioned already in
the last common ancestor of all extant life forms, with sub-
sequent loss in several lineages. To address this possibility,
we performed a detailed phylogenetic analysis of the rhom-
boid family.

Results and discussion

Sequence and structural features and phyletic
distribution of the rhomboid family

Although the sequence similarity between eukaryotic and
prokaryotic rhomboid family proteins is relatively low
(around 10-15% identity in the conserved region), the entire
superfamily could be retrieved from the protein sequence
databases within three iterations of the PSI-BLAST program
with a high statistical significance and without any false pos-
itives. The conserved core of the rhomboid family consists of
six conserved TMHs (Figure 1). The predicted catalytic
serine is located in TMH5, whereas the predicted catalytic
histidine is in TMH7; TMH3 contains two additional his-
tidines and an asparagine, which are conserved in the great
majority of the rhomboid-family proteins (Figure 1). The
roles of these conserved residues are not known, but, given
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the remarkable evolutionary conservation, it seems likely
that they also contribute to catalysis; indeed, it has been
shown that the conserved asparagine is required for the
cleavage of Spitz by RHO [7].

When examining the multiple alignment of the rhomboid
superfamily proteins, we noticed that several eukaryotic
members appear to be inactivated proteases, as indicated by
the loss of the predicted catalytic serine or histidine (Figure 1,
and data not shown); these inactivated forms could be regula-
tors of active rhomboid proteases. Several other proteins lack
one or more of the conserved residues in TMH3; it remains
unclear whether or not these are active proteases.

Bacterial and archaeal members of the rhomboid superfam-
ily contain six TMH, whereas the eukaryotic members typi-
cally have an additional seventh TMH, which may be
attached to the core either from the amino terminus or from
the carboxyl terminus as discussed below.

The phyletic distribution pattern of the rhomboid family
shows that this intramembrane protease is extremely
common in all three kingdoms of life, but is not necessarily
essential for cell function. Rhomboids are missing in the
microsporidian Encephalitozoon cuniculi, a eukaryotic
intracellular parasite with a highly degraded genome, the
archaea Methanothermobacter thermoautotrophicus and
Thermoplasma volcanium, and several bacterial species,
primarily parasites with small genomes but also species with
moderately sized genomes, such as Xylella fastidiosum (see
COGo705 at [22]). In two instances, a representative of the
rhomboid family is present in only one of a pair of relatively
close genomes (present in T. acidophilum but missing in
T. volcanium; present in the spirochete Treponema pal-
lidum but missing in the related bacterium Borrelia
burgdorferi), which suggests relatively recent, repeated
losses of this gene. Most of the prokaryotic species have a
single gene coding for a rhomboid-family protein, although
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some have two or three paralogs (see COGo705 [22]); in
contrast, eukaryotes show expansion of the rhomboid
family, with seven members in Drosophila, and as many as
13 in Arabidopsis.

Phylogeny and evolutionary history of the rhomboid
family

The multiple alignment of the 6-TMH core of the rhomboid
family (Figure 1) was employed to construct a phylogenetic
tree using the least-squares algorithm with subsequent opti-
mization using the maximum likelihood (ML) method (see
Materials and methods). Only the conserved regions includ-
ing the TMH and short adjacent stretches shown in Figure 1
were used as the input for tree building, whereas the poorly
conserved intervening regions were omitted to avoid noise
from potentially misaligned residues (except for the
Bayesian analysis, which used the complete alignment; see
Materials and methods). The alignment used for phylo-
genetic reconstructions included 87 sequences and 149
aligned sites. The phylogenetic tree of the rhomboid family
presents a complex and unexpected picture (Figure 2).
Neither the eukaryotic nor the archaeal subsets of the family
appear to form monophyletic clades. Instead, the eukaryotic
rhomboids are split between two major subfamilies, which
are positioned in the midst of different prokaryotic branches
(Figure 2). The first subfamily, which includes six of the
seven Drosophila rhomboids, clusters with a distinct
prokaryotic assemblage, consisting primarily of Gram-posi-
tive bacteria as well as a subset of archaea; this clade is
strongly supported by bootstrap analysis (Figure 2). The
proteins in this group of eukaryotic rhomboids, which we
designated the RHO subfamily, typically have an extra TMH
added carboxy-terminally to the 6-TMH core; some of these
proteins also contain EF-hand calcium-binding domains
amino-terminally of the core (Figure 2).

The second eukaryotic subfamily, which we designated the
PARL subfamily, after PARL, the human ortholog of

Figure | (see figure on the next two pages)
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Multiple alignment of the conserved core of the rhomboid family proteins. The alignment includes the majority of the detected rhomboid family proteins;
some closely related sequences were omitted. Only the six conserved (predicted) transmembrane helices (TMH) and short surrounding regions are
shown. The boundaries of the predicted TMH are indicated by gray shading and overline and they are numbered [-6. The number of amino-acid residues
in the omitted terminal and internal regions are indicated. The consensus shows amino-acid residues present in at least 90% of the aligned sequences; h
stands for hydrophobic residues (A, C, I, L, V, M, F, Y, W in the single-letter amino-acid code) and s for small residues (G, A, S, D, N, V). The proposed
catalytic serine (TMH4) and histidine (TMH®6) as well as conserved residues in TMH2 with possible ancillary roles in catalysis are highlighted in color. The
proteins are identified with the gene identification (GI) number from the nonredundant database and an abbreviated species name. Bacterial species are
color-coded green, eukaryotic species blue and archaeal species yellow. Species name abbreviations: Aerpe, Aeropyrum pernix; Agrtu, Agrobacterium
tumefaciens; Anoga, Anopheles gambiae; Arath, Arabidopsis thaliana; Arcfu, Archaeoglobus fulgidus; Bacsu, Bacillus subtilis; Brume, Brucella melitensis; Caeel,
Caenorhabditis elegans; Caucr, Caulobacter crescentus; Chlte, Chlorobium tepidum; Cloac, Clostridium acetobutilicum; Corgl, Corynebacterium glutamicum; Deira,
Deinococcus radiodurans; Dicdi, Dictyostelium discoideum; Drome, Drosophila melanogaster; Escco, Escherichia coli; Haein, Haemophilus influenzae; Halsp,
Halobacterium sp.; Homsa, Homo sapiens; Lacla, Lactococcus lactis; Lisin, Listeria innocua; Metja, Methanoccocus jannaschii; Metka, Methanopyrus kandleri;
Metma, Methanosarcina mazei; Meslo, Mesorhizobium loti; Mycle, Mycobacterium leprae; Myctu, Mycobacterium tuberculosis; Neucr, Neurospora crassa; Nossp,
Nostoc sp.; Prost, Providencia stuartii; Pyrab, Pyrococcus abyssi; Pyrae, Pyrobaculum aerophilum; Ralso, Ralstonia solanaraceum; Sacce, Saccharomyces cerevisiae;
Schpo, Schizosaccharomyces pombe; Sinme, Sinorhizobium meliloti; Strco, Streptomyces coelicolor; Strpn, Streptococcus pneumoniae; Sulso, Sulfolobus solfataricus;
Sulto, Sulfolobus tokodaii; Synsp, Synechocystis sp.; Theac, Thermoplasma acidophilum; Thema, Thermotoga maritima; Thete, Thermus thermophilus; Vibch, Vibrio
cholerae; Xanca, Xanthomonas campestris; Xylfa, Xylella fastidiosa.
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TIVHL TMVH2 TVH3
6325010 Sacce 17 LTTGLVVFLTAI YLLSFI FA 14 LQVSRLSLYPLI HLSLPHLLFNVLAI WAPLNLFEET 4 YTGVFLNLSALFAG LYCLLGKLLY
19075999 Schpo 10 |LKLPIWIQ | TYI Al LVYA 21 RQLYEl | TYVTLHLSM.BI VFNFVSLLPAVBQFEKK 5 CI LVTVI PYTLFPG VHLI VYHFFL
21593075 Arath 25 LTSSWWECGVI YLI CLLTG 17 FQVYRFYTAI | FEGSLLEVLFNMVALVPMGSELERI 6 LYLTVLLATTNAVLHLLI ASLAGYN
19570079 Di cdi 39 ATKVI SI| CSI LFALSLVAP 19 LDNRLI | LSNFAHLSI YaI VYNM TFLDLAK- LERL 1 FGTLKYFYLLFLFQ | TNLI CLFI'Y
18676811 Honsa 28 PPVTLATLALNI WFFLNPQK 15 KDWORLLLSPLHHEADDVEL YFNMASMLWKG NLERR 0 LGSRWFAYVI TAFSVLTGWYLLLQ
18401578 Arath 33 PPVTASLLAANTLVYLRPAF 21 KDLKRLFLSAFYHVNEPHLVYNMVBLLWKG KLETS 0 MGSSEFASWFTLI GVBQGVTLLLA
11498616 Arcfu 133 ANNTVLI I CTI LFFI SI VAP 17 AVPWCLI TSMFLEVEFVMFFVNMFVLLFFGTELERR 0 LGCRKYLEI FFVSGLAGNVGYI AYS
6321538 Sacce 143 KNLVYALLG NVAVFGLWQL 18 TSKI S| | GSAFSHQEFWELGWM_ALWSFGTSLATM 0 LGASNFFSLYMNSAI AGSLFSLWYP
11066250 Honsa 166 CRTVTG | AANVLVFCLWRV 18 VLCSPM_LSTFSHFSLFEMAANMYVLWSESSSI VNI 0 LGCEQFMAVYLSAGVI SNFVSYLCK
17647867 Drome 145 CKMFAPI LLCNLVAFAMARV 18 VWCWPMFLSTFSHYSAMEL FANMYVIVHSFANAAAVS 0 LGKEQFLAVYLSAGVFSSLVBVLYK
18394631 Arath 133 RDWLGLVI ANAGVFVMARV 19 GRLHTLI TSAFSHI DI Gal VSNM GLYFFGTSI ARN 0 FGPQFLLKLYLAGALGGSVFYLI HH
19112976 Schpo 117 | WAVI VCLVNGWFWHWDL 30 GRWAMTLWWSI FSEQNLAHLLVNCVAI YSFLSI VYK 0 FGUWKALSVYLGAGVFGNYVALQRM
21295914 Anoga 163 ERI FAPI CALNVI VWYGLWRI 18 AVCWPMVFLSTFSHYSLFHI LANMYVLHSFSHAAVAT 0 LGREQFLGVYLSAGVI ASFASHVFK
22327066 Arath 81 ANG FW I LI NLG YLADHF 15 PAWYCFVTATFCHANWNELSSNLFFLY!I FGKLVEEE 0 EGNFGLWLSYLFTGVGANLVSW.VL
7509358 Caeel 392 PWFTYW TTI Q FVCLLSLL 257 NQFYRLFETSLFVHAGVI HLALSLLFQYYVIVKDLENL O | ASKRVAI LYFASG GGNLASAI FV
13375799 Honsa 165 PYFTYW.TFVHVI | TLLVI C 230 DQFYRLW.SLFLEAGVVHCLVSVVFQMTI LRDLEKL O AGVHRI Al | FI LSGI TGNLASAI FL
17647863 Drome 1246 PFFTYW NTVQVWVLILSI| 236 DQLYRLLTSLCVHAG LHLAI TLI FOHLFLADLERL O | GTVRTAI VYI MSGFAGNLTSAI LV
15240744 Arath 55 SW.VPMFWANVAVFWAME 57 KEGARLLTCI W.HAGVI HLGANM.SLVFI G RLEQQ 0 FGFVRI GVI YLLSG GGSVLSSLFI
16944591 Neucr 161 PFVWYFFTTVQ AVFI AELV 56 NQWARFI TPMFLEAGVI Bl GFNMLLQWTI GKEMERS 0 | GSI RFFI VYVSAGI FGFVMEGNFA
8923409 Honsa 61 PVFI | SI SLAELAVFI YYAV 26 EEAWRFI SYM.VHAGVQEI LGILCMLVLGA PLEMW 0 HKCLRVGLVYLAGVI AGSLASSI FD
17647865 Drome 72 PWFI LLMSFVQ SLHW ASE 13 VEYWRLLTYM.LESDYWaLSLNI CFQCFI G CLEVE 0 QGHWRLAVVYMWGGVAGSLANAW.Q
17647869 Drome 102 PWFILVI SI | El Al FAYDRY 26 LQUWRFFSYMFLEANWFHLGFNI VI QLFFG PLEVM 0 HGTARI GVI YMAGVFAGSLGTSVWD
17864410 Drome 98 PFFI I LATLLEVLVFLWGA 15 LQLWRFLSYALLHASW.HLGYNVLTQLLFGVPLELV 0 HGSLRTGVI YNAGVLAGSLGTSWWD
21264326 Homsa 163 PWFM TVTLLEVAFFLYNGV 26 AQWRYLTYI FMHAG EHLGLNVWLQLLVGVPLEW 0 HGATRI GLVYVAGVWAGSLAVSVAD
17933592 Drome 179 PLTMVLESI | El | MFLVDVI 31 YEGWRFVSYMFVEVG MELMWNLI | QI FLG ALELV 0 HHVWRVGLVYLAGVLAGSMGTSLTS
17977674 Drome 168 PFFI | LVILVELGFFVYHSV 24 HElI WRFLFYMWLEAGALHL GFNVAVOLVFGLPLEW 0 HGSTRI ACl YESGVLAGSLGTSI FD
17553192 Caeel 174 PIFM.LITI | QVG FFFYWE 33 GEAWRFTSYMFLEAGLNHLLGNVI | QLLVG PLEVA 0 HKI WRI GPI YLLAVTSGSLLQYAI D
21297308 Anoga 157 PLFVI LVTFVELGFFVYHSL 24 QEVARFLFYMWVLHAGWFHLGFNLI | QLLVGLPLEMWV 0 HGSTRI GCVYLAGVLAGSLGTSVFD
3219925 Schpo 77 RSLVLSI | G NVGVFALWRA 20 | NMPSM VSAFSHQSGWAL L FNMWAFYSFAPAI VDV 0 FGNNQFVAFYI SSI LFSNVASLLHH
15218144 Arath 48 TWLVSVFVLLQ VLFAVIMG 52 HEI WRI LTSPW.HSGLFHLFI NLGSLI FVG YMEQQ 0 FGPLRI AVl YFLSGI MGSLFAVLFV
15222545 Arath 153 RRWINVLLAI NVI MYl AQ A 18 GQLWRLATASVLHANPMHELM NCYSLNSI GPTAESL 0 GGPKRFLAVYLTSAVAKPI LRVLGS
15231701 Arath 14 ATSCI VTLCSVI WFVI QKKS 15 GHYWRM TSALSHI SVLELVFNMSALWSLGV- VEQL 8 YYLHYTLVLVWFSGVLVI G YHLLI
15 PFVTKALVFI NVAVFI YELL 16 SEPYRWTHWFLHEGG.LHI V&IM YLW/FGDNVEDH 0 YGHFRFLALYLMAGLAAAFVHYWAV
94 AFLFLGVMAWTFVI QYG AP 22 EYVWIW/TSVFAHGGFSHI VLNSI VLYFFGPI VEDR 0 | GSKKFVALFLGAG LAGLAQVGAS
1 NSLTMLMFLLNVLAYVLSVG 21 VHPECLI TYMFLHANLI BLLFNM.GLLTFGVQLERV 0 LSTSEFLVLYLLSGLMGGLAQTAL
24 ASPSMAI | FLCI VSFFLEW 19 TRPWILVTYI FLEAGLGELFFNM VLYFFGTALERK 0 VG\KQLLG FFTAG LSAI GYTFLS
28 TFSLM I | TAVFI YEVI VGF 16 GOWARLLTAI FLEMGFVEFALNAFWLFYLGTDLEG 0 VGTKRFLI VFFASALAGNVLSLFTL
19 PIVNVSI | ALNFAAFI VGLT 29 ERLYTVFTSMFLEGSWAHI LGIMLYLYI FGDNI ESI 0 LGRARYI | LYl GSGLGAVVFHI AS|
1 -MNLIVAC AW | SVF 16 NVPWCVI TSI FMEAG THLLVNMLVLFI FGTYLENI 0 VGSKKYLI | FLFSG | GNLAYI AYA
96 GVPWGTLLVAGH VAGFYTLV 18 AYPLGVLTSPI AHANLGEVTGIL| GTLALAPVAEYA 7 RGTAAFGSWRTNPYVRAGWFPAGY
35 TFFLMFLVTLGFWGLLATE 18 GYYSELFTSI FI TNSFVDFI FNFI SLYVI YLI FGSR 0 AGKHEY- G FI LAG LGNLLTVI FY
28 TWLTILITIGYI I GQ LSL 18 GFYWCLVTSI FVTPNFFDWAFNTI AMYFI YW.YKGE O AGKLEY- | | FLI AG VGNI LSLYLY
2 FLFALFFFLLGYLI SSYPGA 7 RTPWGFLTSI FI YDGSGNVEYFLI FAI LESAANI SH 6 KRTAVALLASVLGSI | ANLLDLALF
15598282 Pseae 85 SPMIAAVLLLTFWAAVTYL 33 GQMARLFTPM.| HFGALELAMNAMAFVELGRRI EFR 0 QGRPMLLGLTLLFGLVSNWWQYAVS
17549219 Ral so 1 --M SSLI LANVI VFVAELF 24 FSPWCLLTYAFLHASVPHLVFNMFGVFMFGRDVERA 0 LGRVRTGVLYLASVLSAAFTQVAVM
17549744 Ral so 205 PHLTHALI ALNVLAWATLY 26 GEWARLLSATFLHAGVLHLAVNM GLYAAGVTVER 0 YGPVAYLLI YLGAGLLGSALSLSFA
17987022 Brune 17 VI ALI GLCVAVYVYQNYI LS 27 AVI FTFI SYSFMEGSFAHI AVNM WLAAFGSPLAGR 0 | GAVRM LFW/FTSWAGLTHYALH
19553712 Corgl 45 VRTGLTI Al GYWWWVI WAVHL 23 SALWCI FTSPLLEGSFSHLI GNTVPGFI FSFLI GVB 3 VFVEVTI | AGLI GGLGTW FGE GT
20806909 Thete 14 PVITLSLII'I NSLI FFTLSS 32 SNLYPFI TSMFLEGNTFHLI SNMAF LW.FGDNVEDR 0 MGHI RFLI FYLLSGVI AGVFHLVFEN
21220616 Strco 39 LCCLLFLI SPAAGLNPVYGT 27 GSALTPATALFVEGSWHLLGIM.FLYVFGAMIEER 0 MGRLQFALFYLGCGYLALVGYAGAN
21222264 Strco 84 HLVTKI LI G NVAVFI AVQA 28 GEWYRLVTTMFTHEEI Wl GFNM SLWFLGGPLEAA 0 LGRARYLALYLVSGLAGSVLAYLLA
21224370 Strco 135 ANVLVFLFTPGVAGSASGDG 54 SPELSVLTAMFLEGGALHLLGIM.FLW FGNNVEDR 0 MGHVPFLLFYGVCGYAATYGFALLD
21229496 Xanca 13 PRWAVPLLFAAWALAYLWSI 33 GSVLRLFTALFLEADWSHLLGNLVFLLI FGLPAERI 0 LGPWRLLLLFLLGGAASNLAAI FAI
21230863 Xanca 1 -MTLILIAI TG VSWAFN 18 KQYDRLI TYGFI HADLGiLVFNM TLFFFGRYI EDV 0 MIRLTGSVLTYPLFYLGALI VSI LP
21233650 Xanca 140 SRVLRAFNLSLAAVLLLVAV 19 DGLI Gl LTAPLLEGSLAELGANAAALLI LGTLAGSV 3 ATANALPLLW.GSGLGAW.LCGDPGS
21675030 Chlte 17 PPAIKAIl I TNVI VFLFONS 24 FHLWCPI TYLFLEGSFAHI FFNMFALWWVFGVEI ENY 0 WGTRNFVSFYFI CG GAALI NLLAT
1168254 Prost 21 | ALTLTLVLLNIAVYFYQ V 25 GDW\RYPI SMVLESNGTHLAFNCLALFVI G GCERA 0 YGKFKLLAI YI | SGI GAALFSAYWQ
13470470 Meslo 16 VLAVI G CAAVFLLQOYVLN 26 FLFTRPFTYAFMEGGFAHI Al NMWLAAFGSPLANR 0 LGCLRFALFFAVTGLASVALFWAVH
13473011 Meslo 17 QYVTI GLI WNALVYCATAL 33 PESLSYLTYSFLEADI FHLGGIM_FLWFGDNVEDA 0 LGHI RYLI FYLLCAI AGAAFQGLVA
15606530 Aquae 14 PI'VNLSI | VACSLI W.YEWS 31 QKPYTLLTHVFLEGSWGHI | GYMAFLWEGDNVEDK 0 LGKFRYI | FYI LCGLGAALTQTFI S
15607252 Myctu 37 PVWIYTLI SLNALVFVMNVT 17 GQTYRLVTSAFLEYGAMHLLLNMALYVWGPPLEMV 0 LGRLRFGAL YAVSALGGSVLVYLI A
15608477 Myctu 37 VWGGTTILTFVALLYLVELI 18 DGLWGVI FAPLLEANWHHLNVANTI PLLVLGFLMILA 3 RFVMATAI | W LGGLGTWLI G\WVGS
15639966 Trepa 13 TNVTLSLVLANGAVFVI TSL 18 RWWCI FTYQFVESGWMLLFNM.GLVFEGQTI EKK 0 MGSSEMLLFYLLVGTLCGAGACAAY
15640131 Vi bch 97 CGVFTLFI MALCII | FTLQTE 19 WQ WRW/SHAL LHEFSVMiI AFNLLWAANQFGGDLEQR 0 LGSVRLI KLFVWSAI | SGAGQYWE
15641983 Vi bch 32 LGTI TGHDVNLYLLLLAI SL 23 GQMWARI LTGNFAETNFAEWAMNLAALW | SFVFKPT 0 ARCLLI PLLLI SLAVGYM LASDVQ
15643350 Thema 3 KRAVYFI LLENAFI FVMMTE 29 GDWFRLI TALFVEGA LHI LFNSYALYYFGLI VEDI 0 YGTEKFLVGYFFTG VGNLATHVFY
15643845 Thema 14 PYVTIALI LI NVWFVYELM 30 FSLLPFI THVFLEGGFWHI LGIMAFLW FGDNTEDE 0 MGHVGYTLFYLSAG FAALTQFVFT
15672152 Lacla 15 ATYILSI| TLLVWALWQFFTY 25 SQMARLFTALFI Bl GAARVLLNVATLFFI GRQI ENV 0 FGALRFTLI YLLSGI FGNAWFLLT
15803931 Escco 94 CPVTW/MM ACVWFI AMQ 19 FEFWRYFTHALMHFSL M| LFNLLWAAYLGGAVEKR 0 LGSGKLI VI TLI SALLSGYVQKFS
15806990 Deira 50 VKAAAGVTAGLI ALLWEQEV 20 GTFWHVFTAPFLHAGFPHLI ANTVPLAVLAFMTAVR 3 RFLVATFLI ALl GGGLVWLLGRSGS
15827590 MWycle 36 MVGGVTI LTEMALLYLVELI 18 DVLWClI SFAPVLEANWQELVANTI PLLVLGFLI ALA 3 RFI WTAMW FGGSATWLI GNMGS
15837251 Xyl fa 10 PTVTKGLLLTNVWFLFQW 27 FMPWCLLTYGFLEEGFQELFFNMLAVFMFGAALEHT 0 WGEKRFLTYYLVCVAGAGVCQLLVS
15837656 Xyl fa 19 VLWAVPLLFFAVLI AFLWSI 33 GSALRLFTALFLEADWAHLLGNLVFLLI FGLPAERI 0 LGSWRLLLLFLLGGALANLAAVLTI
15838777 Xylfa 4 LM TLILI AWAWSW.SFN 18 RQYDRLI TYGFVHANI SHLLFNM/TLYFFGSM EAV 0 MGELTGSLLTYPLFYLGALLVS| LP
15889057 Agrtu 32 LVGA LAALAI AYWPAYLLS 27 EWWPVTYSFLEGG EHl LFNGLW.MAFGAPVLRR 0 | GTVRFVLLWCI SAAVSAFGHAALN
15891346 Agrtu 36 QYVTIGLI VI NVLVW.FTGV 34 PDDLTVVTYAFLHLDFWELAGIMLFLW/FGDNVEDA 0 LGHFRFLI FYLVCAI AGALFHGFVA
15894241 Cloac 141 MRVIW LI VI NFI VYG SAW 26 GQYYRLI TCMFLEAG THI GANMYSLYSMGYMLENI 0 YGKLRYTAI YFI SG TASFFSYI FS
15903945 Strpn 12 VISFFLLVTALVFLLMLVTA 25 EQVWRLLSAI FVEI GAEHFI VNMLSLYYLGRQVEEI 0 FGSKQFFFLYLLSGWGNLFVFVES
15966395 Sinme 17 QYVTITLI VI DFVAWAI GP 34 PDEFTFVTYSFLEGDFVALAMNM.FLW/FGDNVEDA O LGHFRFLVFYLLCAAAGALAHGLLE
16077528 Bacsu 15 YPWTFI LALQAVLW.FFSL 21 GEWARLI TPI LLEAGFTHLLFNSVSI FLEAPALERM 0 LGKARFLLVYAGSG | GNI GTYVTE
16079543 Bacsu 177 PTFTYLFI ALQ LMFSLLEI 23 GEWARLLTPI VLHI G AHLAFNTLALWSVGTAVERM 0 YGSGRFLLI YLAAG TGSI ASFVFS
16126863 Caucr 12 NAPWPALLVAAAVI | PHLLL 20 GRWICAVTM.FVHGGA HAI MNAAFGLAFGAPVSRV 0 LGLNVRGGG FCLFYLVCGVI AGVG
16272560 Haein 9 CKITLI LTALCVLI YLAQQL 19 SEVWRYI SHTLVHLSNLHI LFNLSWFFI FGGM ERT 0 FGSVKLLM.YWWASAI TGYVQNYVS
16332120 Synsp 13 LQSQFSI | VSFLAI FW.LEI 20 EGLRCI VFAPFLEADFGHLI ANSVPFWLAW. VM.Q 3 DFWI VTI | TWVGGELGWALI APPNT
16800442 Lisin 182 PIVIYSFI GLI VAAFLWTF 23 GEWARFI SPI FLESGLI HLASNAVM.YI VGAWAERI 0 YGKWRYI LI LLLGGI CGNI ASFALN
17231423 Nossp 14 PYFTYGLI GWVLVFLHEVS 25 CGEWPTLFTSQFLEGGAMLI SNMVFLW/FGNNI EER 0 LGHFKYLI FYLACGALAALCQNFI G
17232329 Nossp 14 PYVTYGLI AANI LAFLYEAN 33 PEWATLI TSQFLEGGFLELAGIMLFLW FGNNVEEK 0 LGHARYLLFYLACG LASLSQAYFS
consensus/90%  ...... h....hhh..h..0 oL hh...h.H sh.HhhhN. h. . h.hs. . ht.. ... ... . hhh. . shhs. hh. . h..

Figure | (see legend on the previous page)

Genome Biology 2003, 4:R19




http://genomebiology.com/2003/4/3/R 19

Genome Biology 2003,

Volume 4, Issue 3, Article R19

Koonin et al. R19.5

6325010

19075999
21593075
19570079
18676811
18401578
11498616
6321538

11066250
17647867
18394631
19112976
21295914
22327066
7509358

13375799
17647863
15240744
16944591
8923409

17647865
17647869
17864410
21264326
17933592
17977674
17553192
21297308
3219925

15218144
15222545
15231701

15598282
17549219
17549744
17987022
19553712
20806909
21220616
21222264
21224370
21229496
21230863
21233650
21675030
1168254

13470470
13473011
15606530
15607252
15608477
15639966
15640131
15641983
15643350
15643845
15672152
15803931
15806990
15827590
15837251
15837656
15838777
15889057
15891346
15894241
15903945
15966395
16077528
16079543
16126863
16272560
16332120
16800442
17231423
17232329

Sacce
Schpo
Arath
Di cdi
Homsa
Arath
Arcfu
Sacce
Honsa
Dr one
Arath
Schpo
Anoga
Arath
Caeel
Honsa
Dr onme
Arath
Neucr
Homsa
Dr one
Dr one
Dr ome
Homsa
Dr one
Dr ore
Caeel
Anoga
Schpo
Arath
Arath
Arath

Pseae
Ral so
Ral so
Brune
Corg

Thete
Strco
Strco
Strco
Xanca
Xanca
Xanca
Chite
Prost
Mesl o
Mesl o
Aquae
Myctu
Myctu
Trepa
Vi bch
Vi bch
Thema
Thema
Lacl a
Escco
Deira
Mycl e
Xyl fa
Xyl fa
Xyl fa
Agrtu
Agrtu
C oac
Strpn
Si nne
Bacsu
Bacsu
Caucr
Haei n
Synsp
Lisin
Nossp
Nossp

consensus/ 90%

12

e}

16
17

[y
o

D N
O N 0

[
ARPABRBAAADRMDIMDIDMOOS_ADDDOO®

10
12
20
25

22

[N
»

[y

-

[N

DOWRWRFRWUORARPRIIONODOOIFRWRARODRARRPRWOODUITODODOWORNOOODUIOOROUIOWOWUTU

[y

[

TVHA
VAGASGWCFTLFAYYSFKESQ
| AGLSGWAFAFI SASCVHSPQR
Al GFSG LFSM VI ETSLSGVT
HLGFSGVLFALI YI ESNSSGRD
AVGFSGVLFAL KVLNNHYCPGG
AVGFSGVLFAVKWILNSQAEDY
ALGASAAI FGVMGCLAI | APEI
SLGASGAL FGVLGCFSYLFPHA
SLGASGAI MTVLAAVCTKI PEG
SLGASGAI MILLAYVCTQYPDT
GLGASGAVNAI M_LDI FLHPRA
LLGASGAVYATAAI FACLFPYT
SLGASGAI M3 LAYVCSQYPDT
SVGASGAVFGLFAI SVLVKNBW
AVGPSSAQCG LAAVI VECCDN
EVGPAGSQ-GLLACLFVELFQS
EVGPSASLSGVVASLI ALLVWW/
SVGASGALFGLLGSM.SELFTN
TTGASGALFG | ALLLLDLLYS
LVGASGGVYALMGGYFMWLVN 1
LMGASAGVYANM.GSHVPHLVLN
LVGASGGVYALLAAHLANI TLN
LVGASGGVYALLAAQLASLLLN
WWGSSGGVYALVSAHLANI VN 1
LAGASGGVYALI TAHI ATI | MN
LVGASGGVYALLAAHLANVLLN
LVGASAGVYAL| FAHVANVI LN
LVGASGGVYALLAAHLANVMN
SLGASGAI YAl AAATSYFFPNA
SI SSGAAFFGLI GAM_SALAKN
SVGASGAl FGLVGSVAVFVI RH
AVGYSCVWFGMITT LSVKQPSS
AVGASGAI SGVLGAYMLYPHA 1
TLGASGAI AALMGVLTLLNPGL
WGASAAI FGLLGCLTM_RPVB
FGGLSGVLYGLLGHOW FQYLA
SGGASGELFG VGALLSI EGVL
AVGASGAI SGVLGAYALLI PFS 1
SVGASGAI FGI MGALAI LAPHL
AVGFSGVWFAFAGFALLKYPLA
SSGASGE FGLLSYYTFYDFLK
SAGASGE FGLFAYYTVTDYLK
SYGQSGVWYGLMGSAASMALLD 3
M/GASGAI YGVFAAL TVLEPNL
| VGASGGVFGLLLAYAVLFPRR
GVGASGAVFGVAGAW.VAI RQY
LVGASGAl SGVMGAAARYGFRR 2
HI GASGLI YGALGYLI VRG FN
VWGASGAI AG MGAYFVLFPSA 16
LVGASGAI SAVLGAFLFLFPRA 14
TLGASGAI FGLFGATAALVR- - 1
LI GASGAI AGVLGAYLVLYPRA 14
|| GASGAVSALI GTYLALFPGA 15
SLGASGAVSAVLFAFI LLKPWI 7
HLGASGVTHGLMFLVFVLGLLR 3
Tl GASGAI FGVLLAFGWFPDR 8
GVGASGAI MGl AAASVI YLI KV 14
LVGASGAl SGVWWGAAARFGFRT 21
LI GASGAI AGWVAYLI LYPRV 12
M/GASGAI SGVLGAYNKNFPHA 15
TAGASGAVFGLFGATFMWAR: -
HI GASGLI FGWLAFLLVFGLFV
LLGASGSI FAI LFLFSVNFPTA
FGGLSGVWYALAGYLW LGGRA
YVGLSGTLHGLFAYYALNEALN
SVGASGAl FGLI GI LFAAGFRK
M/GASGAVSGVMGAYFVLFPYS 1
SAGASTSI FGLFAAWGLAFFT
FGGLSGWYALMGYVW.RGERD
HLGASEL VFGYLAYL L GVOME
HI GVSGLI FGALAFLLVFGLFV
VLGASGGVFGLLMAYGVLFPNE
|| GASGAVSAL| GSYLALFPGA 1
SLGASGAVSAVL FAAVL L QPVWA
LI GASGVVSAL MGAACRFAFPY
LI GASGAVSGWAAYFLLHPRV
SVGASGAI FGLLGAAI VFGEKL
AAGASTSLYGLFAAI | VLRYAT
LI GASGAl SGWAAYFLLHPKY 1
HVGASGAI FGLFGVYLFMLFR
SAGASGAl FGCLGALL YVALSN
VWGASGAI AGL MGAAARTDSA
FFGLSGVWYAVLGYVFI RDKLN
TVGAS| LI FGYLGFLLFRGWEQ
SVGASTAVFAVMGAL LYLWLK
SLGASGAl SGVLGAYLI RFPQA 15
SLGASGAl AGVMGAY| LRFPNA 15
_hGhSssh. uhhhh. . ... ...

WFROOOOABRMAEADRONUIWWONUIODOODNDOWOWMOOMWMMOMWMONWMOMWOWOOOOIRA,IDOOODUNNORAUIUO OO

=N
PWNOBREENABRNNNUOWWWRAROWAWOOWE

TVHS

TMVHE

DYSI PTLYTPLVLLVAI AWI 2
LFSI PAYCFPI | YLIMITI LV 2
LFNVPAKLYPW LLI VFQLLM 2
AVKI PSKLYPWAMLI LAHVFV 2
GFPVPNRFACWELVAI HLFS 2
G LVPTKYAAVAELI LVQVFYV 2
I PI NI RTALLLFAAYDFWW 10
VFPVPGGAW/AFLASVAWKAA 8
LPMFTFTAGNALKAI | AMDTA 8
LPALTFSAGAG KVLMG DFA 8
FI PVPAMLLG FLI GKDI LRI 6
FFVYPVKAGH FMPLDFI AEYV 11
LPMYTFSAGAAI KVI M3l DLA 8
LI LGQFVI ERVMEAAQASAGL 12
WALVQHLI VTLLVLC GFI PW O -
KAFLNLSAI VLFLFI CGLLPW 0

| ALFKLLLLCSVLVG GTLPY 1
AALLTLLFVI LI NLAI Gl LPH
KCLLFI GLDI VI SFVLGLLPG
FRLLII1LII VLDVGFALYRR 9
ARl ASLLI LLLSDVGFTTYHF 9
TCLGSWWI FVSCDLGYALYTQ 12
| GLMAVI LFVFCDLGYALYSR 12
LRMAVAL | CVBMEFGRAVWLR 11
VCLLAFLVFCFTDLGTSVYRH 7
I KLLHI LVFVSFDFGFAI YAR 25
| RVLVLFVFI FLDFGGAI HRR 8
LRLLAI FLFASCDVGFAI YSR 11
LPFI Pl KI GVALLGLMAFDAW 15
SALAI | FTI FTVNFLI GFLPF 0 -
ECLMQ AQ | ALNVAMGLVBR
LLSLPI SFAPFESLI FTSI | V

| P- AVAYI GFWFI YQLFYGAL

| PMPLW.ATGLFAAYSI FVSG

| PMPLALFAVLYAALALFVI Q
AYRLPRGWAMMLI W.LVCLS 1
| GKALI NALALFLI NSI F- - -
SVPASI FI GFWFVYQLVMELA

| PVNI RVAVI | FALI DLI LLP
VAARDAI SVFWRTLLEPVTFA 1
GVYGLVFLVSVFGVSDLI F- -
NGI SI | LLVSVFI LSDTLPF
SLALI FLLTFVFMALDI KAFY
VPVRLKHAL LLFAVFDFLMWN
PNPAW.FATVYALVELTLG S
SKRLLTQ GLFVLYSLVQGLT
LKPVLI FVGWFLI NI VTGLY
KGFLLG VLAFI YSGLFWGLL
Pl PAWYLFLWFLTQLYSGW
RFPAVWVL PFVWSL QAL AAGR
LNADVRPWI LLVI SLI FTFT
RLPAVLVL GFWFGL QAVYSSG
RVPAPLL| GAVAVL QUVFAYI
PAPAI | YAVFYVGYSLW/DRR
PAI ATSM AFLFYGGVLMI L
Pl KTKYFVAGYALI EFI MGLG
QKYQLYNLI AM ALTLI NGLQ
SRGWVFLAVWM | NLATGLL
RI PAFI PLI LWLFQUFMFAA
ELPAVI FI GLWEFI Q | NG |
LHLDVRWVALI VI NLAFTFL
VIEI VI GLWLFVYGG LLGAM
Pl PAPLLI VGYI LFEI FDLFF
GLSI PRSLMGFMLI W.VLGYV
WLLVLGVI GKVAVEQAFGASA
FEMKPVTGVSLLPI | LI NVWY
El PAFYYLM WEFI QVLNGLV
LGQ GRVETVLI VANLVMNLF
G YLQRGLI | FALI W VAGWF
LSWVI AVI AFAL YGGVLWGVL
W DI | GOWLFAYGGVLLGVM
PNKARTFVI LYGVI ELLMG T
RVPAPFLI GFWALLQUVFAYT
PAPAI FYAVFYVGYS| WWERR
NRTVLI FTLMALFGNVLI Al G
PLPAFI PLALW GQQFLM_AL
GKAFFANWGVFALNI FI SFT
| CQLGQSYLTLFVVNI | GSVL
PLPAAI PLAFW GQQFFMFLA
GGEHSKM | TLLAFAVLNGFI
LRTI GTNI I VI | 1 | NLGFGFA
GPRVI SLGLGALVWNLVLAVT
LFDLPEGFFTM_LVG ALGFI
ASI VLS| WLVLYGSALWGLL
AKTI GTSI ASLVAI NLLI DVF
SVPALVI | Gl FFVQ\VI SGLV
RVPAYFFL GFWFLQQSFYGLA
....... hh.hh.h..h....

0 -
0 -

-

=

=
ARWONOWWUOWWUOOROODUTOUORARRNOUROWOUONOURODOWORUIOWUARUINNWOIONOO®D®OWONR

e

SSFWG:FFGLCVGYAI GYKESWF
ASFI GiASGAVMGYCTPFM.GSI
VSLLGHLCG LSGFSYSYGLFNF
SSFI GiFSG WG LFI KGYLDI
TSFAGILAG LVGLMYTQGPLKK
ASFLGiLGGA LAG | YLKLKGSY
VAN AiiLAGLAVGL YYGKRLGRR
FDYAAHL GGSMMGVLYGAY1 SKA
FDHAAHL GGALFG WYVTYGHEL
FDHAAHL GGAMFG FWATYGAQ
| SGSAHLGGAAVAA- | AWARI RK
VAFDA:VSGTFFGVVSSLFLLPA
FDHAA#L GGAL FGL FWCHFGSON
VNHI AiL SGALVGYWLVWL L SKF
VDNWAELFGTI FGLLTTI | | FPY
| DNI Al FGFLSGLLLAFAFLPY
LNFLGLLAGVI CGCLLTMSLVPF
VDNFA:HVGGFVTGFLLGHI LLAR
LDNFA#l GGFLAGLALG CVLQS
VSFAAiI AGGFAGVEI GYTVFSC
TSLEA:I GGGVAG LCGFI VYRR
VSYI AuLTGALAGLTI GFLVLKN
VSYI AHMIGALAG SVGLLLLRQ
PSFVAiLGGVAVG TLGVWVLRN
| GYVAHLSGAVAGLLVG GVLRN
VSYVAHLAGAI AGLTI GLLVLKS
VSHLAG#I AGAVTGLFFGYWLYN
VSYVA:HLTGALAGLTI GLLVLKN
| DHAAHL GGG FGALYAKYGYST
| DNFANI GGFl SGFLLGFVLLFK
| DNWGiil GGLLGGTAMI'WLLGPQ
ASFLGILSG LVGYAI SWGELI GG
VAYFA:I GGFI AGALTALI YRRR
VAQLAELAGLG GLLYGAKLKRE
VAHAGHLVGM VGGVLALLYRPS
| ANGAHVGGELLVGCLSGLLGGE L
VNI FAEFGGELVTGLVLGYFYG W
| AFWAEVGGFLTGVALAPLLVDK
| AHI THLAGLI TGLI FGKLLYRK
VAVQGHLFGFLLGALAAVAVLVH
VNWVA:I GG LGE MYAWYYL
VDI WAHTGG LTG LLSLLFFKI
| DSFVHEAVAFGSSAI | FI I SYT
| AHTAHL SGLFVGELYMGYRI KRM
| AHFAHL GGVAGSGVLLVWRW LR
VDNAA:VGGLI GECLLACI LPAR
| AVEAH| GGFI AGFFG PLNDRP
VSWOGHLFGALGE GAGAFI ASD
| AWM GGFI SGVLLNRFFLRD
VAYLA:LVGFGLGFAFAWRFGR
| SWQAHVGGLVAGAVI GYAMLHA
VAYVA:EVWGFWGMLI AWPLRRG
VAWBA:I AGFVFG VYGLYVRAA
| NHSAHLAGAAFGVMFMLI MEPR
VSWOSHLGGAVAGLI AALLLRLR
I AYFAHLGGMLFGYI YI VI RRNE
VDNAAiI GGAI | GALI SI AYI LV
| AVEAH| GGFVAGFFGLRWFDRR
| SWACHI GG | AGAVLVLVLRSR
VAWYAiIl GGFI TGYLLVDYFRKR
| SWQGHVGGELVTGALVAATYVYA
VSWQGHL SGAVAGVVAAYLL SAP
VSHLTHLLGVLFAWGYI RI RFG
| ANTAELAGLI SGWLAWFDSQR
VATEA:LAGLVGGLLLAAGHCFL
| NNAA:L GGFL SGMLLGYTMSPF
| AWM GGFVYGM WGYI LRVR
VS| WAiI GGAI GALLLSAI FAPK
MANGAHI AGLAVGLAVAFVDSLN
| SWEAHL FGFI GGLVAAALLHRK
VSWOGHL CGAl SGVWAAYLLSAP
VAHFTHELGGMLFGALLI RYWRGQ
VAWBA:LAGFVSGVVYGSCVRAT
| NHSA:L SGAAFGVVFM.CVEPQ
| AWDA:VFGFLLGFLFFSLFDRP
VSWGAHVGGE LAGAI WI FVRRP
| DI FAEFGGFLGGVWVSVI LGRT
| SLAGi| GGAVGGAFLAVI FPVR
VSWBA:VGE VAGLVLWLLRRP
I NMVAiL FGLCGGFLLSFLCVQK
| DNSGil GALI GGFFAAAALGLP
VAVEAEL | GFAVGVLLI GPFARW
MGNAA:I SGLI VGLI WGFI DSKL
VSWOGHLFGFI GGAI AAWLI ARE
| DI AGil GALVGGFLLAGALSLP
VAYWAil GGFVFG | LAPI FGLF
| AYWAHAGGFI FGALLGPLLGLF
hs..sHh. Ghh. Ghhh. .. ..

196
196
214
219
212
223
322
330
352
330
331
368
349
267
807
553
1642
270
418
256
252
298
283
360
375
375
373
350
275
258
336
202
220
302
184
265
197
240
184
298
207
201
208
209
191
393
226
226
225
238
265
363
219
187
303
210
227
224
219
224
207
221
198
273
216
192
215
198
271
228
219
205
225
191
243
239
324
194
220
194
356
207
186
191
361
220
217

Figure | (continued from the previous page)

Genome Biology 2003, 4:R19

-
e
o
s
o
©
Q.
-
©
(7]
[]
0
2
fal
>




R19.6 Genome Biology 2003,

Volume 4, Issue 3, Article R19 Koonin et al.

Drosophila RHO7 [6], resides within a large, heterogeneous
prokaryotic cluster (Figure 2). Within this subfamily, PARL
and its orthologs from other animals and from fungi have
distinct domain architecture, with an extra TMH added to
the amino terminus of the core, whereas the rest have only
the core (a carboxy-terminal TMH and a ubiquitin-associ-
ated domain are appended in one Arabidopsis protein;
Figure 2). Thus, the existence of two distinct subfamilies of
eukaryotic rhomboids is supported by features of domain
architectures that appear to comprise shared derived char-
acters. Within these two major eukaryotic subfamilies, evo-
lution apparently proceeded by both ancient and more
recent duplications. Several lineage-specific expansions of
paralogs [23] are noticeable, in insects, mammals and
plants (Figure 2).

Archaeal rhomboids are scattered over the phylogenetic tree,
with two major clusters and, in addition, three isolated pro-
teins joining different bacterial branches (Figure 2). There is
no indication of an affinity between any of the archaeal and
eukaryotic rhomboids. Although many of the bacterial
rhomboids form phylogenetically coherent clusters corre-
sponding to the established bacterial lineages, there are also
several clusters that have an odd composition, such as the
grouping of proteobacterial and Gram-positive species;
some of these clusters are well supported by bootstrap (see
clusters 1-4 in Figure 2).

Unexpected tree topologies often emerge due to artifacts of
phylogenetic analysis methods. This concern is particularly
serious for highly divergent families of membrane proteins,
such as the rhomboids, in which parallel amino-acid substi-
tutions are likely. Therefore we investigated the phylogeny of
the rhomboid family in greater detail using several indepen-
dent phylogenetic methods and the corresponding statistical
tests. First, we assessed the robustness of the topology of the
tree shown in Figure 2 using the Kishino-Hasegawa (KH)
test whereby the clade of interest is forced into various posi-
tions on the tree and the likelihoods of the resulting topolo-
gies are estimated. Specifically, the KH test was used to
evaluate two alternative topologies, in which the RHO and
PARL subfamilies formed a clade, and two topologies, in
which the RHO subfamily formed a clade with archaeal
rhomboids (Figure 2 and Table 1). Each of these alternative
topologies had a significantly lower likelihood than the origi-
nal topology shown in Figure 2 (see Table 1).

http://genomebiology.com/2003/4/3/R19

Table |

Log-likelihood analysis of possible placements of selected
branches of maximum likelihood trees for the proteins analyzed

Tree* Diff InLt SE* RELL-BP$
Original tree 0.0 - 0.9702
A—B -18.9 10.2 0.0264
B— A -46.6 14.6 0.0003
A—C -30.3 12.8 0.0031
A—D -47.9 15.6 0.0000

*A-D, clades that were subjected to local rearrangements in the tree as
indicated in Figure 2 and discussed in the text. Difference of the log-
likelihoods relative to the best tree. fStandard error of Diff InL.
$Bootstrap probability of the given tree calculated using the RELL method
(resampling of estimated log-likelihoods).

In addition, a tree of the rhomboid family was constructed
using the Bayesian inference method, which has recently
become a practical alternative to the more traditional
methods of phylogenetic analysis [24,25]. The tree produced
using the MRBAYES package [26] showed the same major
clades as the tree in Figure 2 (data not shown); moreover,
clustering of the RHO and PARL subfamilies of eukaryotic
rhomboids with the respective prokaryotic clades was sup-
ported by high posterior probabilities (Figure 2).

We also attempted to construct a phylogenetic tree of the
rhomboid family by using the maximum parsimony method
[27]. The resulting tree contained the same major clades as
the trees constructed using ML and MRBAYES; however,
the number of parsimony-informative sites was insufficient
to obtain high bootstrap support with this approach (data
not shown).

We also tested alternative phylogenies using neighbor-
joining search with constraint trees [27]. The alternative
phylogenies reflected two distinct hypotheses: first, cluster-
ing of the RHO and PARL subfamilies of eukaryotic rhom-
boids with the prokaryotic rhomboid families as suggested
by the tree topology in Figure 2; and second, monophyly of
the eukaryotic rhomboids (Figure 3). The phylogenies corre-
sponding to these alternative hypotheses were compared to
the best phylogeny using three statistical tests (Table 2). The

Figure 2 (see figure on the next page)

Phylogenetic tree of the rhomboid family. The sequences and their regions used to construct the tree are exactly those shown in Figure |. The color
coding and abbreviations are as in Figure |. The two major eukaryotic subfamilies are denoted as RHO and PARL (see text) and four clusters containing
unexpected (from a phylogenetic viewpoint) sets of species are denoted |-4. The clades that were investigated in the KH test are denoted A through D.
Although the tree is shown in a pseudorooted form for convenience, this is an unrooted tree. Internal nodes with at least 70% RELL bootstrap
supported are denoted by black circles and nodes with a 50-70% support by blue circles. The posterior probabilities reported by the MRBAYES program
are indicated for some key internal branches. Domain architectures are connected to the respective proteins by brackets or lines. The domain key is

shown at the bottom of the figure.
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Figure 3

Hypothesis-specific constraint tree for the rhomboid family. (a) Hypothesis |, polyphyletic origin of eukaryotic rhomboids from prokaryotic progenitors.
The RHO and PARL subfamilies are denoted; the remaining clusters include prokaryotic rhomboids designated as in Figure 2 (with ‘a’ added to the Gl
number). Within each cluster, the branches were collapsed into a multifurcation. (b) Hypothesis 2, monophyletic origin of eukaryotic rhomboids. All
eukaryotic and prokaryotic sequences were collapsed into the two respective clusters. The trees are unrooted, although shown in a pseudorooted form.

hypothesis 1 tree was not significantly different from the best
tree under any of these tests whereas the hypothesis 2 tree
was significantly (p < 0.05) worse than the best tree accord-
ing to each of the tests (Table 2).

The concordance of the results obtained with several inde-
pendent methods for phylogenetic tree construction and sta-
tistical analysis specifically aimed at testing the alternative
hypothesis of monophyletic origin of eukaryotic rhomboids
shows strong support for the major aspects of the tree topology
in Figure 2 and, in particular, for the polyphyly of eukaryotic
rhomboids.

The phylogenetic tree of the rhomboid family shown in
Figure 2 and supported by the additional tests described
above follows neither the ‘standard model’ scenario [28,29],
with the major split between the archaeo-eukaryotic and
bacterial lineages nor the ‘mitochondrial’ scenario, which
postulates acquisition of a gene by eukaryotes from the

pro-mitochondrial endosymbiont. Neither can this tree be
explained by postulating a small number of lineage-specific
gene losses. The parsimonious interpretation of the rhom-
boid family tree seems to be that the evolutionary history of
this family had been replete with horizontal gene transfer
(HGT) and lineage-specific gene loss events. In particular, in
spite of the presence of rhomboids in the majority of modern
life forms from all three primary superkingdoms, phylo-
genetic analysis suggests that this family has not been inherited
from the last universal common ancestor (LUCA). Instead,
the tree topology seems to indicate that this family emerged
in some bacterial lineage and afterwards had been widely
disseminated by HGT, and then lost in some lineages. Both
archaea and eukaryotes seem to have acquired rhomboids on
several independent occasions. In particular, at least two
HGT events seem to have contributed to the origin of
eukaryotic rhomboids, one of them yielding the RHO sub-
family and the other one the PARL subfamily, with a possible
additional HGT in plants (Figures 2,3).
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Table 2
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Statistical comparisons of the best neighbor-joining tree with the hypothesis | and hypothesis 2 trees

Kishino-Hasegawa test

Tree Length Length difference SD (difference) t p*
Best 4951 -
Hypothesis | 4966 15 1.9 1.26 0.211
Hypothesis 2 4974 23 10.8 2.12 0.036
Templeton (Wilcoxon signed-ranks) test
Tree Length Rank sums N z p*
Best 4951 -
Hypothesis | 4966 1418.0 69 -1.33 0.185
-997.0
Hypothesis 2 4974 1244.5 62 -1.97 0.048
-708.5
Winning-sites (sign) test
Tree Length Counts p*
Best 4951
Hypothesis | 4966 36 0.810
-33
Hypothesis 2 4974 40 0.031
-22

*Probability of getting a more extreme test statistic under the null hypothesis of no difference between the two trees (two-tailed test).

Given the broad phyletic representation of both subfamilies
of eukaryotic rhomboids, both the RHO subfamily and the
PARL subfamily must have been acquired through HGT at
an early stage of eukaryotic evolution, definitely before the
divergence of the major crown-group lineages. This early
epoch in eukaryotic evolution is thought to have been domi-
nated by HGT from multiple bacterial symbionts [30,31].

An alternative to this multiple-HGT scenario is that LUCA
already had multiple, paralogous rhomboids, which evolved
by a series of ancient gene duplications, and the odd topol-
ogy of the phylogenetic tree is due primarily to differential
loss of these ancient paralogs. Although this cannot be ruled
out formally, this hypothesis implies the existence of an
elaborate signaling system in LUCA and, accordingly, sug-
gests that LUCA was a complex organism, which might have
had as many genes as modern bacteria. Theoretical analysis
of evolutionary scenarios constructed on the basis of the
phyletic patterns of COGs by applying the parsimony princi-
ple shows that the complexity of the inferred gene set of
LUCA critically depends on the relative rates of gene loss
and HGT at the early stages of evolution [32]. A complex

LUCA with around 2,000 genes is predicted only when one
assumes that the rate of gene loss is an order of magnitude
greater than the rate of HGT. However, explicit reconstruction
of the gene set of LUCA under the assumption of equal rates
of gene loss and HGT leads to a hypothetical genome that
consists of only around 600 genes but appears to be ‘com-
patible with life’, that is, it includes genes responsible for
most, if not all, essential cellular functions [32]. We cur-
rently believe that this is the most realistic, albeit inevitably
imprecise, reconstruction of LUCA’s gene set. With respect
to the rhomboid family and other families whose phylo-
genetic trees show similar patterns, this makes the multiple-
HGT interpretation the scenario of choice. Further
theoretical, comparative-genomic and experimental analyses
aimed at determining relative rates of gene loss and HGT
will help in a more objective assessment of the validity of
this argument.

The multiple-HGT interpretation of the evolutionary history
of the rhomboid family, while supported by the above argu-
ment, seems, at least at first glance, distinctly counter-intuitive,
given that this family is nearly ubiquitous among extant life
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forms. Indeed, when attempts are made to construct parsi-
monious evolutionary scenarios on the basis of phyletic
patterns alone [31-33], there is no chance that such a wide-
spread family is not assigned to LUCA. It should be realized,
however, that these approaches are inherently probabilistic,
and extensive HGT can fool them [34]. For the rhomboid
family, the multiple-HGT mode of evolution seems to be par-
ticularly plausible. It seems likely that the ultimate ancestor
of the rhomboid family evolved from a nonenzymatic integral
membrane protein, probably a transporter that might have
been involved in an early primitive form of export of signaling
peptides in bacteria. The protease active center might have
evolved in such a transporter by chance emergence of the
suitable catalytic amino acids within two or three of the
TMHs (Figure 4). This would enable the transition from
simple transport to the RIP mode of controlled export of sig-
naling molecules. Emergence of RIP could have conferred a
major selective advantage on the respective bacteria and
might have resulted in an evolutionary sweep whereby the
gene carrying this trait was repeatedly fixed, rather than
eliminated, after HGT. In terms of the evolution of sequence
itself, the requirements for the conservation of the protease
activity apparently ‘locked’” the rhomboid family in a regime
of relatively slow evolution, which ensures significant
sequence similarity between all family members (Figure 1).
The scenario of origin from non-catalytic transporters might
potentially apply to other integral membrane enzymes,
including intramembrane proteases involved in RIP, such as
presenilins and their homologs [14,15] and the archaeo-
eukaryotic signal peptide peptidase [35].

Conclusions

The rhomboid family might be the most widespread and
conserved group of integral membrane proteins. In and by
itself, this would suggest that this family is part of the gene
repertoire of LUCA. However, phylogenetic analysis suggests
a different scenario, one of emergence in a bacterial lineage
with subsequent multiple, independent HGT events and
gene losses. Although caution is due in the evolutionary
interpretation of phylogenetic trees for large families, partic-
ularly when membrane proteins with a relatively small
number of conserved positions, such as the rhomboids, are
involved, the multiple-HGT scenario seemed to be supported
by several methods of tree analysis and statistical tests.

Eukaryotes probably acquired their two major rhomboid
subfamilies, RHO and PARL, as the result of two indepen-
dent, early HGT events. These events, which might have
introduced RIP as a means of intercellular communication,
could have been pivotal in the evolution of eukaryotic mul-
ticellularity along the lines discussed previously with
regard to the apparent bacterial origin of key components
of eukaryotic programmed cell death machinery [36]. Sub-
sequent evolution of rhomboids in eukaryotes proceeded
by lineage-specific expansion of paralogs [23] followed by
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Figure 4

A hypothetical scenario for the origin and dissemination of the rhomboid
family proteases. The figure schematically shows the proposed three
stages of evolution of the rhomboid family. In (a), the progenitor of the
rhomboid family functions as a transporter for a regulatory peptide in
some bacterial lineage. In (b), the catalytic site of the intramembrane
protease evolves, allowing the switch to RIP as the mechanism of the
regulatory peptide release. In (c), the emergence of RIP is followed by a
burst of HGT. R, regulatory peptide. The transmembrane helices of
rhomboid are designated as in Figure I; their topology in the membrane is
based on that proposed in [7]. The catalytic histidine and serine are
shown and connected by a dotted line to indicate the proposed charge-
relay system of the protease; possible ancillary catalytic residues are

not shown.
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diversification through the addition of an extra TMH in
different positions relative to the catalytic core, some
limited domain accretion (see Figure 2) and sequence
divergence.

Phylogenetic analysis of the rhomboid family described
here carries a general message for studies aimed at the
reconstruction of ancestral life forms, particularly LUCA.
Although most of the (nearly) ubiquitous protein families
probably do derive from LUCA, explicit phylogenetic
analysis is required to ascertain this in each case.

Materials and methods

The nonredundant (NR) protein sequence database at the
National Center for Biotechnology Information (NIH,
Bethesda) was searched iteratively using the PSI-BLAST
program with multiple starting queries [37]. PSI-BLAST
was normally run with expectation (E) value of 0.01 as the
cut-off for inclusion of sequences into the position-specific
scoring matrix. Multiple alignments of protein sequences
were constructed using the ClustalW program [38] and
manually adjusted on the basis of the examination of PSI-
BLAST search outputs and the superposition of the pre-
dicted TMHs, which were identified using the programs
TMpred [39] and TMAP [40].

Phylogenetic trees were built using the least-squares method
[41] implemented in the FITCH program of the PHYLIP
package [42], with subsequent local rearrangement using the
PROTML program of the MOLPHY package to obtain the
maximum likelihood tree [43]. The reliability of the tree topol-
ogy was assessed using the RELL (resampling of estimated log-
likelihoods) bootstrap method of MOLPHY, with 10,000
replications [44]. Alternative placements of selected clades in
maximum-likelihood trees were compared by using the
rearrangement optimization method (Kishino-Hasegawa test)
as implemented in the ProtML program [43-45]. Maximum
parsimony trees were constructed using the heuristic search
option of PAUP* [27]. In addition, trees were constructed by
Bayesian inference using the Markov chain Monte Carlo
method as implemented in the MRBAYES package [24,26].
The complete alignment information, including columns with
gaps, was used for the MRBAYES analysis.

Constraint trees for phylogenetic hypothesis testing were
generated using the TreeView program [46]. Constraint trees
were imported into PAUP* [27] and subjected to neighbor-
joining search to generate the phylogenies corresponding to
alternative hypotheses. These phylogenies were compared
using the KH [45], Templeton (Wilcoxon signed-ranks) [47]
and Winning-sites (sign) [48] tests implemented in PAUP*.
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