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Abstract

Background. The rhomboid family consists of polytopic membrane proteins, which
show a level of evolutionary conservation that is unique among membrane proteins. The
rhomboids are present in nearly all 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 suggests that, despite the broad distribution in all
three kingdoms of life, the rhomboid family was not present in the last universal common
ancestor of the extant life forms, but instead evolved in bacteria and has been acquired by
archaea and eukaryotes via several independent horizontal gene transfer events. In
eukaryotes, two distinct, ancient horizontal acquisitions apparently gave rise to the two

major subfamilies typified by Rhomboid and PARL (presenilin-associated Rhomboid-
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like protein), respectively. The subsequent evolution of the rhomboid family in
eukaryotes proceeded via 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.

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 bacterial origin with
subsequent dissemination via horizontal gene transfer. This emphasizes the importance of
explicit phylogenetic analysis for the reconstruction of ancestral life forms. A
hypothetical scenario of origin of intracellular membrane proteases from membrane

transporters is proposed.
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Background

Polytopic transmembrane proteins are, in general, not particularly 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 non-
enzymatic membrane 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. Since three of these conserved
residues were histidines, it has been hypothesized that rhomboid family proteins could
function as metal-dependent membrane 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 receptor, 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
7 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] .
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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, an aspartyl protease, which cleaves a transmembrane helix in type I
membrane proteins, such as amyloid precursor protein (APP), Notch, and Irel [13], and
S2P, a metalloprotease, 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 presenilin also might be homologous to
bacterial and archaeal type IV prepilin peptidases, although, in this case, the sequence
similarity is very 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, 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 Providencia 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 molecules, other than RHO and AarA, are obviously
unrelated [18]. In a striking recent development, two independent research groups have
shown that several bacterial rhomboid family proteins, including AarA, were capable of

cleaving the EGFr receptor ligands (Spitz, Keren and Gurken) that are normally cleaved
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by RHO paralogs [19, 20]. The cleavage depended on the conserved serine and histidine
residues paralogs [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 prokaryotes.

The near ubiquity of rhomboid family proteins among bacteria, archaea and
eukaryotes, along with the remarkable functional conservation, suggest that a signaling
mechanism mediated by rhomboids might have functioned already in the last common
ancestor of all extant life forms, with subsequent loss in several lineages. To address this

possibility, we performed a detailed phylogenetic analysis of the rhomboid family.

Results and Discussion

Sequence and structural features and phyletic distribution and of the
rhomboid family

Although the sequence similarity between eukaryotic and prokaryotic rhomboid
family proteins is relatively low (at the level of 15-10% 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 positives. The conserved core of the rhomboid family consists of six
conserved TMH (Fig. 1). The predicted catalytic serine is located in TMHS, whereas the
predicted catalytic histidine is in TMH?7; TMH3 contains two additional histidines and an
asparagine, which are conserved in the great majority of the rhomboid family proteins

(Fig. 1). The roles of these conserved residues are not known, but, given the remarkable
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evolutionary conservation, it seems likely that they also contribute to catalysis; indeed, it
has been shown that the conserved asparagines is required for the cleavage of Spitz by
RHO.

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 (Fig. 1 and data not
shown); these inactivated forms could be regulators 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 superfamily contain 6 TMH,
whereas the eukaryotic members typically have an additional, 7" TMH, which may be
attached to the core either form the N-terminus or from the C-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 microsporidium
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 moderate-size genomes, such as Xylella fastidiosum (see COGO705 at

http://www.ncbi.nlm.nih.gov/COG/). On two occasions, a representative of the rhomboid

family is present in only one of a pair of relatively close genomes (present in 7.

acidophilum but missing in T. volcanium; present in the spirochete Treponema pallidum
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but missing in the related bacterium Borrelia burgdorferi), which suggests relatively
recent, repeated losses of this gene. Most of the prokaryotic species encode a single gene
coding for a rhomboid family protein, although some have two-three paralogs (see

COGO705 at http://www.ncbi.nlm.nih.gov/COG/); in contrast, eukaryotes show

expansion of the rhomboid family, with 7 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 (Fig. 1) was
employed to construct a phylogenetic tree using the least-square algorithm with
subsequent optimization using the maximum likelihood method (see Materials and
Methods). Only the conserved regions including 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 the noise from potentially misaligned residues.
The resulting phylogenetic tree of the rhomboid family presents a complex and
unexpected picture (Fig. 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 (Fig. 2). The first subfamily, which includes 6 of the 7 Drosophila rhomboids,
clusters with a distinct prokaryotic assemblage, which consists primarily of Gram-
positive bacteria as well as a subset of archaeal rhomboids; this clade is strongly
supported by bootstrap analysis (Fig. 2). The proteins in this group of eukaryotic

rhomboids, which we designated the RHO-subfamily, typically have an extra TMH
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added C-terminally of the 6-TMH core; some of these proteins also contain EF-hand Ca-
binding domains N-terminally of the core (Fig. 2).

The second eukaryotic subfamily, which we designated the PARL-subfamily,
after presenilin-associated rthomboid-like protein (PARL), the human ortholog of
Drosophila Rhomboid 7 [6], resides within a large, heterogeneous prokaryotic cluster
(Fig. 2). Within this subfamily, PARL and its orthologs from other animals and fungi,
have a distinct domain architecture, with an extra TMH added to the N-terminus of the
core, whereas the rest have only the core (a C-terminal TMH and a ubiquitin-associated
domain are appended in one Arabidopsis protein; Fig. 2). Thus, the existence of two
distinct subfamilies of eukaryotic rhomboids is supported by features of domain
architectures that appear to comprise shared derived characters. Within these two major
eukaryotic subfamilies, evolution apparently proceeded via both ancient and more recent
duplications. Several lineage-specific expansions of paralogs [21] are noticeable, in
insects, mammals and plants (Fig. 2).

Archaeal thomboids are scattered over the phylogenetic tree, with two major
clusters and three more isolated proteins joining different bacterial branches (Fig. 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 corresponding to the established bacterial lineages, there are also several clusters
that have odd composition, such as grouping of proteobacterial and Gram-positive
species; some of these clusters are well supported by bootstrap (see clusters 1-4 in Fig.

2).
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The phylogenetic tree of the rhomboid family tree shown in Figure 2 clearly
follows neither the “standard model” scenario [22, 23], 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 rhomboid family 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 kingdoms, phylogenetic
analysis suggests that this family had not been inherited from LUCA. Instead, the tree
topology seems to indicate that this family emerged in some bacterial lineage and
afterwards had been widely disseminated via HGT, and then lost in some lineages. Both
archaea and eukaryotes seems 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-subfamily and the other one the
PARL-subfamily, with a possible additional HGT in plants (Fig. 2). Given the broad
phyletic representation of both subfamilies of eukaryotic rhomboids, both the RHO-
subfamily and the PARL-subfamily must have been acquired via 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 dominated by
HGT from multiple bacterial symbionts [24, 25].

Two alternatives to this multiple-HGT scenario may be considered. One of them

would postulate that LUCA already had multiple, paralogous rhomboids, which evolved

10
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via a series of ancient gene duplications, and the odd topology of the phylogenetic tree is
due primarily to differential loss of these ancient paralogs. Although this cannot be ruled
formally, this hypothesis implies the existence of extremely elaborate signaling system in
LUCA, which is hardly compatible with the existing general notions regarding this
primitive life form. The second possibility is that the topology of the tree in Figure 2 is
simply random. However, the strong bootstrap support for many nodes and the presence
of several phylogenetically coherent clusters (above all, the RHO and PARL subfamilies
in eukaryotes, but also some of the archaeal and bacterial clusters) seem to argue against
this explanation.

The multiple-HGT interpretation of the evolutionary history of the rhomboid
family is, at least at first glance, distinctly counter-intuitive, given that this family is
nearly ubiquitous among the extant life forms. Indeed, when attempts are made to
construct parsimonious evolutionary scenarios on the basis of phyletic patterns [25, 26],
there is no chance that such a widespread family is not assigned to LUCA. It should be
realized, however, that these approaches are inherently probabilistic and extensive HGT
can fool them. For the rhomboid family, this mode of evolution seems to be particularly
plausible (Fig. 3). It seems likely that the ultimate ancestor of the rhomboid family
evolved from a non-enzymatic 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 acid within two or three of the TMH (Fig. 3).
This would enable the transition from simple transport to the RIP mode of controlled

export of signaling molecules. Emergence of RIP could have conferred a major selective

11
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advantage on the respective bacteria and might have resulted in an evolutionary sweep
whereby the gene carrying this trait had been 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 the
regime of relatively slow evolution, which ensures the significant sequence similarity
among all family members (Fig. 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 [27].

Conclusions

The rhomboid family may 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 strongly suggests a
different scenario, one of emergence in a bacterial lineage with subsequent multiple
independent HGT events and gene losses. In particular, eukaryotes probably acquired
their two major rhomboid subfamilies, RHO and PARL, as the result of two independent,
early HGT events. These events introducing RIP as a means of intercellular
communication might have been pivotal in the evolution of eukaryotic multicellularity
along the lines discussed previously with regard to the apparent bacterial origin of key
components of eukaryotic programmed cell death machinery [28]. Subsequent evolution
of rhomboids in eukaryotes proceeded via lineage-specific expansion of paralogs [21],

followed by diversification through the addition of an extra TMH in different positions

12



http://genomebiology.com/2002/3/1 1 /preprint/0010.13

relative to the catalytic core, some limited domain accretion (Fig. 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 individual

case.

Material and Methods

The non-redundant (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 [29]. 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 [30] and manually adjusted on the basis of the examination of PSI-
BLAST search outputs and the superposition of the predicted transmembrane helices.
Transmembrane helices were predicted using the programs TMpred[31] and TMAP[32].

Phylogenetic trees were built using the least-square method [33] implemented in
the FITCH program of the PHYLIP package [34], with subsequent local rearrangement
using the PROTML program of the MOLPHY package to obtain the maximum likelihood
tree [35]. The reliability of the tree topology was assessed using the RELL bootstrap

method of MOLPHY, with 10000 replications [36].
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Figure legends

Figure 1. 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 and short surrounding regions are shown. The boundaries of the
predicted TMH are indicated by shading and overline and the TMH are numbered 1-6.
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,ILL,V.M,F,Y,W) and s for
small residues (G,A,S,D,N,V). The proposed catalytic serine (TMH4) and histidine
(TMHG6) as well as conserved residues in TMH3 with possible ancillary roles in catalysis
are highlighted with color. The proteins are identified with the gene identification (GI)
number from the non-redundant database and an abbreviated species name. Bacterial
species are color-coded green, eukaryotic species blue and archaeal species orange.
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,
Caenorhabdtitis 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
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innocua, Metja, Methanoccocus jannaschii, Metka, Methanopyrus kandleri, Metma,
Methanosarcina mazei, Meslo, Mesorhisobium 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, Sinorhisobium 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.

Figure 2. Phylogenetic tree of the rhomboid family.
The sequences and their regions used for the construction of the tree are exactly those
shown in Fig. 1. The color coding and abbreviations are as in Fig. 1. 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 1-4.
Although the tree is shown in a rooted form for convenience, this is an unrooted tree; in
particular, the placement of the “root” in the midst of the PARL subfamily is arbitrary.
Internal nodes with at least 70% RELL bootstrap supported are denoted by circles.
Domain architectures are connected to the respective proteins by brackets or by lines. The

domain key is shown in the bottom of the figure.
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Figure 3

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:

I — the progenitor of the rhomboid family functions as a transporter for a
regulatory peptide in some bacterial lineage

IT — the catalytic site of the intramembrane protease evolves allowing the switch
to RIP as the mechanism of the regulatory peptide release

III — the emergence of RIP is followed by a burst of HGT
R, regulatory peptide; the transmembrane helices of rhomboid are designated as in Fig. 1,
their topology in the membrane is based on that proposed in Ref. 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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TivVHL
LTTGVVFLTAI YLLSFI FA
I LKLPI WTQI | TYI Al LVYA
LTSSWWVCGVI YLI CLLTG
ATKVI SI | CSI LFALSLVAP
PPVTLATLALNI WFFLNPQK
PPVTASLLAANTLVYLRPAF
ANNTVLI | CTI LFFI SI VAP
KNLVYALLG NVAVFGLWQL
CRTVTG | AANVLVFCLVWRV
CKMFAPI LLCNLVAFAMARV
RDVWWLGLVI ANAGVFVMARV
| WAVI VCLVNGVYWFWAWDL
ERI FAPI CALNVI VYGLVRI
ANG FW | LI NLG YLADHF
PWFTYW TTI Q FVCLLSLL
PYFTYW.TFVHVI | TLLVI C
PFFTYW NTVQVWVLI LSI |
SW.VPMFVWANVAVFWAMF
PFWYFFTTVQ AVFI AELV
PVFI | SI SLAELAVFI YYAV
PWFI LLMSFVQ SLHW ASE
PWFI LVI SI | EI Al FAYDRY
PFFI | LATLLEVLVFLW/GA
PWFM TVTLLEVAFFLYNGV
PLTWLFSI | EI' | MFLVDVI
PFFI | LVTLVELGFFVYHSV
PI FMLLI TI | QVG FFFYVE
PLFVI LVTFVELGFFVYHSL
RSLVLSI | G NVGVFALVRA
TW.VSVFVLLQ VLFAVTMG
RRWINVLLAI NVI MYl AQ A
ATSCI VTLCSVI WFVI QKKS
PFVTKALVFI NVAVFI YELL
AFLFLGVYMAVTFVI QYA AP
NSLTMLMFLLNVLAYVLSVG
ASPSMAI | FLCI VSFFLEW
TFSLM | | TAVFI YEVI VGF
PI' VNVBI | ALNFAAFI VAT
-M NI LI VG Cl AVFI | SVF
CVPWGTLLVAG VAGFYTLV
TFFLMFLVTLGFWGLLATF
TWLTI LI TI Gyl | GQ LSL
FLFALFFFLLGYLI SSYPGA
SPMTAAVLLLTFVWAAVTYL
-- M SSLI LANVI VFVAELF
PHLTHALI ALNVLAW.ATLV
VI ALI GLCVAVYVYQNYI LS
VRTGLTI Al GYVWI WAVHL
PVI TLSLI I I NSLI FFTLSS
LCCLLFLI SPAAGLNPVYGT
HLVTKI LI G NVAVFI AVQA
ANVLVFLFTPGVAGSASGDG
PRWAVPLLFAAVW AYLWSI
-M TLI LI Al TG VSWAFN
SRVLRAFNLSLAAVLLLVAV
PPAI KAI' I | TNVI VFLFONS
I ALTLTLVLLNI AVYFYQ V
VLAVI G CAAVFLLQQYVLN
QYVTI GLI VWNALVYCATAL
PI'VNLSI | VACSLI W.YEWS
PWTYTLI SLNALVFVMNVT
VVGGTTI LTFVALLYLVELI
TNVTLSLVLANGAVFVI TSL
CVFTLFI MALCI | | FTLQTF
LGTI TGHDVNLYLLLLAI SL
KRAVYFI LLFENAFI FVMMITF
PYVTI ALI LI NVWFVYELM
ATYI LSI | TLLVWWOQFFTY
CPVTWMM ACVWVFI AMQ
VKAAAGVTAGLI ALLVWGQEV
MVGGVTI LTFMALLYLVELI
PTVTKGLLLTNVVWFLFQWM
VWLWAVPLLFFAVLI AFLWSI
LM TLI LI AMNAVVSW. SFN
LVG LAALAI AYVWPAYLLS
CYVTI GLI VI NVLVWALFTGV
MRVTW LI VI NFI VYG SAW
VTSFFLLVTALVFLLM.VTA
QYVTI TLI VI DFVAW Al GP
YPWTFI LALQAVLW FFSL
PTFTYLFI ALQ LMFSLLEI
NAPWPALLVAAAVI | PHLLL
CKI TLI LTALCVLI YLAQQL
LQSQFSI | VSFLAI FWLLEI
PI VTYSFI GLI VAAFLW/TF
PYFTYGLI GWWVLVFLHEVS
PYVTYGLI AANI LAFLYEAN
h....hhh..h...

TVH2

LQVSRLSLYPLI HLSL PELLFNVLAI WAPLNLFEET
RQLYEI | TYVTLHELSM HI VENFVSLLPAVSQFEKK
FQVYRFYTAI | FEGSL LEVL FNMVAL VPMGSELERI

LDNRLI | LSNFAHLSI YHI VYNM TFLDLAK- LERL
KDWORL L L SPL HEADDVEL YEFNVASM_VIKG NLERR
KDLKRLFLSAFYBEVNEPHL VYNMVBLLVKG KLETS
AVPWCLI TSMFLEVEFVEFFVNMFVLLFFGTELERR
TSKI S| | GSAFSHQEFVEL GWM_ALWSFGTSLATM
VLCSPM_LSTFSHFSL FEMAANMYVLWSFSSSI VNI

VVCWPNMFL STFSHYSAMEL FANMYVIVHSFANAAAVS
GRLHTLI TSAFSHI DI Gl VSNM GLYFFGTSI ARN
GRWAMTLWSI FSHQONLAHL L VNCVAI YSFLSI VWYK
AVCWPNMFLSTFSHYSL FHI LANMYVL HSFSHAAVAT
PAWYCFVTATFCHEANWNEL SSNL FFL Yl FGKLVEEE
NQFYRLFTSLFVHAGVI HLALSLLFQYYVMKDLENL
DQFYRLWLSL FLEAGVWHCL VSVWFQMT| LRDLEKL
DQLYRLLTSLCVHAG LHLAI TLI FQHLFLADLERL
KEGARLLTCI W.HAGVI HLGANM_SLVFI G RLEQQ
NQWARFI TPMFLEAGVI HI GEFNM_LQMTI GKEMERS
EEAVWRFI SYM_LVEAGVQHI LGNLCMQLVLG PLEMW
VEYWRLLTYM.LESDYWAL SLNI CFQCFI G CLEVE
LOW\RFESYMFLEANWFEL GFNI VI QLFFA PLEVM
LQLWRFLSYALLHASW HL GYNVL TQLLFGVPLELV
AQWRYLTYI FMEAG EHLG.NWLQLLVGYPLEW
YEGARFVSYMFVEVGE MELMWLI | Q FLG ALELV
HEI WRFLFYMWLEBEAGALEL GFNVAVQLVFG_PLEW
GEAVWRFTSYMFLEAGLNHLLGNVI | QLLVG PLEVA
QEVWRFLFYWLHAGANFHLGFNLI | QLLVG.PLEW
| NMPSM VSAFSEQSGMEL L FNMVAFYSFAPAI VDV
HEI WRI LTSPW.BHSG_FHLFI NLGSLI FVG YMEQQ
GQLWRLATASVLHANPMHELM NCYSLNSI GPTAESL
GHYWRM TSAL SHI SVLHL VFNMSALWEL GV- VEQL
SEPYRWTHMFLEGGLLHI V&M YLW/FGDNVEDH
EYWWIW/TSVFABRGGFSHI VLNSI VLYFFGPI VEDR
VHPECLI TYMFLHANL| HLLFNM_GLLTFGVQLERV
TRPWILVTYI FLEAG.GHLFFNM VL YFFGTALERK
GOWARLLTAI FLEMGFVHEFALNAFW.FYLGTDLEG

ERLYTVFTSMFLEGSWAHI LGNMLYLYI FGDNI ESI

NVPWCVI TSI FMBAG THLLVNMLVLFI FGTYLENI

AYPLCVLTSPI AHANLGHVTQNLI GTLALAPVAEYA
GYYSELFTSI FI TNSFVDFI FNFI SLYVI YLI FGSR
GFYWCLVTSI FVTPNFFDWARNTI AMYFI YW YKGE
RTPWGFLTSI FI YDGSGNVEYFLI FAI LESAANI SH
GOWARLFTPMLI EFGALHLAMNAMAFVEL GRRI EFR
FSPWCLLTYAFLBEASVPHL VENMFGVEMFGRDVERA
GEWARLL SATFLHAGVLHLAVNM GLYAAGVTVERI

AVI FTFI SYSFMIGSFAHI AVNM WLAAFGSPLAGR
SALWCI FTSPLLEGSFSHL| GNTVPGFI FSFLI GVB
SNLYPFI TSMFLEGNTFHL | SNMA LW.FGDNVEDR
GSALTPATAL FVEGSWHL L GIM_FL YVFGAMTEER
GEWYRLVTTMFTHEEI Wil GFNM SLWFL GGPLEAA
SPEL SVL TAMFLEGGALHL L GYMLFLW FGNNVEDR
GSVLRLFTALFLEADWSHL LGNLVFLLI FG_PAERI

KQYDRLI TYGFI HADL GiL VFNM TLFFFGRYI EDV
DGLI Gl LTAPLLEGSL AHL GANAAALLI LGTLAGSV
FHLWCPI TYLFLEGSFA=I FFNMFALWVFGVEI ENY
GDWARYPI SMMLESNGTHLAFNCLALFVI G GCERA
FLFTRPFTYAFMEGGFAHI Al NMVWWLAAFGSPLANR
PESLSYLTYSFLHADI FEL GGNM.FLWFGDNVEDA
QKPYTLLTHVFLEGSWGHI | GYMAFL W/FGDNVEDK
GQTYRLVTSAFLEYGAMEL L LNMAAL YWGPPLEMNV
DGLWEVI FAPLLEANWHEL MANTI PLLVLGFLMILA
RMYWCI FTYQFVESGWML L FNM.GLVFFGQT | EKK
WQ VRW/SHAL LEFSVMEI AFNL L WANOFGGDLEQR
GOWARI LTGNFAETNFAEWAMNLAALW | SFVFKPT
GDWFRLI TALFVHGA LHI LFNSYALYYFGLI VEDI

FSLLPFI THVFLEGGF\VEI L GNMAFLW FGDNTEDE
SQW\RLFTALFI HI GAEVLLNVATLFFI GRQ ENV
FEFWRYFTHAL MaFSL MaI LFENL LWAAYL GGAVEKR
GTFWHVFTAPFLEAGFPHL| ANTVPLAVLAFMTAVR
DVLWGl SFAPVLEANWQHEL VANTI PLLVLGFLI ALA
FMPWCLLTYGFLHEEGFQHL FFNM_AVFMFGAAL EHT
GSALRLFTALFLHADWAHL LGNLVFLLI FGLPAERI

RQYDRLI TYGFVHANI SHLLFNWTLYFFGSM EAV
EW.WIPVTYSFLEGG EHI LFNGLW.VAFGAPVLRR
PDDL TWT YAFLHL DFVEL AGNM. FLVWFGDNVEDA
GQYYRLI TCVFLHAG THI GANMYSL YSMGYM_ENI

EQW\RLLSAI FVaI GAEEFI VNM_SL YYL GRQVEEI

PDEFTFVTYSFLEGDFMEL AMNM. FLVWFGDNVEDA
GEWARLI TPI LLEAGFTHLLFNSMSI FLFAPALERM
GEWARLLTPI VLHI G AHLAFNTLALWSVGTAVERM
GRWI CAVTM. FVEGGW HAI MWAAFGLAFGAPVSRV
SEVWRY| SHTLVHLSNLHI LFNLSWFFI FGGM ERT
EGLRCl VFAPFLEADFGHL| ANSVPFWLAW.VM.Q
GEWARFI SPI FLESGLI HLASNAVM.YI VGAWAERI

GEWPTLFTSQFLEGOWMEL | SNMVFLW/FGNNI EER
PEWATLI TSQFLEGGFLELAGNM.FLW FGNNVEEK
hh...h.H sh. HhhhN. h. . h. hs. . ht..
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TIVH3
YTGVFLNLSALFAG LYCLLGKLLY
Cl LVTVI PYTLFPG MHLI VYHFFL
LYLTVLLATTNAVLHLLI ASLAGYN
FGTLKYFYLLFLFG | TNLI CLFI Y
LGSRWFAYVI TAFSVLTGWYLLLQ
MGSSEFASM/FTLI GVBQGVTLLLA
LGORKYLEI FFVSGLAGNVGYI AYS
LGASNFFSL YMNSAI AGSLFSLWP
LGGEQFMAVYLSAGVI SNFVSYLGK
L GKEQFLAVYL SAGVFSSLVBVLYK
FGPQFLLKLYLAGALGGSVFYLI HH
FGVWKAL SVYL GAGVFGNYVAL QRM
LGREQFLGVYLSAGVI ASFASHVFK
EGNFGLW.SYLFTGVGANLVSW.VL
| ASKRMAI LYFASGI GGNLASAI FV
AGMRI Al | FI LSG TGNLASAI FL
| GTVRTAI VYl MSGFAGNLTSAI LV
FGFVRI GVI YLLSG GGSVLSSLFI
| GSI RFFI VYVSAG FGFVVGGNFA
HKGLRVGLVYLAGVI AGSLASSI FD
QGHVIRLAVVYM/GGVAGSLANAW.Q
HGTAR! GVI YMAGVFAGSLGTSWD
HGSLRTGVI YMAGVLAGSLGTSWD
HGATRI GLVYVAGVWAGSLAVSVAD
HHVWRVGL VYL AGVLAGSMGTSLTS
HGSTRI ACl YFSGVLAGSLGTSI FD
HKI WRI GPI YLLAVTSGSLLQYAI D
HGSTRI GCVYLAGVLAGSLGTSVFD
FGNNQFVAFYI SSI LFSNVASLLHH
FGPLRI AVl YFLSG MGSLFAVLFV
GGPKRFLAVYLTSAVAKPI LRVLGS
YYLHYTLVLWFSGVLVI Gl YHLLI
YGHFRFLAL YL MAGL AAAFVHYWAY
| GSKKFVALFLGAG LAGLAQVGAS
LSTSEFLVL YLLSGLMGGLAQTAL
VGNKQLLG FFTAG LSAl GYTFLS
VGTKRFLI VFFASALAGNVLSLFTL
LGRARYI | LYl GSGLGAWFHI ASI
VGSKKYLI | FLFSG | GNLAYI AYA
RGTAAFGSVIRTNPYVRAGVWFPAGY
AGKHEY- Gl FI LAG LGNLLTVI FY
AGKLEY- | | FLI AG VGNI LSLYLY
KRTAVALLASVLGSI | ANLLDLALF
QGRPM_LGLTLLFGLVSNVWQYAVS
LGRVRTGVL YLASVL SAAFTQVAVM
YGPVAYLLI YLGAGLLGSALSLSFA
| GAVRM LFW/FTSVWAGLTHYALH
VFVEVTI | AGLI GGLGTW FGG GT
MGHI RFLI FYLLSGVI AGVFHLVFN
MGRLQFALFYL GOGYLALVGYAGAN
LGRARYLAL YLVSGLAGSVLAYLLA
MGHVPFLLFYGVCGYAATYGFALLD
LGPWRLLLLFLLGGAASNLAAI FAI
MIRLTGSVLTYPLFYLGALI VS| LP
ATAMALPLLW.GSGLGAW.L GDPGS
WGTRNFVSFYFI CGl GAALI NLLAT
YGKFKLLAI Y1 | SG GAALFSAYW)
LGCLRFALFFAVTGLASVAL FWANVH
LGHI RYLI FYLLCAI AGAAFQGLVA
LGKFRYI | FYI LCGLGAALTQTFI S
LGRLRFGAL YAVSAL GGSVLVYLI A
RFVWATAI | W LGGLGTW.I GNVGS
MGSSEM.LFYLLVGTLCGAGACAAY
LGSVRLI KLFWSAI | SGAGQYW/E
ARCLLI PLLLI SLAVGVM LASDMD
YGTEKFLVGYFFTG VGNLATHVFY
MGHVGYTLFYLSAG FAALTQFVFT
FGLRFTLI YLLSG FGNAMVFLLT
LGSGKLI VI TLI SALLSGYVQRKFS
RFLVATFLI ALl GGGLVW.LGRSGS
RF1 W/TAMAW FGGSATWLI GNVGS
WEEKRFLTYYLVCVAGAGVCQLLYS
LGSWRLLLLFLLGGALANLAAVLTI
MGELTGSLLTYPLFYLGALLVSI LP
| GTVRFVLLWC SAAVSAFGHAALN
LGHFRFLI FYLVCAI AGALFHGFVA
YGKLRYTAI YFI SG TASFFSYI FS
FGSKQFFFL YLL SGMVGNLFVFVFS
LGHFRFLVFYLLCAAAGALAHGLLE
LGKARFLLVYAGSG | GNI GTYVTE
YGSGRFLLI YLAAG TGSI ASFVFS
LGLNVRGGG FCLFYLVCGVI AGVG
FGSVKLLM.YWASAI TGYVQNYVS
DFW VTI | TMWGGLGVLI APPNT
YGKVRY! LI LLLGG CGNI ASFALN
LGHFKYLI FYLACGALAALCQAFI G
LGHARYLLFYLACG LASLSQAYFS
hhh. . shhs. hh. . h. .

Koonin et al., Fig. 1
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T™#4
VAGASGNCFTLFAYYSFKESQI
| AGLsGWAFAFI SASCVHSPCR
Al GFs@ LFSM VI ETSLSGVT
HLGFsGVLFALI YI ESNSSGRD
AVGFsGVLFALKVLNNHYCPGG
AVGFsGVLFAMKWLNSQAEDY
ALGAsAAI FGYMGCLAI | APE|
FGGELsGVLYG.LGHCW FQYLA
TLGASGAI AALMGVLTLLNPGL
WGASAAI FGLLGCLTM-RPNVS
SLGASGAL FGVLGCFSYLFPHA
SLGAsSGAI MTVLAAVCTKI PEG
SLGASGAI MTLLAYVCTQYPDT
GLGASGAVNAI MLLDI FLHPRA
LLGASGAVYATAAI FACLFPYT
SLGAsSGAI M3 LAYVCSQYPDT
SVGASGAVFGLFAI SVLVKMVSW
AVGPsSAQCG LAAVI VECCDN
EVGPAGSQFGLLACLFVELFQS
EVGPSASLSGVVASLI ALLVWW
SVGASGALFGLLGSMLSELFTN
TTGASGALFG | ALLLLDLLYS
LVGASGGVYALMSGYFM\VLVN
LMGASAGVYAMLGSHVPHLVLN
LVGASGGVYALLAAHLANI TLN
LVGASGGVYALLAAQLASLLLN
VWWGSsGGVYALVSAHLANI VIWN
LAGASGGVYALI TAHI ATI I MN
LVGASGGVYALLAAHLANVLLN
LVGASAGVYALI FAHVANVI LN
| VGASGGVFGLLLAYAVLFPRR
GVGASGAVFGVAGAW VAl RQY
LVGASGAI SGYWGAAARYGFRR
AVGASGAI SGVLGAYWLYPHA
HI GAsGLI YGALGYLI VRG FN
WGASGAI AGl MGAYFVLFPSA
LVGASGAI SAVLGAFLFLFPRA
TLGASGAl FGLFGATAALVR- -
LI GAsGAI AGVLGAYLVLYPRA
MVGAsSGAI YGVFAALTVLEPNL
I | GASGAVSALI GTYLALFPGA
SLGASGAVSAVLFAFI LLKPWI
HLGASGVTHGLMFLVFVLGLLR
LVGASGGVYALLAAHLANVMLN
Tl GASGAl FGVLLAFGWFPDR
GVGAsSGAI M3 AAASVI YLI KV
SLGASGAI YAl AAATSYFFPNA
LVGASGAI SGVWGAAARFGFRT
LI GAsGAI AGVWVAYLI LYPRV
SGGAsGGELFG VGALLSI EGVL
AVGAsSGAI SGVLGAYALLI PFS
S| SSGAAFFGLI GAMLSALAKN
SVGAsGAl FGLVGSVAVFVI RH
AVGYSCVWFGWITT LSVKQPSS
MVGASGAI SGVL GAYMKMFPHA
TAGASGAVFGLFGATFWAR- -
H GAsGLI FGALAFLLVFGLFV
LLGASGSI FAI LFLFSVMFPTA
FGGELSGVVYALAGYLW LGQRA
YVGLsGTLHGLFAYYALNEALN
SVGAsSGAI FGLI G LFAAGFRK
MGASGAVSGVMEAYFVLFPYS
SVGAsSGAI FG MGALAI LAPHL
SAGASTSI FGLFAAWGLAFFT
AVGFsGVWFAFAGFALLKYPLA
FGGELsGVWYALMGYVWL.RGERD
HLGASELVFGYLAYLLGVGN\E
HI GvsGLI FGWLAFLLVFGLFV
VLGASGGVFGLLMAYGMLFPNE
I | GASGAVSALI GSYLALFPGA
SLGASGAVSAVL FAAVLLQPWA
LI GAsGVVSALMGAACRFAFPV
LI GASGAVSGVVAAYFLLHPRV
SVGAsGAI FGLLGAAI VFGFKL
SSGAsGGE FGLLSYYTFYDFLK
AAGASTSLYGLFAAI | VLRYAT
SAGAsGGE FGLFAYYTVTDYLK
LI GAsSGAI SGYWAAYFLLHPKV
HVGASGAl FGLFGVYLFWLFR
SAGASGAl FGCLGALLYVALSN
SYGQsGVWYGLMGSAASMALLD
WGASGAI AGLMGAAARTVDSA
FFGLsGVVYAVLGYVFI RDKLN
TVGAsI LI FGYLGFLLFRGAFQ
SVGASTAVFAVMGAL L YLWLK
SLGASGAI SGVLGAYLI RFPQA
SLGASGAI AGVMGAYI LRFPNA
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TVHS

TMVH6

DYSI PTLYTPLVLLVAI AWI 2
LFSI PAYCFPI | YLI MITI LV 2
LFNVPAKLYPW LLI VFQLLM 2
AVKI PSKLYPWAMLI LAHVFV 2
GFPVPNRFACWELVAI HLFS 2
G LVPTKYAAWAELI LVQVEV 2
I PI NI RTALLLFAAYDFWW 10
AYRLPRGWAMVLI W.LVCLS 10
| PMPLW.ATGLFAAYS| FVSG 8
| PMPLALFAVLYAALALFVI Q 6
VFPVPGGAW/AFLASVAVKRAA 8
LPVFTFTAGNALKAI | AVDTA 8
LPALTFSAGAG KVLMG DFA 8
FI PVPAMLLG FLI GKDI LRI 6
FFVYPVKAG FMPLDFI AEYV 11
LPMYTFSAGAAI KVI MGl DLA 8
LI LGQFVI ERVMEAAQASAGL 12
WALVQHLI VTLLVLCI GFl PW 0
KAFLNLSAI VLFLFI CGLLPW 0

| ALFKLLLLCSVLVG GTLPY 1
AALLTLLFVI LI NLAI G LPH 0
KCLLFI GLDI VI SFVLGLLPG 0
FRLLI 1Ll I VLDVGFALYRR 9
ARI ASLLI LLLSDVGFTTYHF 9
TGLGSWI FVSCDLGYALYTQ
| CLMAVI LFVFCDLGYALYSR
LRVAVAL | CVBMEFGRAVW.R
VGLLAFLVFCFTDLGTSVYRH
| KLLHI LVFVSFDFGFAI YAR 2
I RVLVLFVFI FLDFGGAI HRR
PNPAW.FATVYALVELTLG S
SKRLLTQ GLFVLYSLVQGELT
LKPVLI FVGWFLI NI VTGLY

| P- AWAYI GFWFI YQLFYGAL
KGFLLG VLAFI YSGLFWA.L

Pl PAWYLFLWFLTQLYSGW 1
RFPAWWVL PFVW/SL QALAAGR
LNADVRPWI LLVI SLI FTFT
RLPAW.VL GFWFGL QAVYSSG
VPMRLKHAL LL FAVFDFLMN
RVPAPLLI GAWAVL QVWFAYI
PAPAI | YAVFYVGYSLWWDRR
PAl ATSM AFLFYGGMMTI L
LRLLAI FLFASCDVGFAI YSR 1
Pl KTKYFVAGYALI EFI M3LG
QKYQLYNLI AM ALTLI NGLQ
LPFI Pl KI GVALLGLMAFDAW 1
SRGVWVFLAVWM | NLATGLL
RI PAFI PLI LVWLFQVFMFAA

| GKALI NALALFLI NSI F- - -
SVPASI FI GFWEVYQLVMGLA
SALAI | FTI FTVNFLI GFLPF 0
ECLMY AQl | ALNMAMGLVBR
LLSLPI SFAPFESLI FTSI | V
ELPAVI FI GLWFFI Q1 | NG |
LHLDVRW/VALI VI NLAFTFL
VI VI GLWLFVYGAE LLGAM
Pl PAPLLI VGYI LFEI FDLFF
GLS| PRSLMGFM.I W.VLGYV
W LVLGVI GKVAVEQUWFGASA
FFMKPVTGVSLLPI | LI NVWY
El PAFYYLM WFFI QVLNGLYV

I PVNI RVAVI | FALI DLI LLP
LGQ GRVFTVLI VANLVMNLF
VAARDAI SVFWRTLLEPVTFA 1
G YLQRGLI | FALI W VAGWF
LSVVI AVl AFAL YGGVLWEVL
W DI | GWLFAYGGVLLGVM
PMKARTFVI LYGVI ELLMA T
RVPAPFLI GFWAL L QUVFAYT
PAPAI FYAVFYVGYSI WWERR
NRTVLI FTLMALFGNVLI Al G 1
PLPAFI PLALW GQQFLM.AL
GKAFFANWGVFALNI FI SFT
GVYGLVFLVSVFGVSDLI F- -

| GQLGQSYLTLFVWNI | GSVL
NGI SI | LLVSVFI LSDTLPF
PLPAAI PLAFW GQQFFMFLA
GGEHSKM | TLLAFAVLNSFI
LRTI GTNI | VI | | | NLGFGFA
SLALI FLLTFVFMALDI KAFY
GPRVI SLALGALVWNLVLAVT 10
LFDLPEGFFTM.LVG ALGFI 7
ASI VLS| WLVLYGSALWGLL 5
AKTI GTSI ASLVAI NLLI DVF 3
SVPALVI | Gl FFVQ\VI SGLV 14
RVPAYFFLGFWFLQQSFYGLA 14
hh.hh.h. . h. ...
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SSFWG
ASFI G
VSLLG
SSFI G
TSFAG
ASFLG
VANI A
| ANGA
VAQLA
VAHAG
FDYAA
FDHAA
FDHAA
| SGSA
VAFDA
FDHAA
VNHI A

FFGLCVGYAI GYKESWF
ASGAVMGYCTPFM._GSI

LCG LSGFSYSYGLFNF
FSG WG LFI KGYLDI

LAG LVGLMYTQGPLKK
LGG LAG | YLKLKGSY
LAGLAVGLYYGKRLGRR
VGGLLVGCLSGLLGGLL
LAGLG GLLYGAKLKRE
LVGM VGGVLALLYRPS
L GGSMVGVLYGWYI SKA
LGGALFG WVTYGHEL
LGGAVEG FWATYGAQ

LGGAAVAA- | AWARI RK
VSGTFFGWSSLFLLPA
L GGAL FGLFWCHEGSON
LSGALVGWLWW.L SKF
VDNWA LFGTI FGLLTTI | | FPY
I DNI A | FGFLSGLLLAFAFLPY
LNFLGLLAGVI CGCLLTMSLVPF
VDNFA VGGFVTGFLLGFI LLAR
LDNFA | GGFLAGLALG CVLGS
VSFAA | AGGFAGVBI GYTVFSC
TSLEA | GGGVAG LCGFI VYRR
LTGALAGLTI GFLVLKN
MIGALAG SVGLLLLRQ
LGGVAVG TLGVWVLRN
LSGAVAGLLVG GVLRN
LAGAI AGLTI GLLVLKS
| AGAVTGLFFGYWLYN
LGGVAGSGVLLVIRW LR
VGGLI GGCLLACI LPAR
| GGFI AGFFG PLMDRP
| GGFI AGALTALI YRRR
LFGALGG GAGAFI ASD
| GGFI SGVLLNRFFLRD
LVGFGLGFAFAWRFGR
VGGLVAGAVI GYAM.HA
WGFWGMLI AWPLRRG
LSGLFVGLYMGYR! KRM
| AGFVFG VYGLYVRAA
LAGAAFGVMVEMLI MEPR
LGGAVAGLI AALLLRLR
LTGALAGLTI GLLVLKN
LGGVLFGYI YI VI RRNE
| GGAI | GALI SI AYI LV
LGGG FGALYAKYGYST
| GGFVAGFFGLRWFDRR
| GG | AGAVLVLVLRSR
FGGLVTGLVLGYFYG W
VGGFLTGVALAPLLVDK
| GGFI SGFLLGFVLLFK
| GGLLGGTAMMWLLGPQ
LSG LVGYAI SWELI GG
| GGFI TGYLLVDYFRKR
VGGLVTGALVAATYVYA
LSGAVAGVVAAYLLSAP
LLGVLFAWGYI Rl RFG

LAGLI SGWLAWFDSCR
LAGLVGGLLLAAGHCFL
LGGFLSGVLLGYTMBPF
| GGFVYGM WGYI LRVR
LAGLI TGLI FGKLLYRK
| GGAI GGLLLSAI FAPK
LFGFLLGALAAVAVLVH
| AGLAVGLAMAFVDSLN
LFGFI GGLVAAALLHRK
LCGAI SGWAAYLLSAP
LGGVLFGALLI RYMRGQ
LAGFVSGVWYGSCVRAT
L SGAAFGVWFM_CVEPQ
VFGFLLGFLFFSLFDRP
VGG LAGAI M| FNRRP
FGGFLGGVWVSVI LGRT
| G LGG MYAVVYYLI

| GGAVGGAFLAVI FPVR
TGG LTG LLSLLFFKI

VGG VAGLVLWLLRRP
LFGLCGGFLLSFLCVQK
| GGLI GGFFAAAALGLP
AMAFGSSAI | FI | | SYT
LI GFAVGVLLI GPFARW
| SGLI VGLI WGFI DSKL
LFGFI GGAl AAWLI ARE
| GGLVGGFLLAGALSLP
VAYWA | GGFVFG | LAPI FGLF
| AYWA AGGFI FGALLGPLLGLF
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