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Abstract

The Shisa family of single-transmembrane proteins is characterized by an N-terminal cysteine-rich
domain and a proline-rich C-terminal region. Its founding member, Xenopus Shisa, promotes head
development by antagonizing Wnt and FGF signaling. Recently, a mouse brain-specific Shisa
protein CKAMP44 (Shisa9) was shown to play an important role in AMPA receptor
desensitization. We used sequence similarity searches against protein, genome and EST databases
to study the evolutionary origin and phylogenetic distribution of Shisa homologs. In addition to
nine Shisa subfamilies in vertebrates, we detected distantly related Shisa homologs that possess an
N-terminal domain with six conserved cysteines. These Shisa-like proteins include FAM159 and
KIAA1644 mainly from vertebrates, and members from various bilaterian invertebrates and
Porifera, suggesting their presence in the last common ancestor of Metazoa. Shisa-like genes have
undergone large expansions in Branchiostoma floridae and Saccoglossus kowalevskil, and appear
to have been lost in certain insects. Pattern-based searches against eukaryotic proteomes also
uncovered several other families of predicted single-transmembrane proteins with a similar
cysteine-rich domain. We refer to these proteins (Shisa/Shisa-like, WBP1/VOPP1, CX, DUF2650,
TMEM92, and CYYRL1) as STMCS proteins (single-transmembrane proteins with conserved 6
cysteines). STMCG6 genes are widespread in Metazoa, with the human genome containing 17
members. Frequently occurrences of PY motifs in STMCG6 proteins suggest that most of them
could interact with WW-domain-containing proteins, such as the NEDD4 family E3 ubiquitin
ligases, and could play critical roles in protein degradation and sorting. STMC6 proteins are likely
transmembrane adaptors that regulate membrane proteins such as cell surface receptors.
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1. Introduction

Adaptor or scaffold proteins are important components with diverse roles in cell signaling
networks [1-2]. They are usually non-enzymes that contain modular domains and/or linear
peptide motifs to mediate protein-protein interactions and/or protein-membrane associations
[3-4]. Modular domains frequently found in adaptor proteins include SH3 [5] and WW
domains [6] that recognize proline-rich peptide motifs, SH2 [7] and PTB [8] domains that
recognize motifs with phosphorylated residues, PDZ domains [9] that bind specific C-
terminal peptides, and PH domains [10] that recognize phosphoinositide lipids. Adaptor
proteins regulate diverse aspects of cell surface receptor functions ranging from transducing
signals to downstream components, attenuating signals in negative feedback loops, to the
trafficking and recycling of receptors. An example of an adaptor protein is B-arrestin [11]
that regulates G-protein-coupled receptor (GPCR) signaling. Agonist-bound GPCRs are
subject to phosphorylation followed by B-arrestin recruitment, resulting in the blockage of
receptor-G protein coupling and thus receptor desensitization [12]. Furthermore, p-arrestin-
bound GPCRs are targeted for clathrin-mediated endocytosis to promote their degradation or
recycling. In addition to receptor desensitization, p-arrestins also serve as scaffold molecules
that mediate interactions between GPCRs and downstream effectors in G protein-
independent signaling events [13]. Like most characterized adaptor proteins, B-arrestins are
soluble proteins residing in the cytosol. Some adaptors also have transmembrane domains.
One group of transmembrane adaptor proteins (TRAPS), such as LAT, PAG and TRIM, are
key components in immunoreceptor signaling [14].

A recent study showed that overexpression of a brain-specific type | transmembrane protein
CKAMPA44 (cysteine-knot AMPAR modulating protein, 44 kD) enhanced AMPA receptor
desensitization [15], suggesting that it is an adaptor protein. CKAMP44, also named Shisa9,
is a member of the Shisa protein family. The founding member of this family is the Xenopus
Shisa protein (designated later as Xenopus Shisal) that can promotes head formation in
Xenopus development [16]. During amphibian embryonic development, the Spemann
organizer produces a number of secreted proteins, such as Noggin, Chordin and Cerberus,
that antagonize BMP and Wnt signaling to promote the formation of anterior neuroectoderm
(head) and induce dorsoventral differentiation in a non-cell-autonomous fashion [17-18]. On
the other hand, Xenopus Shisal promotes head formation cell-autonomously by retention of
Whnt [19-20] and FGF [21] receptors in the endoplasmic reticulum (ER) to inhibit their
maturation [16].

Several vertebrate homologs of the original Xenopus Shisal protein have been cloned and
studied, with implicated roles in development, cancer and apoptosis. For example, Xenopus
Shisa2 was shown to function in segmental patterning during somitogenesis [22].
Expression of Shisa2 in chicken embryos exhibited an anterior pattern, suggesting its role in
development [23]. High expression levels of human Shisa2 were found in certain cancer cell
lines and its overexpression increased cell growth and invasion [24]. Five mouse homologs
of Shisa (Shisal-5) were shown to have distinct developmental expression patterns, and
mouse Shisa2 was also shown to be an antagonist of Wnt and FGF signaling [25]. Mouse
Shisa5, also named Scotin, was independently identified as a downstream pro-apoptotic
protein of the P53 family proteins [26-28].

Shisa proteins have not been characterized outside vertebrates, and their evolutionary origin
remains unclear. Using sensitive sequence similarity searches, we found distant homologs of
Shisa proteins (called Shisa-like proteins) within and beyond vertebrates. Noticeably, we
found EST evidence of Shisa-like genes in Porifera, suggesting a Metazoa origin for them.
Further computational analysis suggests that Shisa and Shisa-like proteins belong to a large
and diverse group of predicted single-transmembrane proteins that have undergone large
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expansions in certain metazoan lineages. These proteins possibly play various roles in
regulating the functions of membrane proteins such as cell surface receptors.

2. Materials and methods

2.1. Sequence similarity searches against the non-redundant protein database

PSI-BLAST [29] was used to search for homologs of the Shisa family starting with the
mouse Shisa2 protein (NCBI gene identification (gi) number: 21703918; range: 23-137,
which excludes the predicted signal peptide and C-terminal low complexity region) against
the NCBI non-redundant (nr) protein database (e-value inclusion cutoff: 1e-4). To perform
transitive searches, the protein hits found by PSI-BLAST were grouped by BLASTCLUST
(with the score coverage threshold (-S, defined as the bit score divided by alignment length)
set to 1, length coverage threshold (-L) set to 0.5, and no requirement of length coverage on
both sequences (-b F)) and a representative sequence from each group was used to initiate
new PSI-BLAST searches. In practice, we noticed that some of the distant Shisa homologs
could not be found with e-values less than 1e-4 when composition-based statistics were
used. To increase the coverage of Shisa homologs, composition-based statistics was disabled
(-t 0) in separate transitive PSI-BLAST searches while the the e-value inclusion cutoff was
set to be more stringent (1e-6 in the first three rounds of transitive PSI-BLAST and 5e-6 in
the fourth round of transitive PSI-BLAST searches, these values were selected based on
trials of different cutoff values and manual inspections of profile corruption). The results
were manually checked and no false positives were found in the first three rounds of
transitive PSI-BLAST searches. A few false positives found in the fourth round of transitive
PSI-BLAST searches were removed (false positives were judged by the lack of the cysteine
motif C*C*CC*CC in Shisa-like proteins and the fact that PSI-BLAST searches starting
from them could not reciprocally find Shisa or Shisa-like proteins). A similar approach was
used to search for homologs of the WBP1/VOPP1, CX, DUF2650, TMEM92 and CYYR1
family proteins. The HHpred web server [30] was used for profile-against-profile-based
similarity searches using several members found by PSI-BLAST against the Pfam [31] and
human proteome databases.

2.2. Sequence similarity searches against EST and genome databases

To increase the coverage of homology detection for Shisa-like proteins and WBP1/VOPP1
homologs, especially in lophotrochozoans where not many protein records were available,
we used the NCBI TBLASTN web server to search against the EST database (e-value
cutoff: 10) starting with several Shisa and Shisa-like proteins. For each TBLASTN hit, the
longest translated amino acid sequence segment covering the hit region and without stop
codons was obtained. Sequences without the motif ‘C*C*CC*CC’ were discarded. The
remaining sequences were subject to multiple sequence alignment by MAFFT [32]. The
resulting alignment was manually inspected to remove likely false positives (e.g., some
cysteine-rich fragments with a lot more cysteines than in Shisa-like proteins). Sequence
redundancy was reduced by keeping one sequence for any group of ESTSs that appear to have
been transcribed from the same gene.

Translated sequences of several plant and Plasmodium vivax ESTs were found to show high
similarity to Shisa or Shisa-like proteins. However, these ESTs cannot find high similarity
hits in the whole genome sequences of the corresponding plant or Plasmodium species.
Instead, the transcripts of Plasmodium EST sequences (e.g., gi: 260703421) show high
similarity (>99%) to a human Shisa5 protein. Two plant ESTs (gi: 76604539 from
Euphorbia esula and gi: 119017255 from Manihot esculenta) show high similarity (99%
sequence identity) to an EST from a Platyhelminth species (gi: 84601851 from Schmidlfea
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mediterraned). Therefore, the ESTs from plants and Plasmodium were considered as
contaminations.

To further investigate the species distribution of Shisa subfamilies, TBLASTN was used to
search against the NCBI whole genomes, whole-genome shortgun reads and high throughput
genomic sequences. BLAT searches were performed in the UCSC genome bioinformatics
server [33] against the lamprey genome sequences and TBLASTN searches were performed
against the elephant shark genome sequences [34].

2.3. Pattern-based searches in eukaryotic proteomes

To find proteins with a similar domain structure to Shisa-like proteins, we performed
pattern-based searches against a number of eukaryotic proteomes sampling various taxa
(Apis mellifera, Arabidopsis thaliana, Branchiostoma floridae, Caenorhabditis elegans,
Ciona Intestinalls, Dictyostelium discoideum, Drosophila melanogaster, Homo sapiens,
Hydra magnipapillata, Monosiga brevicollis, Naegleria gruberi, Nematostella vectensis,
Paramecium tetraurelia, Saccharomyces cerevisiae, Saccoglossus kowalevskii, Tetrahymena
thermophila, Tribolium castaneumand Trichoplax adhaerens). The proteins from these
genomes were downloaded from the NCBI genome database. For each proteome, we
predicted TMs for its proteins using Phobius [35] and selected those proteins with a single
predicted TM. For these predicted single-TM proteins, we identified proteins with a
‘C*C*CC*CC’ pattern (matching the regular expression of ‘C.{2,40}C.{2,40}CC.
{2,40}CC’) in the sequence segment N-terminal to the predicted TM and excluding any
predicted signal peptide. The results were manually inspected to select proteins with a
cysteine-rich domain similar to Shisa-like proteins. We found that Shisa and Shisa-like
proteins, as well as some other proteins such as WBP1 and TMEM?92, usually have a short
N-terminal segment before the predict TM (less than 100 residues) with no more than eight
cysteines in the N-terminal segment before the predict TM. On the other hand, some
proteins identified by pattern match searches have a much longer N-terminal region before
the predicted TM with much more numbers of cysteines than the six cysteines in the
‘C*C*CC*CC’ motif (one example is gi: 4557251, ADAM metallopeptidase domain 10).
We thus only considered those proteins with no more than eight cysteines in the N-terminal
segment as potentially related to Shisa and Shisa-like proteins. The results of pattern-based
searches in selected eukaryotic proteomes are available in Supplementary Figure S14.

To expand the searches against other eukaryotes, we downloaded RefSeq sequences in the
following organism categories: fungi, invertebrate, plant, protozoa, vertebrate_mammalian
and vertebrate_other (these categories are defined in ftp://ftp.ncbi.nlm.nih.gov/refseq/
release). We used the same pattern-based searches on these protein datasets. The results are
shown in Supplementary Figure S15.

2.4. Sequence alignment and phylogenetic reconstruction

The multiple sequence alignment for each protein family was made by PROMALS [36].
These alignments were then improved by manual curation. The MOLPHY package [37] was
used for phylogenetic reconstruction based on the alignment of Shisa proteins. The JTT
amino acid substitution model [38] was used in MOLPHY. The local estimates of bootstrap
percentages were obtained by the RELL method [39] (-R option in the ProtML program of
MOLPHY). A phylogenetic reconstruction of WBP1/VVOPP1 proteins was conducted in the
same way.
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A previous study reported five vertebrate Shisa subfamilies (Shisal-5) that exhibit varying
taxonomy distributions in mammals, chicken, Xenopus and zebrafish [25]. Four additional
Shisa subfamilies (Shisa6-9) were found in vertebrates in sequence similarity searches by
PSI-BLAST [29] (see Materials and methods). They have a common domain architecture
(Figure 1) characterized by a predicted signal peptide, an N-terminal cysteine-rich domain
with eight conserved cysteines [40] exhibiting a distinct pattern (‘C*C*CC*C*CC*C’, **’
represents a stretch of amino acid residues, Figure 2), a predicted transmembrane segment
(TM) and a proline-rich C-terminal region. For Shisa proteins from subfamilies 1-5, several
cysteines residues are present near the C-termini of their predicted TMs (Figure 2), possibly
providing sites for lipid modifications such as palmitoylation to facilitate their localization
to specific membrane microdomains [41]. Positively charged residues frequently occur near
the C-termini of their predicted TMs and may help determine the topology of Shisa proteins
[42]. They are predicted to be type | transmembrane proteins with their proline-rich, mostly
disordered C-terminal regions residing in the cytosol.

Seven of the nine Shisa subfamilies (Shisa2—7 and Shisa9) have orthologous proteins in
mammals and zebrafish (Figure 2), suggesting that they were present in the last common
ancestor of vertebrates. The evolutionary origin of the first reported Shisa in Xenopus laevis
(belonging to the Shisal subfamily) [16] has been unclear [25]. In a previous study Shisal
was not identified in amniotes, and only one putative ortholog was found in zebrafish [25].
We found EST evidence of Shisal in another fish Oncorhynchus mykiss (gi: 24599333).
Moreover, we found genomic sequences harboring putative Shisal genes in birds and the
elephant shark Callorhinchus milii (Figure 2 and Supplementary Figure S1), suggesting that
the Shisal subfamily, despite apparent absence from mammals, has a deeper and wider
distribution in vertebrates than previously thought [25]. On the other hand, the Shisa8
subfamily is restricted to be in mammals (including one in the basal mammalian species
Ornithorhynchus anatinus, gi: 149457717). Shisa8 appears to be closely related to Shisa9
(Figure 3) and could originate from a mammalian-specific gene duplication of Shisa9.
Alternatively, the Shisa8 gene could be present in the last common ancestor of vertebrates,
but was lost in vertebrate lineages other than mammals. Subfamily-specific gene
duplications or gene losses were observed. For example, Xengpus appears to lack a Shisab
ortholog while zebrafish possess several Shisa5 proteins (Figure 2). Xenopus also possesses
a distantly related Shisa homolog with a pair of cysteines mutated (Supplementary Figure
S1, discussed below).

A phylogenetic tree reconstructed by the MOLPHY program [37] supports three major
clades among the nine Shisa subfamilies (Shisal-3, Shisa4-5 and Shisa6- 9, Figure 3).
Subfamilies Shisal-3 form a monophyletic group with a good bootstrap support (Figure 3).
Compared with other Shisa subfamilies, they share several sequence features such as longer
insertions between the second and third conserved cysteines in the cysteines-rich domain
(Figure 2) and a “PxxxP’ signature at the beginning of their predicted TMs (Figure 2). The
cysteine patterns at the end of their predicted TMs can serve as subfamily-specific
signatures, with ‘CCC[KQ]C’, ‘CCCRC’ and “YCCTC’ motifs in Shisal, Shisa2 and Shisa3
respectively. Subfamilies Shisa6-9 are more closely related to each other than to other Shisa
subfamilies (Figure 3). Unlike other subfamilies, Shisa6-9 lack cysteines near the C-termini
of their predicted TMs (Figure 2), suggesting a loss of lipid modification sites.

We found genomic and/or EST evidence of several Shisa family members in the basal
vertebrate lamprey and several Chondrichthyes species (cartilaginous fishes)
(Supplementary Figure S1). Among other deuterostomes, only one Shisa protein was found
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in the amphioxus Branchiostoma floridae (Figure 2), which belongs to the clade containing
subfamilies Shisad-5 (Figure 3). The presence of a Shisa protein in B. floridae suggests that
Shisa proteins probably originate in the ancestor of chordates.

3.2. FAM159 and KIAA1644: two Shisa-like protein families distantly related to Shisa

proteins

PSI-BLAST searches detected two protein families FAM159 and KIAA1644 with vertebrate
members that are distantly related to the Shisa family proteins (Figure 4 and Supplementary
Figure S2). Proteins in these families share a similar domain architecture to Shisa proteins
(Figure 1), except that FAM159 proteins lack a predicted signal peptide. Functions of these
families have not been characterized. Two copies of FAM159 proteins exist in vertebrates
(FAM159A and FAM159B, Supplementary Figure S2). While FAM159 proteins were only
found in vertebrates, KIAA1644 family members were present in vertebrates and tunicates
such as Ciona intestinalis, suggesting an Olfactore origin of KIAA1644 proteins. There are
also two KIAA1644 copies in amniotes (Figure 4 and Supplementary Figure S2).

The cysteine-rich domains in FAM159 and KIAA1644 contain six highly conserved
cysteines (‘C*C*CC*CC’, “*’ represents a stretch of amino acid residues) as compared to
eight conserved cysteines in the Shisa family proteins (Figure 4). The extra two cysteines in
the Shisa family proteins lie in between the two ‘CC’s and after the second ‘CC’,
respectively, giving rise to a signature of ‘C*C*CC*C*CC*C’ (the extra cysteines
underlined). Most Shisa homologs outside vertebrates (Figure 4 and discussed below) show
the six-cysteine pattern similar to KIAA1644 and FAM159 while lacking the extra cysteine
pairs in vertebrate Shisa proteins. Therefore, it is likely that Shisa proteins have evolved the
extra pair of cysteines that possibly form a new disulfide bond to increase the stability of the
cysteine-rich domain. To differentiate the proteins based on their cysteine patterns, we refer
to the Shisa homologs with six conserved cysteines and without the specific cysteine pairs in
Shisa proteins as ‘Shisa-like proteins’. Several positions with mainly hydrophobic residues
are also conserved among Shisa and Shisa-like proteins (Figure 4), supporting the inferred
homologous relationships between them. Most noticeably, each of the two ‘CC” signatures
is often preceded by an aromatic residue (tyrosine being the most frequent) (Figure 4).

3.3. Shisa-like proteins in deuterostomes other than vertebrates

In addition to FAM159 and KIAA1644 mainly found in vertebrates, we detected Shisa-like
proteins in other deuterostomes by PSI-BLAST. Noticeably, Shisa-like genes have
undergone large expansion in the cephalochordate B. floridae [43] and the hemichordate
Saccoglossus kowalevskii [44], which possess at least 15 and 14 copies of these genes,
respectively (Supplementary Figure S2). Most of the B. floridae Shisa-like proteins have an
extra pair of cysteines after the second ‘CC’ giving rise to a pattern of ‘C*C*CC*CC*C*C’
(the extra cysteines underlined). Such a pattern is not observed in other deuterostome Shisa-
like proteins, suggesting they originated and expanded in the amphioxus. In contrast, only
one Shisa-like protein was found in the echinoderm Strongylocentrotus purpuratus [45]. We
also identified EST evidence of several Shisa-like proteins with tandem cysteine-rich
domains in S. kowalevskii, Xenoturbella bocki[46], and two tunicates Molgula tectiformis
and Botryllus schlosseri (Supplementary Figure S3).

3.4. Shisa-like proteins in protosotomes

PSI-BLAST searches identified Shisa-like proteins from several protostomes such as insects,
nematodes, and flatworm (Platyhelminthes) species from the Schistosoma genus. TBLASTN
searches against EST databases using these proteins as queries revealed that Shisa-like
proteins are widely distributed in various protostomes, including both ecdysozoans and
lophotrochozoans.
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Shisa-like proteins derived from ESTs were detected in the Arthropoda phylum (including
species from insects, crustaceans and chelicerates) and two other ecdysozoan phyla
Tardigrada and Nematoda (Supplementary Figure S4). Various EST hits in Pterygota insects
were found, including one species from the Ephemeroptera order (e.g., mayflies) and quite a
few species from the Neoptera orders such as Hymenoptera (e.g., bees and ants), Orthoptera
(e.g., grasshoppers) and Hemiptera (e.g., true bugs) (Supplementary Figure S4). Among the
Endopterygota (Holometabola) orders, Shisa-like proteins are only present in Hymenoptera
and are absent from Coleoptera (e.g., beetles), Lepidoptera (e.g., butterflies and moths) and
Diptera (e.g., flies) (Supplementary Figure S5). For example, no significant hits of Shisa-
like sequences were found in species such as Drosophila melanogaster (a dipteran) [47],
Tribolium castaneum (a coleopteran) [48] and Bombyx mori (a lepidopteran) [49] in
BLAST or TBLASTN searches against NCBI RefSeq protein sequences, EST databases and
whole genome sequences. Recent phylogenetic studies (e.g., [50]) supported that
Hymenoptera is the sister group to other Endopterygota insects. Therefore, a single gene loss
event in the last common ancestor of Endopterygota orders other than Hymenoptera could
explain the lack of Shisa-like proteins in these orders (Supplementary Figure S5).

EST evidence of Shisa-like proteins was found in several lophotrochozoan phyla such as
Annelida, Mollusca, Platyhelminthes and Rotifera (Supplementary Figure S4). Multiple
copies of Shisa-like proteins were detected in certain lophotrochozoan species, such as
Schmidtea mediterranea and Crassostrea gigas (Supplementary Figure S4). The cysteine-
rich domain in most of the protostomian Shisa-like proteins has six conserved cysteines
(C*C*CC*CC) similar to FAM159 and KIAA1644, while lacking the extra pair of cysteines
in vertebrate Shisa proteins. A few Shisa-like proteins in Mollusca and Platyhelminthes have
an extra pair of cysteines after the second CC signature, giving rise to a similar pattern
(C*C*CC*CC*C*C) to some B. floridae Shisa-like proteins (Supplementary Figure S4).

EST searches retrieved five Shisa homologs in the Rotifera species Brachionus plicatilis.
One of them has six cysteines in the N-terminal domain, characteristic of Shisa-like proteins
(C*C*CC*CC), while the the other four sequences match the motif of vertebrate Shisa
proteins with eight cysteines (C*C*CC*C*CC*C) (Supplementary Figures S1 and S4).
These four B. plicatilis sequences are quite interesting as no Shisa-specific cysteine patterns
(C*C*CC*C*CC*C) were detected in other protostomian species. B. plicatilis Shisa
proteins have predicted TMs quite different from those observed in any subfamily of Shisa
proteins from chordates (Supplementary Figure S1). Besides, two of the four B. plicatilis
Shisa proteins possess two tandem cysteine-rich domains. Such tandem repeats of cysteine-
rich domains were not observed in any Shisa proteins from chordates. Thus, they are
unlikely to be contaminations of chordate cDNAs in the B. plicatilisEST library. In one
possible evolutionary scenario, Shisa proteins (with the C*C*CC*C*CC*C pattern) were
present in the common ancestor of Bilateria, but were subsequently lost in all lineages but
chordates and Rotifera. A more parsimonious scenario is that B. plicatilis acquired Shisa
genes through horizontal transfer from certain chordate species, and these genes have since
undergone divergent evolution such as domain duplications.

3.5. Shisa-like proteins in Porifera

A TBLASTN search using the Apis mellifera Shisa-like protein (gi: 110760589) as the
query against EST database found a weak hit to an EST (gi: 282462982) from the Porifera
(sponge) species Amphimedon queenslandica (e-value: 0.68, with five out of the six
conserved cysteines in the cysteine-rich domain and the predicted TM aligned). The
translated sequence of this EST sequence has the same domain architecture as Shisa-like
proteins. TBLASTN using this translated sequence as query found an EST from a different
Porifera species (gi: 300475707 from Suberites domuncula, Figure 4) with an e-value of
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0.002. These results suggest that Shisa-like proteins were present in the last common
ancestor of metazoans.

Aside from apparent contaminations (see Materials and methods), no protein or EST
evidence of Shisa-like proteins was found outside metazoans. We also did not detect Shisa-
like genes in Cnidaria or Placozoa, suggesting that they were lost in these metazoan
lineages.

3.6. Prediction of disulfide bond connectivity in Shisa-like proteins

Conserved cysteines are often involved in disulfide bond formation. A newly added
conserved pair of cysteines could form a disulfide bond, as in the case of Shisa proteins with
eight cysteines compared to Shisa-like proteins with six cysteines. Similarly, concerted
mutations in an otherwise conserved pair of cysteine positions suggest disulfide bond
connectivity between them [51]. Several divergent homologs of Shisa or Shisa-like proteins
have one pair of cysteines mutated, suggesting possible connectivity between the mutated
positions (Figure 5). A few Mollusca Shisa-like proteins have the the first and third
cysteines in C*C*CC*CC mutated, suggesting that they form a disulfide bond. In a
divergent Shisa homolog from Xenopus tropicalis (gi: 113205932) and one cysteine-rich
domain of a B. plicatilis Shisa protein (gi: 225249116) (Supplementary Figure S1), the
fourth and sixth cysteines in the general C*C*CC*CC pattern were mutated, suggesting a
disulfide bond between them. Thus the inferred cysteine connectivity for the six conserved
cysteines would be 1-3, 2-5 and 4-6 (Figure 5).

Manual inspection of the results of a regular expression search of current protein structure
database revealed two structural folds with the C*C*CC*CC pattern (a few other hits also
encompassing this pattern were not considered since they have a lot more conserved
cysteines). One structural fold contains penaeidins, which are antimicrobial peptides found
in shrimps [52] (protein databank (pdb) id: 1ueo). They have six conserved cysteines
following the C*C*CC*CC pattern and exhibit a 1-3, 2-5, and 4-6 disulfide bond
connectivity that coincides with the inferred connectivity pattern for Shisa and Shisa-like
proteins (Figure 5). The other structural fold consists of granulin domains [53] (pdb id:
2jye), which have a palindromic cysteine pattern of ‘C*C*CC*CC*CC*CC*C*C’, with two
subdomains exhibiting a mirror symmetry of structures and cysteine patterns (Figure 5). The
first subdomain with a C*C*CC*CC pattern also has the 1-3 and 2-5 cysteine connectivity.
The fourth and sixth cysteines of the first subdomain make a disulfide bond with the 6" and
4’ cysteines of the second subdomain respectively, and vice versa (Figure 5). The first
subdomain of granulin can also form a folding unit as its structure alone is available [54]
(pdb id: 1g26). In this case, the fourth and sixth cysteines in this subdomain are spatially
close and can potentially form a disulfide bond. It should be noticed that penaeidin and the
first subdomain of granulin have different structural folds despite sharing the same cysteine
pattern and similar connectivity, suggesting that sequences with a C*C*CC*CC pattern,
such as Shisa-like proteins and the WBP1/VVOPP1 proteins (described below) could also
adopt different 3-dimensional structural folds. No statistically significant sequence
similarities were found between Shisa-like proteins and proteins with known structures.
Structural determination of the cysteine-rich domains in Shisa and Shisa-like proteins could
reveal possible structural similarities and homologous relationships to other proteins.

3.7. Additional protein families with Shisa-like domain architectures - defining the STMC6

proteins

We searched a number of eukaryotic proteomes for predicted single-transmembrane proteins
that possess an N-terminal cysteine-rich domain with a C*C*CC*CC pattern similar to the
one in Shisa-like proteins (see Materials and methods). Several additional families were
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uncovered, including WBP1/VOPP1, CX, DUF2650, TMEM92, and CYYRL1 (Figure 6 and
Supplementary Figures S6-S11). Together with Shisa and Shisa-like proteins, we refer to
them as STMCS6 proteins (single-transmembrane proteins with conserved 6 cysteines) based
on the shared cysteine pattern and the common domain structure.

Sequence similarities among the WBP1/VOPP1, TMEM92, CX and DUF2650 families
were found by PSI-BLAST searches with statistical supports, suggesting that members of
these four families are homologous. For example, a CX family member (gi: 268555046)
found a WBP1/VOPP1 family member (gi: 169234886) with an e-value of 7e-5 in the
seventh PSI-BLAST iteration (e-value inclusion threshold: 1e-4, no composition-based
statistics). Another CX family member (gi: 253683499) found a TMEMB92 protein (gi:
73966363) with an e-value of 1e-5 in the third PSI-BLAST iteration (e-value inclusion
threshold: 1e-4, no composition-based statistics). A DUF2650 member (gi: 115532536)
found a TMEM92 member (gi: 269954664) with an e-value of 8e-04 in the seventh PSI-
BLAST iteration (e-value inclusion threshold: 1e-4, no composition-based statistics). Distant
homologous relationships among WBP1/VOPP1, CX, DUF2650 and TMEM92 were also
supported by the sensitive profile-profile-based HHpred searches [30]. For example, an
HHpred search using a CX protein (gi: 17557266; range: 132-191, covering the cysteine-
rich domain and the predicted TM) as the query against the Pfam and human proteome
databases found the Pfam domain DUF2650, the human VOPP1 protein and the human
TMEMO2 protein with probability scores of 96.38, 91.98 and 86.89, respectively. An
HHpred search using a TMEMO92 protein (gi: 253683499; range 28-85, covering the
cysteine-rich domain and the predicted TM) as the query against the Pfam and human
proteome databases found Pfam domains WBP-1 and DUF2650 with probability scores of
96.75 and 93.62, respectively.

The WBP1/VOPPL1 family proteins include vertebrate proteins WBP1 (WW domain-binding
protein 1) [55], its close homolog OPALL (outcome predictor in acute leukemia 1) [56], and
a less similar protein VOPP1 (Vesicular Over-expressed in cancer Prosurvival Protein 1)
[57-58] (Figure 6). These proteins have a sequence motif of four consecutive positions with
mainly aromatic residues in their predicted TMs (Figure 6, Supplementary Figures S6 and
S7). The WBP1/VVOPPL1 family proteins in Caenorhabditis remanei and Caenorhabditis
briggsae have been expanded (Supplementary Figure S6). The second and fifth cysteines of
the C*C*CC*CC signature in these nematode proteins are mutated (C*X*CC*XC),
suggesting a disulfide bond connection between them (Supplementary Figure S6). Coupled
with concerted mutations in the fourth and sixth cysteines in some of the CX family
members (C*C*CX*CX, Supplementary Figure S8), these proteins were inferred to have
1-3, 2-5 and 4-6 disulfide bond connectivity, identical to the predicted cysteine connectivity
pattern of Shisa and Shisa-like proteins (Figure 5). Some WBP1/VOPP1 proteins (e.g., gi:
268567772 from C. briggsae and gi: 291234472 from S. kowalevskii, Supplementary Figure
S6) have more than one cysteine-rich domains before their predicted TMs.

Similar to Shisa/Shisa-like proteins, most members in WBP1/VOPP1, CX, DUF2650,
TMEM92 and CYYRL1 families have cysteines and positively charged residues near the C-
termini of their predicted TMs, suggesting that they are type | transmembrane proteins that
can potentially undergo lipid modifications. WBP1, OPAL1 and VOPPL1 proteins have
CCCA¢ (¢, an aromatic residue), CCCVC and CCGAG signatures near the C-termini of
their predicted TMs, respectively (Supplementary Figure S6). A phylogenetic reconstruction
of WBP1/VOPP1 proteins suggests that WBP1 and OPAL1 proteins form a major group
(group 1 in Supplementary Figure S12, the bootstrap support is low at 61). OPAL1 proteins,
being closely related to WBP1, probably result from a gene duplication of WBP1 in
vertebrates (Supplementary Figure S12). Vertebrate VOPP1 proteins together with a number
of invertebrate proteins form a second major group (group 2 in Supplementary Figure S12,
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the bootstrap support is 84), although the relative positions of many invertebrate proteins do
not have strong bootstrap supports. Insect and nematode sequences form long branches in
the tree (Supplementary Figure S12), reflecting elevated evolutionary rates in these lineages.

WBP1/VOPP1 proteins are widespread in Metazoa (Supplementary Figure S13). Outside
metazoans, they are only found in the ciliate Tetrahymena thermophilabased on both
protein and EST evidence (Figure 6 and Supplementary Figure S7). CX and DUF2640 are
nematode-specific families, while TMEM92 appears to be mammalian-specific. The other
family CYYR1 (cysteine and tyrosine rich protein 1) is vertebrate-specific [59]. Weak
sequence similarities were found between CYYR1 and Shisa /Shisa-like proteins by PSI-
BLAST, suggesting that they are evolutionarily related. For example, A PSI-BLAST search
(e-value inclusion threshold 1e-4, with no composition-based statistics) starting with a
zebrafish Shisa protein (gi: 192453554) identified a chicken CY'YR1 protein (gi:
118083813) with an e-value of 1e-4 in the eighth iteration.

4. Discussion

4.1. Homology among the STMCB6 proteins?

Homology inference for STMC6 proteins was complicated by the biased amino acid
composition in the cysteine-rich domains, the predicted TM regions and the C-terminal
proline-rich low complexity regions. To reduce the chance of finding false hits, we removed
the predicted signal peptides and the C-terminal low complexity regions. The remaining
regions covering the cysteine-rich domains and predicted TMs were subject to PSI-BLAST
searches under more strict e-value cutoffs (1e-4 or lower) than default (2e-3 for the local
blastpgp program or 5e-3 in online server). Shisa and Shisa-like proteins form a clear
homologous group, as they can be readily linked by PSI-BLAST under stringent settings. On
the other hand CYYRZ1can only be linked to Shisa proteins under more relaxed PSI-BLAST
settings (disabling of composition-based statistics). WBP1 and VOPP1 belong to another
clear homologous group, while CX, DUF2650 and TMEM92 can be linked to WBP1/
VVOPP1 proteins under less stringent PSI-BLAST settings (disabling of low complexity
statistics and with higher e-value inclusion cutoffs). HHpred search results also support the
distant homologous relationships among WBP1/VOPP1, CX, DUF2650 and TMEM92.

Sequence similarity search methods such as PSI-BLAST and HHpred did not link the group
of Shisa/Shisa-like/CYYR1 to the group of WBP1/VOPP1/CX/DUF2650/TMEM92 with
statistically significant scores. However, these proteins share common sequence features
including a similar domain architecture (Figure 1), a cysteine-rich domain with the general
C*C*CC*CC pattern, and frequently a C-terminal low complexity region (Supplementary
Figures S6-S11) with PY motifs (discussed below). These features collectively tend to argue
that all these families of STMC6 proteins are evolutionarily related. Future structural
determination of the cysteine-rich domains of these families can provide insights into the
possible homologous relationships among STMC6 proteins. For example, a shared structural
fold and the same disulfide bond connectivity would favor the proposed common
evolutionary origin of STMCS6 proteins.

4.2. Divergent evolution of STMC6 proteins

Several types of recurring evolutionary events were observed for STMCG proteins. First,
gene expansion by duplications is a frequent scheme in the evolution of different STMC6
families, resulting in quite a number of STMCG6 genes in some metazoan genomes. For
example, the human genome has 17 STMC6 genes (eight copies of Shisa; two copies of
FAM159, two copies of KIAA1644, three copies of WBP1/VOPP1, one TMEM92, and one
CYYRL1). Large gene expansions of Shisa-like genes were observed in deuterostomes such
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as B. floridae and S. kowalevskii (Supplementary Figure S2). High gene copy numbers of
WBP1/VOPP1, CX and DUF2650 families represent a prominent feature in some nematode
genomes (Supplementary Figures S6 and S8-S11). Duplicated STMCG6 gene products could
evolve new functions and potentially regulate the functions of different membrane proteins
in a variety of ways (discussed below).

Second, domain-level duplications resulting in tandem cysteine-rich domains occurred
occasionally and independently in several STMC6 families, including Shisa-like proteins
from a few deuterostomes (Supplementary Figure S3), two B. plicatilis Shisa proteins
(Supplementary Figure S4), and some WBP1/VOPP1 proteins from C. briggsaeand S.
kowalevskii (Supplementary Figure S6). Such domain-level duplication events support that
the cysteine-rich domain is an independent evolutionary and folding unit in STMC6
proteins. Duplicated cysteine-rich domains could contribute to extra binding sites for their
interaction partners.

Third, at the amino acid residue level, concerted mutations of the conserved cysteines were
found independently in a few Shisa and Shisa-like proteins (Figure 5), some of the WBP1/
VOPP1 proteins in nematodes (Supplementary Figure S7), and some CX family proteins
(Supplementary Figure S8). These mutations suggest the 1-3, 2-5 and 4-6 disulfide bond
connectivity in the general C*C*CC*CC pattern of the cysteine-rich domains in STMC6
proteins. On the other hand, the extra cysteine pairs in Shisa proteins and some B. floridae
and lophotrochozoan Shisa-like proteins could form an additional disulfide bond. Structural
studies of the cysteine-rich domains in STMCG6 proteins would be required to validate these
disulfide bond connectivity predictions based on co-varying positions.

4.3. Functions of STMCG6 proteins

The STMCS6 proteins, especially WBP1/VVOPP1 and Shisa-like proteins, are widespread in
Metazoa (Supplementary Figure S13), yet not much functional information is available for
most of them except for Xenopus Shisal [16] and mouse Shisa9/CKAMP44 [15]. WBP1 is
one of the first WW domain-interacting proteins identified more than a decade ago [55, 60].
The C-terminal region of WBP1 has several PY motifs ([LP]PxY) that are supposed to
interact with WW domains. However, no experimental studies have been performed to study
the cellular functions of WBP1 ever since. High gene expression of OPAL1, a close
homolog of WBP1, was originally indicated as an outcome predictor of acute lymphoblastic
leukemia (ALL) [61-62], although a later multivariate analysis has shown that its expression
may not be an independent prognostic feature for ALL [56]. VOPP1 (previously named
ECOP for EGFR-Coamplified and Over-expressed Protein), a distantly related WBP1
homolog, was implicated in several types of human cancers as a pro-survival protein [57,
63-64]. VOPP1 was found to localize in cytoplasmic vesicles [58]. Its knockdown induces
apoptosis that is likely related to oxidative cellular injury [65]. Despite these sporadic
studies, the specific functional roles of members in the WBP1/\VOPP1 family are not
understood. Members from the CX, DUF2650 and TMEM92 families also lack experimental
studies and detailed information about their cellular functions.

Like WBP1, the majority of STMC6 proteins contain PY motifs ([LP]PXY) in their C-
terminal proline-rich, mainly disordered regions (Supplementary Figures S1, S2, S4 and S6—
S11). PY motifs are the most common WW-domain-interacting motifs [6]. WW domains
often occur in tandem in a protein. Consistently, two or more PY motifs have been observed
in quite a number of STMCG6 proteins, suggesting they could interact with multiple WW
domains from a single protein. One important class of proteins with tandem WW domains
are the NEDD4 family HECT-domain-containing E3 ubiquitin ligases [66]. The NEDD4
family proteins, such as Rsp5 from yeast and the mammalian proteins NEDD4, NEDD4-2,
SMURF1, SMURF2 and ITCH, target a variety of proteins for ubiquitination to facilitate
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their degradation by the proteasome and the lysosome or play roles in their sorting to
specific subcellular locations [66]. The presence of an N-terminal C2 domain facilitates
membrane localization of the NEDD4 family proteins, and thus many of their targets are
transmembrane proteins including ion channels such as epithelial sodium channel (EnaC)
[67] and cell surface receptors such as TGF-p [68]. The interactions between the NEDD4
family proteins and their targets are often mediated by the WW domains in the NEDD4
family proteins and the PY motifs in the targets [66].

Some transmembrane proteins do not possess the PY motifs themselves, but are still targeted
by the NEDD4 family proteins through interactions with PY-motif-containing adaptor
proteins. One example is TGF-B, which degradation can be mediated by SMAD7 [68].
Several transmembrane adaptors with PY motifs have also been identified, such as LAPTM5
[69-70] and NDFIP proteins [71-72], that can promote the degradation of transmembrane
proteins. The presence of PY motifs in STMC6 proteins suggests that it could play similar
roles. In one simplified model, STMCS6 proteins could interact with target membrane
proteins and recruit the NEDD4 family E3 ligases to ubiquitinate the targets and promote
their degradation (Figure 7a). In this way, the STMC6 proteins act as down-regulators of
cell surface expression of the target proteins. Alternatively, competitive binding of STMC6
proteins to NEDD4 members can cause up-regulation of cell surface expression of
transmembrane proteins that are otherwise targeted by NEDD4 members, as proposed by
some researchers [73-74] (Figure 7b).

PY motifs are present in STMC6 members from the basal metazoan branches, such as Shisa-
like proteins from Porifera (Supplementary Figure S4) and WBP1/VOPP1 members from
Porifera, Placozoa and Cnidaria (Supplementary Figure S7), suggesting that their
interactions with WW-domain containing proteins existed in the ancestor of metazoans.

Some STMCG proteins do not contain PY maotifs in their C-terminal disordered regions,
such as Shisa-like protein families FAM159 and KIAA1644 (Supplementary Figure S2) and
many nematode members of the WBP1/VOPP1, CX and DUF2650 families (Supplementary
Figures S6, S8 and S9). STMCS6 proteins without PY motifs may have evolved new
functions that do not depend on the interactions with WW-domain-containing proteins.
Functional divergence after gene duplications is evidenced for the Shisa family proteins in
vertebrates, which have nine subfamilies with divergent C-terminal regions among them
(Supplementary Figure S1). Most members of Shisa subfamilies 3-8 contain PY motifs in
their C-terminal regions (Supplementary Figure S1), suggesting that they could potentially
serve as adaptor proteins to regulate the ubiquitination of other target proteins through the
interactions with the NEDD4 family proteins. On the other hand, most members of Shisa
subfamilies 1, 2 and 9 lack PY motifs (Supplementary Figure S1), suggesting that they do
not target other proteins for ubiquitination and degradation. The mouse Shisa9 protein
(CKAMP44) functions to desensitize AMPA receptors in the plasma membrane [15] (Figure
7c). The Xenopus Shisal protein plays a role in embryonic development via the retention of
Whnt and FGF receptors in the endoplasmic reticulum [16] (Figure 7d). Therefore, existing
experimental results suggest that Shisal and Shisa9 are both adaptor proteins that regulate
the localization or function of receptors. However, their targets, subcellular localizations and
cellular functions are different. New functions for the Shisa paralogs could be acquired by
evolving new linear sequence motifs in the C-terminal low complexity region. For example,
it has been observed that mouse Shisa9 contains a type 2 PDZ-domain interacting signature
([STIX[VLI]) at the C-terminus [15]. Examination of other Shisa members revealed that
such a PDZ-interacting motif is a conserved feature in subfamilies Shisa2 and Shisa6-9,
while it is lacking in subfamilies Shisa3-5 (Supplementary Figure S1).
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4.4. Comparison of STMC6 proteins with a class of immunoreceptor-related
transmembrane adaptor proteins

Several transmembrane adaptor proteins (TRAPS), such as LAT, NTAL, PAG and SIT, play
important roles in mediating the functions immunoreceptors [14]. These adaptor proteins do
not interact with receptors, but function as downstream targets of immunoreceptor-activated
tyrosine kinases. Phosphorylated TRAPS then serve as scaffolds to recruit other proteins to
regulate downstream signaling. These immunoreceptor-related TRAPs and STMC6 proteins
are all single-transmembrane proteins with cytosolic C-terminal regions that contain linear
peptide motifs. However, all characterized immunoreceptor-related TRAPs have very short
N-terminal regions before their TMs [14], while STMC6 proteins possess an N-terminal
cysteine-rich domain that could interact with the ectodomains of receptors or other
transmembrane proteins. In this sense, STMCS6 proteins are similar to some receptor-
associated proteins that also possess an ectodomain for mediating protein-protein
interactions, such as T-cell-receptor-associated CD3 components [75] and B-cell-receptor
associated CD79 components [76]. STMCG6 proteins could also interact with receptors or
other transmembrane proteins via their predicted TMs. For WBP1/VOPP1 proteins (Figure
6), the conserved motif with several aromatic residues in their predicted TMs could serve as
interaction sites for other transmembrane proteins. Future experimental investigations are
required to identify the interaction partners of STMCG6 proteins, which could help reveal
their cellular functions.

5. Conclusions

We catalogued a large and diverse group of STMC6 proteins that include the Shisa/Shisa-
like, WBP1/VOPP1, CX, DUF2650, TMEM92, and CYYR1 family proteins. STMC6
members are widespread in Metazoa, yet with scarce experimental data. They share a
domain structure characterized by an N-terminal cysteine-rich domain with a distinct
cysteine pattern, a single predicted transmembrane segment, and a proline-rich C-terminal
region. Most STMCG proteins possess PY motifs in their C-terminal regions, suggesting that
they could interact with WW-domain-containing proteins such as the NEDD4 family E3
ubiquitin ligases and play important roles in protein sorting and degradation. These proteins
are likely transmembrane adaptors that regulate the functions of other transmembrane
proteins such as cell surface receptors, as exemplified by Xenopus Shisal and mouse
Shisa9/CKAMP44, Future experimental studies on STMC6 proteins could reveal new
functional aspects of receptor regulation.
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Cysteine-rich ™

SignalP .
domain

Figure 1. Domain structure of Shisa and Shisa-like proteins

These proteins usually have a signal peptide (labeled as ‘SignalP’), an N-terminal cysteine-
rich domain with a distinct cysteine pattern (‘C*C*CC*C*CC*C’ for Shisa proteins and
‘C*C*CC*CC’ for Shisa-like proteins), a single predicted transmembrane segment (labeled
as “TM”) and a C-terminal proline-rich low complexity region predicted to be largely
disordered. Cysteines (labeled as ‘C”) and positively charged residues (labeled as ‘R/K”)
frequently occur at the C-terminal end of the predicted TM.
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Figure 2. Multiple sequence alignment of Shisa proteins

The cysteine-rich domains and transmembrane regions of representative Shisa proteins (with
a ‘C*C*CC*C*CC*C’ pattern) from nine vertebrate Shisa subfamilies (Shisal-9) and one
sequence from Branchiostoma floridae (Shisa_Bf) are included in this alignment NCBI
accession numbers are shown. A few proteins were derived from genome or EST sequences
(accession numbers in italic and underlined). Starting and ending residues numbers for
sequences with protein accession numbers are shown before and after the sequences
respectively. Protein lengths are shown in brackets. Conserved cysteines are shaded in
yellow or red (the additional two cysteine positions compared to Shisa-like proteins). Non-
charged residues in positions with mainly hydrophobic residues were shaded in cyan.
Prolines and glycines are shown in red letters. Cysteines within and after the predicted
transmembrane segments are shaded in gray. Arginines and lysines, occurring frequently C-
terminal to the predicted transmembrane segments, are shown in blue letters. Species name
abbreviations shown after the accession numbers are as follows: Bf, Branchiostoma floridae,
Dr, Danio rerio;, Gg, Gallus gallus, Hs, Homo sapiens, Om, Oncorhynchus mykiss, Oa,
Ornithorhynchus anatinus, Xt. Xenopus tropicalis, and X, Xenopus laevis.
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Figure 3. A phylogenetic tree of Shisa proteinsby MOLPHY
Protein names are shown as Shisa subfamily names followed by species name abbreviations
defined in Figure 2. Branch support values above 90 are shown in red numbers.
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Shisa family proteins:

NP_001085264.1 X1 22 EYCHGWTDSYGIWRPGEQCPERYDPSEATECCGS| -LKE¥CCSTVESREDOGLP 75 [269]
NP_001007539.1 Hs 36 EYCHGWLDAQGVWRIGEQCPERFDGGDATICCGS| -LRY¥CCSSAEARLDOGGHD 89 [295]
NP_001073974.1 Hs 26 EYCHGWVDVQGNYHEGEQCPEDFDTLDATICCGS| -LRYCCAAADARLEOGGHT 79 [238]
NP_937792.2 Hs 29 EDCLWYLDRNGSWHPGENCE- FFTECCGT] -HRYCCRDLTLLE (6) HfL 79 [197]
NP_057563.3 Hs 29 EVCMASR---GLSLFPESCP- --DECCGT] -DQ¥YCCSDVLKKE (5) 73 [240]
NP_997269.2 Hs 92 ETCWGYYDVSGQY¥DKEBECNNS--ESGYLYCCGT] -YRECCKKRHEKLDQRO@T 143 [551]
NP_001138648.1 Hs 80 ELCHGYYDVMGQOYDATENCST -YRECCEHRHMREAQASHS 129 [538]
XP_003121062.1 Hs 58 DRCRGYYDVMGQWDPPENCSS -YRECCHDGPRRLDOSRM@S 107 [547]
NP_001138676.2 Hs 72 DFCRGYFDVMGOWDPPENCSS -FRECCTFKKRRENOSTMT 121 [424]
XP_002597311.1 Bf 16 RTCSPEYNPAGIYVPEESCDD -NKYCCRDNSSLES-TT@D 64 [197]
FAM159:
NP_001157914.1 Hs 6 RLCSG¥YSLNQSEVEPEQCPRRGEGAALQ¥CCGFAD-----LK¥CCSEPGSYEPYKHSY 59 [160]
XP_002934242.1 Xt 7 ESCSSYYTANNTEVDTEGCPRKEDGSDLIYCCGEVD -LKYCCNEPGNYEPYKHGY 60 [159]
NP_001036158.1 Hs 3 GACTSY¥VSAEQEVVRGESCPRPGGEAAAVECCGFRD -HKYCCDDPHSFEPYEHSY 56 [190]
XP7002931467.1 Xt 3 AECSSYTTAEKVVVGAESCPKADSDMGAIYCCGFKD -IK¥YCCDDPNSFEPYEHSY 56 [168]
XP_422478.1 Gg 3 SECSSYLNADRVLVSGESCPRVGGDARAVYCCGFQD-----VKYCCDDPHSFEPYEHSY 56 [117]
KIAA1644:
NP_001092764.1 Hs 29 RVCEP¥TDHKGREHFGEHCPRLSDNKTFIBCCHHNNT---VFK¥CCNETEFQEVMOANL 84 [199]
NP_001025312.1 Dr 29 RVCEPY¥SDHKGRYHFGEHCPRLSDNKTYIFCCHHNNT---AFKYCCNETEFQSVMOLNL 84 [207]
BI560596.1 Hs HLCQTTRDVHGRHYPGEFCPRLSDSPEEAYCCHLQA----AGGSCCTRAEFEALYQVNL
XP_002187587.1 Tg 29 HLCEGYVGPDGRSHPGEYCPRLTDPPGHRYCCQPSLD---ALKSCCSQVALEALTGVNL 84 [163]
XP_002129289.1 Ci 25 EICEDIVNLKGEMLOAEGCPRLHEMKENKYCCGNKS----VSLECCSNETQSEYYARKM 79 [126]
Shisa-like proteins from deutorostomes:
XP_002597315.1 Bf 40 EVCEE¥ER (6) TEVDSESCPTNSDQDKDS¥CCMAGT -LK¥CCDDETOSET- LS| 95 [246]
XP_002597320.1 Bf 20 EQCRAE-----GGLTTENCPRPL (4)DDI¥CCDN -DCCDD@WESD (4) AT 66 [178]
XP_002585700.1 Bf 29 ERCGS-- ESCPRSSDDSDEKY¥CCGSS- -Bcenp@GRrsEv-ss@p 67 [209]
XP_002606575.1 Bf 18 EYCSG¥TDAFGDENSGESCPRNS (9) DDI¥CCGTST-----YK¥CCSWRSGG----—-— 70 [230]
XP_002731303.1 Sk 34 GYCESYYNIYGVEQQGEYCPQEYDLPSET¥CCGEG------FRYCCDYDTYQESSKVNL 86 [218]
XP_002731319.1 Sk 17 YYCPGELDNAGVWRSGEFCPLEYNSPNYMYCCGOTY -TRYCCDYDDHOREQDTSN 70 [266]
XP_002731321.1 Sk 27 DYCSG¥WDDYNTYQFGELCD -DKYCCSIDPDGEDDLENS 72 [201]
XP_799962.2 Sp 21 EFCEAYVDESGTYHTSSHCPGPD (6) NNV¥CCGTST-----NK¥CCSEPTGYELEH--- 74 [163]
AM159798.1 Xb NYCED----=====~ DLDCTDR---MFETY¥CCVEEG----~-~--ECCDYDDYLDEWDD-~
Shisa-like proteins from ecdysozoans:
DB744702.1 Am MECSFENKN-IISKVIDSCPGILDSSDKS¥CCYDFEK---NEMYCCDAVEFASKS—--—
FE424659.1 Dp KMCKRKSIF--GVKSYBTCPEPGQTPDMVECCGDDDD--LGGQECCRGLTIDNIGS -~
EW910016.1 Is EYCYG¥TDKFGKHNNGEPCPPQS - SGEPVYCCGTA-—-—— TEPYCCRKKDDDEPMPVHD
CD44986 Hd MECGIA- --BTCPNIVSDSSKTECCKTET---VTIP¥CCDAGDYAKFAFREA
EFV55384.1 Ts 17 RTCPNG- --RDCPGYGDSLDEFYCCDSTVQ--PGDFYCCDYGTKEKTSYRGL 63 [226]

ce FWCPSBY------GYLAFCPQPTDWDNYNWCCTFPYM-GSWKPSCCQFATP-—-———-—

S3 EVCEGIPS (9) QT Y SHELCPDNPNQLFEK¥CCWDPT: TGMGACCSYDVKM¥STSGRG

Lg TICTNNFD (5) THYGYEICPRAGEPEDHEYCCGDD- - -~ -KREHCCEYYNQTGRIV--~-
EY296348.1 Hr TICRNEFD (6) THYEWEICPSQONHTSDFHYCCGQP- DKEYCCRFADNGWRV-
FM925299.1 Bp NLCVNNEDFNGTKFGSEYCPLPGFNPAAKYCCGEP- -ETQY¥CCEYFDDNBRK----
Shisa-like proteins from Porifera:
GW181182.1 Aq SDES- ---fiTCPSSNDASYKTECCSDSSSMNNNNN¥CCNPYL
GH571479.1 sd ETCEKE- --SLNCGRS---FSQK¥CCFELNG-PYPTHICCNPY I
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Figure 4. Multiple sequence alignment of cysteine-rich domains from Shisa proteins and Shisa-

like proteins

This alignment is formatted and colored in the same way as in Figure 2. Shisa proteins and
Shisa-like proteins are separated by a horizontal line. Species name abbreviations shown
after the accession numbers are as follows: Aq, Amphimedon queenslandica, Am, Apis

mellifera;, Bp, Brachionus plicatilis, Bf, Branchiostoma floridae, Ce, Caenorhabditis

elegans, Ci, Ciona intestinalis, Dr, Danio rerio, Dp, Daphnia pulex, Gg, Gallus gallus, Hr,
Helobdella robusta, Hs, Homo sapiens, Hd, Hypsibius dujardini, 1s, Ixodes scapularis, Lg,
Lottia gigantea, Sk, Saccoglossus kowalevskir, Sj, Schistosoma japonicun, Sp,

Strongylocentrotus purpuratus, Sd, Suberites domuncula, Ty, Taeniopygia guttata, Ts,

Trichinella spiralis, Xt, Xenopus tropicalis, X1, Xenopus laevis and Xb, Xenoturbella bocki.
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C Is C Cé The majority of Shisa-like proteins
1 2 34 56 including FAM159 and KIAA1644
C—C—=CcC —CC —I Shisa proteins: addition
----------- of a cysteine pair
C C cC cC ‘q Some amphioxus and lophotrochozoan Shisa-
- like proteins: addition of a cysteine pair
cC ——C —CX+Cx4l Divergent Xenopus and Brachionus Shisa
6 proteins: mutations in positions 4 and 6
X s XC cC 4 Shisa-like proteins from some molluscs:
1 3 mutations in positions 1 and 3
(b)
f I ~1
C C CC CC Litopenaeus penaeidin-3, pdb id: 1ueo
1 2 34 56
| )
c—c—cc BB B J omeneranuin
2 34 56 6’5’ a3 5 1 A, pdb id: 2jye

Figure 5. Cysteine patterns and disulfide bond connectivity predictionsfor Shisa and Shisa-like

proteins

(a) The six conserved cysteines in Shisa-like proteins are labeled from 1 to 6. Cysteine pairs
with inferred disulfide bond connectivity are connected by dashed lines. Mutations in the
cysteine positions are marked by *X’s. (b) Disulfide bond connections are shown for two
protein domains with known structures and containing the cysteine pattern ‘C*C*CC*CC’.
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Vertebrate WBP1

NP_036609.1 Hs
NP_001015807.1 Xt
NP_991197.1 Dr

Vertebrate OPAL1

NP_001077382.1 Hs
NP_001090795.1 Xt
NP_001018467.1 Dr

Vertebrate VOPP1

NP_110423.3 Hs
NP_001072426.1 Xt
CAQ15188.1 Dr

26
21
24

33
12
23

24
23
24

Other deuterostomes

-

XP_002120990. Ci

XP_002121928.1 Ci
XP_002131028.1 Ci
XP_002127288.1 Ci
XP_002588917.1 Bf
XP_002603751.1 Bf
XP_782362.1 Sp
XP_800378.1 Sp
XP_791639.1 Sp
XP_002737172.1 Sk
XP_002741429.1 Sk
Ecdysozoans
XP_393257.1 Am
EFZ09690.1 Si
EFN66503.1 ct
XP_001664191.1 Aa
NP_572909.1 Dm
ADV40322.1 Lh
NP_493831.1 Cce
XP_003091617.1 Cr
XP_002647920.1 Cb
Cnidarians
XP_001633593.1 Nv
XP_001630062.1 Nv
Placozoans
XP_002118935.1 Ta
XP_002114788.1 Ta
Porifera

GH561511.1 sd
G0092717.1 Lc
Tetrahymena
XP_001023744.1 Tt
XP_001020578.1 Tt

17
24

24
29
28
22
27
83
22

42
25
35

S

34
29
11
50
61

25
128

22
30

20
19

ELCPGVNNQPYLCES-GHCCGE-TGCCT----YYYELWWFWLLWTVLILFSCCCAFRHRRAKL
EHCPGVNNRPYVCET-GHCCGE-TGCCT----YYYELWWFWLLWSVLILLSCCCAYRHRRAKLR
VFCSGVNNEQYRCEM-GYCCGE-TECCT----YYYELWWFWLVWTLIILMSCCCAYRHRRVKMR

EACVGTNNQSYICDT-GHCCGQ-SQCCN----YYYELWWFWLVWTIIIILSCCCVCHHRRAKHF
ETCIGINNQSYICET-GHCCGQ-SQCCN----YYYELWWFWLVWTIIIILSCCCVCHHRRAKHR
LHCEGVNNKSYVCES-GHCCGE-SQCCS----YYYELWWFWLVWAIIFILSCCCVCHHRRTKHR

KHCWYF (6) YYICRSYEDCCGS--RCCVR-ALSIQRLWYFWFLLMMGVLFCCGAGFFIRRRMYP
KHCWYF (6) YYICRAYEDCCGS--RCCVR-ALSIQRLWYFWFLLMMGVLFCCGAGFFIRRRMYP
KYCWYF (6) YFICKAYEDCCGT--ECCVR-ALAVQRIWYFWLLLITAILCCCSTGYFIRRRAHP

ETCNGSDGESYVCNV-GHCCED-DNCCT----YYYELWWFWLIWGLIILMSCCCAYHHRQKRRL
EYCGD----GYYCRD (7) CCGK (7) CCSY--TAFWGMWYFWMGMSLVFVIVIVVLKECYKMMKK
EVCATDPDHALICPD (7) CENY (7) CCTY--TAVWGLWYFWFCLVSFFFIVGGVVALCKYCATK
SFCG----- NNICND (7)CCGF (4) CCYK (4) EWYSMWYIWVGIVSFLILLSLEFRCWRQQQQT
EYCTG---YGHYCDL (4) CCGY--TCCRY (7) SVWNLWYFWFVVIFVMMACCGGCGYYRRRQHL
EFCKKQDKEGYWCET-GHCCGD-GGCCT----YYYELWYAILKLPSYQEAITQQVDTSPPPRYT
EICPS----GIECDYNEHCCED--GCCA (11) GFYNLWYFWFVIIMVMMICCGACSYVKKRQYY
ISCSYY (8) YYRCLSSQYCCGT-SSCCYR (5) SVYSLWYFWFCIILFFTLCSGASGAYYRKRQR
EFCQV---EGYWCET-GHCCGS-GECCT----YYYELWWFWLVWFLIVFIIGFCVWQRKRFHPW
HNCD----- DIECRDDQYCCER-NVCCNF--SEIYHNWWFWESILFIAAIVLGSIVGMACAGRR
EECAG---YEHSCSPPEYCCNY--TCCRA (4) SEWSMWYFWCIVVFILMACFGGCGYYRRRHVL

RLCNG----GHVCSPPKECCSF--GCCY (14) LINTYWYLWAAVLVGLATAAACGCWLWKRHHS
KYCASD (6) YYECSRTEYCCAF--GCCVSPGFHFHHLWYYWILVIIMFLVESGGGWWYRYWLQG
KLCDG----GHVCSPPKNCCQH--GCCY (16) LINTYWYLWVAVLAALAIAATICGFWLWKRRRA
RFCEG----GHRCLPPKECCAQ--GCCY (21) FLFNHWYFWCFVLAIVLALLCACSLWKKRRQL
RFCEG--—-——- CTQ--GCCTQ--GCCP (20) FFATHWFFWCVVVAIILAILCAYSLWKKRRTL
YYCN----- HDLCREDQYCCGD-NLCCD----YVYYPFYFWAGVVFMLIALSACGGLFRYCYDN

ONCKQ (16) MRTNSMYLECCVK-H R----WYGNTGFFILMLFVVIICIIVSVAASVVCCCT
KVCKAY (9) IKNIHGYGSCCEV-GGHMCY (14) FYKQTWFFVACGGVLLLLIIVGVVVGYFICRR
VECDKY (9) TKGJ§YGQVICCDE-L! SG--PFYTQIWFFAVCGGVALLLIGIIGVVVFLLCCR
DYCGRKGKKEFYCDK-GHCCGN-FECCVY--YKYYEMWWFWLIWCVITILGESCAYLKRRQIGL
MTCD----- EDYCAS--YCCYD (6) CCSE--TDITDMWWFWVSFATGLLFLSLCCGLCCRRHLR

TFHTY————YSQCLMQEYCCGG—TSCCF————AFYKVWYFWASIGFLILAFAAMITWLHYKRMQ
LRCV-—-———— GCMS--KCCCN-GKCCRC-RHLIYEMWWFWLLWCLVVLLSCCCAY IKRRHRRF

SYCSDF (3) GWYCTF--GCCYSFTGCCY----GAGSYWYAWT IVSLFFLVCFCACAGCGGYGYR
NQCTTYIRDYYTCASYQYCCGQ-CSCCS----SVYALWWEWAVTTPIFIFIVTCCTFWICRRRR

DICYQK (7) TAYCDSGYKCCFYQDSCCR----DFGYYWWIFVIAAIFVIILLFSCCLYKFGCCK
TYCGSSYSYNYYCPSGYYCCST-TECCQ----NVYSSWWFITIIVVSVILIIVAIVLGVIKRRR
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Figure 6. Multiple sequence alignment of WBP1/VOPP1 family and its homologous proteins
This alignment includes aligned regions of the cysteine-rich domains and predicted
transmembrane segments (labeled TM at the bottom). The sequences are denoted by NCBI
accession numbers. EST-derived proteins have italic and underlined accession numbers.
Starting residue numbers for sequences with protein accession numbers are shown before
the sequences. Conserved cysteines are shaded in yellow. Mutations in conserved cysteines
are shaded in black. Aromatic residues in the four positions with mainly aromatic residues
are in red letters. Cysteines near the C-terminal ends of predicted transmembrane segments
are shaded in gray. Arginines and lysines near the C-terminal ends of the predicted TMs are
shown as blue letters. Species abbreviations shown after the accession numbers are as
follows: Aa, Aedes aegypti, Am, Apis mellifera; Bf, Branchiostoma floridae; Cb,
Caenorhabditis briggsae;, Ce, Caenorhabditis elegans, Cr, Caenorhabditis remaner, Cf,
Camponotus floridanus, Ci, Ciona intestinalis, Dr, Danio rerio; Dm, Drosophila
melanogaster, Hs, Homo sapiens, Lh, Latrodectus hesperus, Lc, Leucetta chagosensis, Nv,
Nematostella vectensis, Sk, Saccoglossus kowalevskir, Si, Solenopsis invicta, Sp,
Strongylocentrotus purpuratus, Sd, Suberites domuncula; Tt, Tetrahymena thermophila, Ta,
Trichoplax adhaerens and Xt, Xenopus tropicalis.
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(b)

Plasma

membrane target

: PY motif
M : WW domain
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Figure 7. Putative mechanisms of STMC6 proteins

This diagram depicts four putative mechanisms of STMC6 proteins in regulating other
transmembrane proteins. (a). The STMCS6 protein can decrease cell surface expression of a
target transmembrane protein by recruiting a NEDD4 family E3 ubiquitin ligase to
ubiquitinate the target, possibly resulting in its degradation or relocalization. (b). The
STMCS6 protein can enhance cell surface expression of a target transmembrane protein by
competitively interacting with the WW domains of a NEDD4 family E3 ubiquitin ligase and
thus blocking the interaction between the E3 ligase and the target. (c). The STMC6 protein
Shisa9 (CKAMPA44) desensitizes the AMPA receptor by interacting with it. Shisa9 can also
potentially interact with PDZ-domain-containing proteins via a C-terminal motif. (d). The
STMCE6 protein Shisal from Xenopus retains receptors in the ER and inhibits their cell
surface expression.
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