FlyXCDB—A Resource for
Drosophila Cell Surface and
Secreted Proteins and Their
Extracellular Domains

Jimin Pei’, Lisa N. Kinch! and Nick V. Grishin'-?

1 - Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA
2 - Department of Biophysics and Department of Biochemistry, University of Texas Southwestermn Medical Center, Dallas, TX 75390, USA

Correspondence to Jimin Pei: Howard Hughes Medical Institute, 6001 Forest Park Dr., Dallas, TX 75390, USA.
jpei@chop.swmed.edu

https://doi.org/10.1016/j.jmb.2018.06.002

Edited by Dan Tawfik

Abstract

Genomes of metazoan organisms possess a large number of genes encoding cell surface and secreted
(CSS) proteins that carry out crucial functions in cell adhesion and communication, signal transduction,
extracellular matrix establishment, nutrient digestion and uptake, immunity, and developmental processes. We
developed the FlyXCDB database (http://prodata.swmed.edu/FlyXCDB) that provides a comprehensive resource
to investigate extracellular (XC) domains in CSS proteins of Drosophila melanogaster, the most studied insect
model organism in various aspects of animal biology. More than 300 Drosophila XC domains were discovered in
Drosophila CSS proteins encoded by over 2500 genes through analyses of computational predictions of signal
peptide, transmembrane (TM) segment, and GPIl-anchor signal sequence, profile-based sequence similarity
searches, gene ontology, and literature. These domains were classified into six classes mainly based on their
molecular functions, including protein—protein interactions (class P), signaling molecules (class S), binding of non-
protein molecules or groups (class B), enzyme homologs (class E), enzyme regulation and inhibition (class R), and
unknown molecular function (class U). Main cellular functions such as cell adhesion, cell signaling, and
extracellular matrix composition were described for the most abundant domains in each functional class. We
assigned cell membrane topology categories (E, secreted; S, type I/lll single-pass TM; T, type Il single-pass TM;
M, multi-pass TM; and G, GPl-anchored) to the products of genes with XC domains and investigated their
regulation by mechanisms such as alternative splicing and stop codon readthrough.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

A significant fraction of genes in metazoan genomes
encode proteins that are located on the cell surface
or are secreted to the extracellular space [1-5].
These cell surface and secreted (CSS) proteins carry
out a plethora of functions such as the establishment
of extracellular matrix (ECM), cell adhesion and
communication, signal transduction, nutrient diges-
tion and transportation, immunity, and development
[6-10].

The majority of eukaryotic CSS proteins go through
a process of co-translational translocation involving
the signal recognition particle (SRP) [11, 12]. SRP
recognizes a short hydrophobic segment (signal
sequence) of the nascent chain-ribosome complex
and targets it to the endoplasmic reticuum (ER)
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membrane, where the signal sequence is recognized
by a translocon that translocates the newly synthe-
sized polypeptide [13]. The signal sequence could be
part of an N-terminal signal peptide that is subse-
quently cleaved off by a signal peptidase or could
eventually become part of a transmembrane (TM)
segment that spans the lipid bilayer [14]. Predictions of
N-terminal signal peptides and/or TMs are thus often
suggestive of proteins going through the secretory
pathway [2, 15]. While most of the proteins going
through the secretory pathway are secreted or located
on the cell surface, some are retained and carry out
their functions within the endomembrane system
including ER and the Golgi apparatus [16].

The topology of integral membrane proteins in the
secretory pathway falls into several classes [17, 18].
Type | TM proteins possess a single TM segment and
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have their C-termini located in the cytosol. Their primary
sequences possess an N-terminal signal peptide that
harbors the signal sequence for SRP recognition and
eventually gets cleaved off by signal peptidase. Type
Il and type Ill TM proteins have a single TM segment
that serves as the signal sequence recognized by
SRP, but is not processed by signal peptidase. Type Il
and type lll TM proteins have their N-termini and C-
termini located in the cytosol, respectively. Multi-pass
TM proteins (type 1V) have multiple TM segments,
and their topologies are often more difficult to resolve
by computational predictions. The orientations of
TM segments in single or multi-pass TM proteins are
largely determined by positive charges near their
ends, and the cytosolic sides are often enriched with
positively charged residues [19].

Another class of proteins going through the secretory
pathway is post-translationally modified and anchored
to the cell surface via a C-terminally attached glycopho-
sphatidylinositol (GPI) moiety [20, 21]. These proteins
possess both an N-terminal signal peptide and a
C-terminal hydrophobic segment that is cleaved off and
replaced by the GPI. Other common post-translational
modifications of CSS proteins include various forms of
glycosylation and proteolytic cleavages by proteases
other than signal peptidase [22, 23]. These modifica-
tions help their sorting to the cell surface/extracellular
space as well as their cellular functions. CSS proteins
can be internalized through endocytosis pathways
and then either get recycled back to the cell surface/
extracellular space or get degraded inside the lyso-
some or by the proteasome [24—26].

A number of large-scale bioinformatic or experimen-
tal studies have been carried out to study the repertoire
of secreted proteins (secretome) or cell surface
proteins (surfaceome) using various techniques [1, 5,
27, 28]. CSS proteins often have distinct combinations
of functional domains located in the extracellular space
[29]. Aside from experimental evidence, localization of
CSS proteins can often be predicted from distinct signal
sequences and domain compositions present in their
primary sequences.

Drosophila melanogaster (Dmel) is the most studied
insect model organism due to humerous advantages
such as easy genetic manipulation [30, 31]. The whole
genome of Dmel was sequenced in 2000 [32]. A later
comparative genomics study also sequenced the
genomes of 11 Drosophila species related to Dmel
[33]. Their genome sequences, transcripts, and data
of a wide range of experimental studies such as gene
expression are maintained in FlyBase [34]. In this
study, we combined automatic computational predic-
tions and manual analysis to investigate the repertoire
of extracellular (XC) domains in Dmel CSS proteins,
with the aid of the proteomes of 11 related Drosophila
species in the FlyBase database. We defined and
classified XC domains presented in these Drosophila
CSS proteins and assigned cell membrane topology
(CMT) categories to non-redundant protein isoforms of

Dmel genes in the FlyXCDB database (http://prodata.
swmed.edu/FlyXCDB).

Results and Discussion

Detection and definition of XC domains in
Drosophila proteins

We manually compiled a set of Pfam (version: 28)
[35] domains and homologous domain groups that are
present in Drosophila CSS proteins and could locate
and function in the extracellular space. Drosophila XC
domains were defined using previous knowledge of XC
domains [36], predictions of signal peptide/TM seg-
ment/GPI signal sequence, profile-based domain
detection, gene ontology, and literature (Fig. 1a, details
described in Materials and Methods).

Pfam domains, corresponding to functional regions
in proteins, are organized in two levels: family and clan
[387]. A Pfam family is constructed by building a profile
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Fig. 1. Defining XC domains in Drosophila CSS proteins.
(a) A flowchart of the data sources and methods used
to define Drosophila XC domains and assign CMT categories
to Dmel CSS proteins with XC domains. (b) Drosophila
XC domain classes, the numbers of domains, and their
definitions.
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hidden Markov model using a manually curated
multiple alignment of representative sequences. A
Pfam clan consists of a group of Pfam families that
are evolutionarily related (homologous), and in many
cases have similar molecular or cellular functions. Each
Drosophila XC domain entry corresponds to either a
single Pfam family or a group of Pfam families that
often, but not always correspond to a collection of Pfam
families in the same Pfam clan. For example, LRR(Q)
((9) is applied to a Drosophila XC domain entry that
has more than one Pfam families) is a single entry of
Drosophila XC domain that corresponds to the Pfam
LRR clan. Ig(g) is a single entry of Drosophila XC
domain that includes a subset of Pfam families in the
Pfam clan Ig that were detected in Drosophila proteins,
such as I-set, Ig_2, ig, and V-set.

In some cases, domains in a Pfam clan are not
considered collectively as a single entry of Drosophila
XC domain, but are treated separately, if they have
significant sequence dissimilarities (e.g., undetectable
by HHsearch), different subcellular localizations, or are
classified into different functional classes (described
below). For example, a subset of the Pfam families in
the diverse E-set clan with the immunoglobulin-like fold
(IG-fold) were detected in the extracellular regions of
Drosophila proteins and were classified into several
Drosophila XC domain entries. Some of the Pfam
families in the E-set clan, such as A2M_N, CBM39,
FixG_C, HYR, Integrin_alpha2, PKD, REJ, and TIG,
correspond to individual Drosophila XC domain entries.
Pfam families Cadherin, Cadherin_2, Cadherin_3, and
Cadherin_pro of the E-set clan are combined in a single
entry of Drosophila XC domain called the Cadherin(g)
as these Pfam domains are more closely related to
each other than other E-set domains and are detected
in the cadherin superfamily proteins [38]. Drosophila
XC domain fn3(g) corresponds to Pfam families fn3,
fn3_2, fn3_4, Pur_ac_phosph_N, Tissue_fac, Interfer-
bind, EpoR_lig-bind, and IL6Ra-bind from the Pfam E-
set clan as well as three Pfam domains DUF2369,
DUF4959, and DUF4998 that have not been classified
in a Pfam clan, but exhibit significant sequence
similarity to other fn3-like domains.

In total, we identified and defined 342 Drosophila
XC domains that could locate and function in the
extracellular space of Dmel. These XC domains are
detected in the products of 2,509 protein-coding
genes out of the nearly 14,000 protein-coding genes
of Dmel (FlyBase version FB2015_03). The number
of XC domains and the genes containing them could
change in future updates of FlyXCDB, given new
knowledge about subcellular localizations of Dmel
proteins and new definitions of Pfam domains.

A functional classification of Drosophila
XC domains

Drosophila XC domains reside in CSS proteins with a
plethora of cellular functions. A functional enrichment

analysis of XC domain-containing genes by DAVID [39]
revealed that the major categories of cellular functions
(biological processes) of these genes include cell
adhesion and recognition, immune and defense
response, aminoglycan/polysaccharide/chitin metabo-
lism, response to pheromone and chemical stimulus,
gland development, and ECM/structure organization.
Using a domain-and evolution-based strategy, these
numerous biological processes can be described using
a limited set of broad functional classes that were
developed iteratively and concurrently with XC domain
analysis and classification.

In FlyXCDB, Drosophila XC domains were manually
classified into six broad functional classes (P, S, B, E,
R, and U) mainly according to general molecular
functions gathered from literature of collective homol-
ogous domains (Fig. 1b). About one third of the XC
domains (118 out of 342) are in the class P, which
includes domains likely involved in protein—protein
interactions. Class S and class R domains are also
involved in protein—protein interactions, but they are
separated from class P domains considering their
interacting targets. Class S includes 27 domains mostly
occurring in XC signaling molecules, and they are
involved in signal transduction by interacting with cell
surface signaling receptors. Class R includes 42
enzyme regulatory and inhibitory domains that could
interact with XC enzyme domains. Class E includes 66
XC domains of enzyme homologs in CSS proteins
(including a few domains that have lost the catalytic
activities). Class B includes 51 XC domains that likely
interact with non-protein molecules and groups such as
carbohydrates and lipids. Class U has 38 XC domains
(including predicted ones) with unknown molecular
function. It should be noted that some XC domain can
possess multiple molecular functions, e.g., involved
in both protein—protein interactions and binding non-
protein molecules. We mainly relied on manual
literature mining in assigning the most relevant
functional class to any XC domain.

The number of genes associated with any XC
domain type is not distributed evenly. Nearly a third of
Drosophila XC domains (108) are present in only one
gene, and more than half of the XC domains (182) are
found in three or less genes. On the other hand, 10 XC
domains have more than 50 Dmel genes associated
with them: Trypsin(g) (259 genes), Ig(g) (132 genes),
LIG(g) (119 genes), Chitin_bind_4 (118 genes),
CBM_14_19(g) (110 genes), EGF(g) (88 genes),
PBP(g) (77 genes), LRR(g) (72 genes), fn3(g) (58
genes), and PBP_GOBP (51 genes). Gene duplication
and domain shuffling [40] could explain their high
occurrence frequencies. Abundant XC domains in
each functional class are shown in Fig. 2.

Some Drosophila XC domains tend to co-occur
with other XC domains in the same gene products. We
constructed a domain co-occurrence network [41]
where vertices exist between any two XC domains that
can co-occur in the same gene product (Fig. 3a). This
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Fig. 2. Most abundant Drosophila XC domains. XC domains with the most number of genes are shown for each
functional class. They include top five most abundant domains in each functional class as well as domains associated with
more than 25 genes. Domains are colored as follows: class P, red; class S, dark red; class B, cyan; class E, magenta; class

R, orange; class U, blue.

network consists of a major connected component
with 137 XC domains, 8 connected components with
three XC domains, 20 connected components with
two XC domains, and 141 singletons corresponding to
XC domains that do not co-occur with other XC
domains. The majority of class S domains (mainly
occurring in signaling molecules, 26 out of 27) and
class U domains (unknown molecular function, 29 out
of 38) do not co-occur with other XC domain types. On
the other hand, 26 XC domains co-occur with 10 or
more other XC domain types. More than half of them
(15 out of 26) are class P domains that are likely
involved in protein—protein interactions. Among them,
EGF(g) co-occurs with the most number (61) of XC

domain types. The co-occurrence network for genes
containing EGF(g) is shown in Fig. 3b, which also
contains those for five other XC domains that frequently
co-occur with other XC domains types: Ldl_recept_a,
Laminin_G(g), Ig(g), CUB(g), and TSP_1 (they co-
occur with 36, 30, 27, 20, and 20 XC domain types,
respectively).

Class P XC domains likely involved in
protein—protein interactions

The designation of “P” for a protein-interacting XC
domain is mostly based on literature finding of the
domain's involvement in protein interactions or its
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Fig. 3. Co-occurrence network of Drosophila XC domains. (a) The network for all genes containing XC domains. Domains are
colored as follows: class P, red; class S, dark red; class B, cyan; class E, magenta; class R, orange; class U, blue. Two domains
are connected if they co-occur in at least one gene. The thickness of the line is proportional to the number of co-occurring genes.
This network consists of a large connected component shown in the upper left region, 28 connected components with two or three
XC domains shown in the upper right region, and 137 singleton XC domains shown at the bottom. (b). From top left to bottom right,
co-occurrence networks for genes with EGF(g), genes with LdI_recept_a, genes with Laminin_G(g), genes with 1g(g), genes with
CUB(g), and genes with TSP_1.
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occurrence in major ECM proteins. The most abundant
domains in this class (Table 1), such as Ig(g), fn3(g),
LRR(g), and EGF(g), are frequently found in cell
surface proteins and ECM components that are
involved in cell adhesion, signaling, and cell—cell
communications [42,43]. The 12 most abundant XC
domains in this class, each of which is present in more
than 25 Dmel genes, include Ig(g), EGF(g), LRR(g), fn3
(g), Beta_propeller_XC(g), uPAR_Ly6_toxin(g),
Ldl_recept_a, Tetraspanin, LRRNT, CUB(g), ASC,
and CAP (Table 1).

Class P XC domains with an IG-fold. The general
IG-fold is made up of seven core antiparallel strand
elements forming two B-sheets and is one of the most
populated folds in the structure databases (Fig. 4)
[44, 45]. The classical immunoglobulin (Ig) domains,
originally found in vertebrate immunoglobulin proteins,
adopt such a fold and are included in the Pfam Ig clan.
This clan contains a number of Pfam families such as
I-set, C-set, ig, and Ig_2. In FlyXCDB, the classical
Ig domain [lg(g)] represents the largest class P XC
domain in terms of the number of Dmel genes
containing them (132 genes). Most members of 1g(g)
have a disulfide bond between the second and sixth
B-strands that bridges the two (-sheets. A conserved
large hydrophobic residue from the third B-strand,
usually a tryptophan, stacks against the disulfide bond
in the core of the structure (Fig. 4A). Compared to other
IG-fold domains such as fibronectin-type Ill domain [fn3
(9)] (Fig. 4B) and Cadherin(g) (Fig. 4C), Ig(g) has two
B-strands connecting the third and fifth core strand
elements and pairing with them respectively (Fig. 4A).
The main function of 1g(g) is cell adhesion, which is
crucial in development and nervous system dynamics
such as axon guidance, synaptogenesis, and synaptic
plasticity. In addition, Ig(g) is frequently found in various
cell surface receptors that interact with extracellular
signaling molecules [46]. As a protein—protein interac-
tion module, Ig(g) is also present in some ECM
proteins. It is found in intracellular proteins as well,
including several large muscle proteins [47].

A number of other Drosophila XC domains also
possess the IG-fold. They generally lack the Ig(g)
sequence signatures (the disulfide bond linking the
second and sixth B-strands and the conserved
aromatic residue in the third B-strand). A collection of
IG-fold Pfam domains are combined in the Pfam E-set
clan, such as fn3, Cadherin, and A2M. As described
above, we split the E-set clan into different groups
based on sequence similarities and their functions. The
Drosophila XC domain fn3(g) consists of Pfam domain
fn3 and a few other domains that are homologous based
on HMMER or HHsearch searches. The common
sequence features of fn3(g) are three conserved large
hydrophobic (mostly aromatic) residues in the second
B-strand (Trp), the third B-strand (Tyr), and the last
B-strand (mostly Tyr). They lie in the core of the

structure, with the first two aromatic residues forming a
stacking interaction (Fig. 4b). Dmel has 58 genes
containing extracellular fn3(g) domains. Most of them
(44) also possess the Ig(g) domain. Both Ig(g) and fn3
(g) often occur in tandem repeats in Dmel CSS
proteins [47]. IG-fold XC domains in Dmel CSS
proteins and their main cellular functions are de-
scribed below.

lg(g) and fn3(g) domains in cell adhesion molecules.
The Dpr (defective proboscis extension response)
gene family [48] is the largest Ig(g) domain-containing
group in Dmel with 21 members (dpr1-21). They
encode cell adhesion proteins with two Ig(g) domains.
They are predicted to be type | TM (e.g., Dpr5), type Il
T™ (e.g., Dpr9), GPIl-anchored (e.g., Dpri12), or
secreted (e.g., Dpr10) proteins. A recent large-scale
study of interactions of Dmel extracellular proteins
identified a group of Dpr-interacting proteins (DIPs)
[49] with three Ig(g) domains. The DIP gene family
includes 11 members: DIP-a— and two closely
related genes CG31814 and CG45781 [49]. Dpr/DIP
pairings appear to be important for the patterns of
synaptic connectivity [50]. The Dpr-DIP interaction
network plays crucial roles in presynaptic terminal
development, trophic factor responses, and neuro-
transmission [42].

Another gene family encoding lg(g)-containing pro-
teins is the Beat family with 14 members [51]. The
founding member, Beaten path la (encoded by beat-/a),
is an anti-adhesion protein that regulates defascicula-
tion at motor axon choice points [52]. Beat family
proteins all possess two Ig(g) domains. Beat-la
interacts with Side (Sidestep), which is important for
target recognition in axon guidance [53]. Side belongs
to a family of type | TM proteins with five Ig(g) domains
and one fn3(g) domain (the other members being
CG14372,CG42313, CG34113, CG34114, CG12950,
CG12484, and CG34371). The interactions between
other Beat family members and the Side family proteins
were identified in a large-scale study of extracellular
protein interactions [49].

The Dscam (Down syndrome cell-adhesion mole-
cules) gene family has four members (Dscam1—4) in
Dmel with multiple 1g(g) domains and multiple fn3(g)
domains. Dscam1 encodes axon guidance receptors
that bind the adaptor protein Dock and activate the
protein kinase Pak. Dscam1 exhibits high molecular
diversity via alternative splicing of four exon clusters
that results in tens of thousands of isoforms [54, 55].
These isoforms help recognition between neurons
by homophilic repulsion and provide the basis for self-
avoidance in the development of nervous system [56].
Dscam2—4 do not have the complex repertoire of
isoforms as Dscam1, yet their products also play
important roles as cell recognition molecules that
regulate neural circuit assembly [57].

Other examples of Ig(g)-containing cell adhesion
molecules in axon guidance include Ama (Amalgam),
which is a secreted protein with three Ig(g) domains and
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Table 1. Class P XC domains likely involved in protein—

protein interactions

XC domain No. genes

1 Ig(9) 132
2 EGF(g) 88
3 LRR(g) 72
4 fn3(g) 58
5 Beta_propeller_XC(g) 46
6 uPAR_Ly6_toxin(g) 39
7 Ldl_recept_a 38
8 Tetraspannin 38
9 LRRNT 33
10 CUB(g) 32
11 ASC 31
12 CAP 29
13 TSP_1 18
14 Cadherin(g) 18
15 Zona_pellucida 18
16 Methuselah_N 16
17 Fnl-like(g) 15
18 Sushi 15
19 Retinin_C 14
20 Fz(g) 13
21 HRM 12
22 LRRCT 10
23 PSI 10
24 Collagen 10
25 PAN(g) 9
26 GF_recep_C-rich(g) 9
27 TGFb_propeptide 8
28 VWA(g) 8
29 GAIN 7
30 Disintegrin 7
31 Cuticle_3 7
32 Reeler 7
33 SRCR(g) 7
34 Laminin_N 6
35 VWD 6
36 CPG4(g) 6
37 A2M_N 6
38 A2M_recep 6
39 A2M_N_2 6
40 EMI 6
41 A2M 6
42 A2M_comp 6
43 Vitelline_membr 6
44 Na_K-ATPase 6
45 Somatomedin_B 5
46 MAM 5
47 Integrin_alpha2 5
48 TipE_CaKB(g) 5
49 Cc8 5
50 Spond_N 5
51 ADAM_spaceri 5
52 Laminin_B 4
53 PKDREJ(g) 4
54 Mucin 4
55 Fasciclin(g) 4
56 WIF 4
57 Tsg 3
58 Mucin-like 3
59 NCD3G 3
60 NIDO 3
61 Prominin 3
62 Cuticle_4 3
63 SPARC_Ca_bdg 3
64 VWA_N 3
65 TIG 3
66 Chorion_2 3

Table 1 (continued)

XC domain No. genes
67 PLAC 3
68 Mucin2_WxxW 2
69 Sarcoglycan_1 2
70 Calreticulin 2
71 RHS 2
72 FOLN 2
73 Integrin_B_tail 2
74 Antimicrobial10 2
75 Tox-GHH 2
76 C4 2
77 HYR 2
78 Laminin_lI 2
79 Chorion_3 2
80 RHS_repeat 2
81 Kringle 2
82 GCC2_GCC3 2
83 ETX_MTX2 1
84 GON 1
85 Gly_rich 1
86 MGC-24 1
87 G2F 1
88 UnbV_ASPIC 1
89 Myelin_PLP 1
90 JTB 1
91 Laminin_l 1
92 Meckelin 1
93 FixG_C 1
94 Armet 1
95 TM231 1
96 Pericardin_rpt 1
97 Argos 1
98 RESP18 1
99 Lectin_N 1
100 DB 1
101 TSP_C 1
102 TSP_3 1
103 Chorion_S16 1
104 MATH 1
105 LRRNT_2 1
106 S19 1
107 Amnionless 1
108 CHRD 1
109 Ephrin_Ibd 1
110 DEC-1_N 1
111 DEC-1_C 1
112 Endostatin 1
113 TNFR_c6 1
114 AMOP 1
115 Dec-1 1
116 Notch 1
117 Beta_helix 1
118 GDNF 1

interacts with Nrt (Neurotactin) [58]. Fas3 (Fasciclin 3),
a type | TM protein with three Ig(g) domains, mediates
synaptic target recognition through homophilic interac-
tion [59]. Fas2 (Fasciclin 2), a membrane-bound protein
with 1g(g) and fn3(g) domains, contributes to neuronal
recognition [60]. Two genes rstand kirre encode highly
similar type | TM proteins (60% sequence identity) with
five 1g(g) domains. They mediate heterophilic cell
adhesion with another paralogous pair of cell surface



3360

FlyXCDB database

.Y : ,‘,_ A8
920 o o
(a) Ig(g) (b)fn3(g) (c) Cadherin(g)

\

(e)Sod_Cu

(d)LiG(g)

Fig. 4. 1G-fold XC domains of different classes. Structures of IG-fold domains are shown for class P domains, Ig(g) (5e09,
B42-B143), fn3(g) (2ibh, A579-A672) and Cadherin(g) (3ubh, A751-A850); class B domain, LIG(g) (5kwy, C20—-C149); and
class E domain, Sod_Cu (1o0al, A1-A151). These structures are rainbow-colored from the first core 3-strand to the last core
B-strand. Sidechains of conserved residues in Ig(g) and fn3(g) in the structure core are shown. The disulfide bond in 1g(g) is
colored magenta. Ligand in LIG(g) is shown in sticks. Calcium (gray balls) and calcium-binding residues are shown for
Cadherin(g). Zinc (blue ball) and copper (orange ball) and their binding residues are shown for Sod_Cu.

proteins Sns and Hbs in regulation of myoblast fusion
and nephrocyte diaphragm assembly [61, 62].

I9(g) and fn3(g) domains in cell surface receptors. Ig
(9) and fn3(g) domains are found in a variety of cell
surface receptors in signal transduction pathways.
These receptors can be broadly catalogued into three
types: receptor tyrosine kinases (RTKs), receptor
tyrosine phosphatases (RTPs), and receptors not linked
to cytoplasmic enzyme domains.

Four RTKs—Oxtk, Btl, Hil, and Pvr—possess multiple
Ig(g) domains, but no fn3(g) domains in their extracel-
lular regions. Otk interacts with Wnt4 and inhibits the
canonical Wnt signaling in embryonic patterning [63].
Otk also plays important roles in establishing layer-
specific neuronal connectivity [64]. Otk has a paralog,
Otk2, thatis also atype | TM protein with Ig(g) domains,
but lacks the tyrosine kinase domain. Otk and Otk2 are
co-receptors of Wnt2, and they interact with Frizzled
receptors and function in development of the genital
tract [65]. Btl (Breathless) and Htl (Heartless) are two
RTKs for FGF ligands, while Pvr is the RTK for PDGF/
VEGF ligands.

Another five RTK homologs—Sev, Eph, Tor, InR,
and Wsck—have XC fn3(g) domains, but no Ig(g)
domains. Sev (Sevenless) and Eph are involved in
juxtacrine signaling, as their ligands are membrane-
bound proteins (Boss and Ephrin, respectively) from
neighboring cells. Sev has a large extracellular region
(over 2000-amino-acid residues) including several fn3
(g) domains as well as regions of beta-propeller
domains of the YWTD type [66]. Eph has two fn3(g)
domains in the juxtamembrane region, an N-terminal
Ephrin_bind domain responsible for ligand binding, and
two EGF-like domains (Ephrin_rec_like) [67]. Tor
(Torso) possesses only fn3(g) domains in its extracel-
lular region. The insulin-like peptide receptor InR
(Insulin-like receptor) has a Furin-like cysteine domain,
fn3(g) domains, and two regions of LRR repeats of the
Recept_L_domain type. Wsck is an RTK homolog

with a catalytically inactive kinase domain [68], as well
as two fn3(g) domains and a WSC domain in the
extracellular region. The function of Wsck is yet to be
determined.

Eight homologs of membrane-bound RTPs are
found in the Dmel genome [69]. Three of them—Lar,
Ptp69D, and Ptp99A—possess both Ig(g) and fn3(Qg)
domains in their extracellular regions. They have two
phosphatase domains in their cytosolic regions, only
one of which is catalytically active. On the other hand,
Ptp10D, Ptp4E, and Ptp52F possess fn3(g) domains
and a single intracellular phosphatase domain that is
catalytically active. These six fn3(g)-containing RTPs
(Lar, Ptp69D, Ptp99A, Ptp10D, Pip4E, and Ptp52F)
play critical roles in the development of Dmel nervous
system, motor neuron axon guidance, and axon target
recognition [70,71]. Each of the two closely related
RTP paralogous pairs Ptp69D/Ptp99A and Ptp10D/
Ptp4E could have redundant roles [72]. The ligands of
RTPs from vertebrates and invertebrates are largely
unknown [73]. Ligand candidates of some RTPs have
been proposed to be their interaction partners such
as the cell adhesion protein Contactin and heparan
sulfate/chondroitin sulfate in ECM [73]. Syndecan, a
heparan sulfate proteoglycan (HSPG), is a ligand of
Lar [74]. The type | TM protein Sas (Stranded at
second), another fn3(g)-containing protein, is a ligand
of Ptp10D [75, 76].

Several cell surface signaling receptors with 1g(g)
and/or fn3(g) domains do not have protein kinase or
phosphatase domains in their cytoplasmic regions.
Two major pathways regulating Dmel axon guidance
(Slit-Robo and Netrin-Frazzled) [77] involve cell surface
receptors with 1g(g) and fn3(g) domains. Three Robo
receptors (Robo1-3) in Dmel regulate axon guidance
as well as organ development [78]. They all have five
extracellular Ig(g) domains and three fn3(g) domains.
The gene fra (frazzled) encodes a cell surface receptor
for the Netrin ligands (NetA and NetB) [79]. It has
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multiple roles in axon and dendrite guidance, develop-
ment, and morphogenesis. Fra has four Ig(g) domains
and six fn3(g) domains. Another Netrin receptor is Unc-
5, which elicits repulsive signals in motor axon
guidance [80]. Unc-5 possesses two Ig(g) domains
and two TSP_1 domains in the extracellular region, and
ZU5 and Death domains in the cytoplasmic region.

Dome (Domeless), with one Ig(g) domain and seven
fn3(g) domains, is the cell surface receptor for three
cytokine ligands Upd1-3. They signal through the
JAK-STAT pathway and play important roles in
immunity and development [81, 82]. While Dome
does not have a cytoplasmic kinase domain, it induces
activation of the intracellular JAK kinase Hopscotch
upon ligand binding. Et (Eye transformer) is a protein
remotely related to Dome (25% identity of BLAST
alignment) and serves as a negative regulator of the
JAK-STAT pathway by interacting with Dome in a
dominant negative fashion [83]. Dome and Et are
possibly paralogs generated by a gene duplication
event, as they are reciprocal best hits of BLAST
searches in the Dmel proteome. Ig(g) domains are also
found in two adhesion G protein-coupled receptors
(GPCRs) (CG15744 and CG44153) that are orphan
receptors with unknown functions and ligands.

lg(g) and fn3(g) in other CSS proteins. Besides their
abundance in cell adhesion molecules and signaling
receptors, Ig(g) and fn3(g) domains are found in other
CSS proteins in signaling pathways such as signaling
ligands, co-receptors, and antagonists. For example, Ig
(9) is present in the EGF(g)-containing signaling protein
Vn (Vein) and two semaphorin proteins (Sema2a and
Sema2b) that act as signaling ligands for plexins. The
fn3(g) domain is found in Sas mentioned above [75,
76]. Two Ig(g) and fn3(g)-containing proteins, lhog
(Interference hedgehog) and Boi (Brother of ihog), are
paralogs and serve as co-receptors of the Hedgehog
receptor Patched. Interestingly, they also interact with
the EGF ligand Vn, providing a possible link between
the EGF and Hedgehog signaling pathways [49]. Ig(g)
domains in Ihog, Boi, and Vn are responsible for their
interactions. ImpL2 (Imaginal morphogenesis protein-
Late 2), a protein with two Ig(g) domains, binds insulin-
like peptides and is an antagonist of the insulin
signaling pathway [84, 85].

Ig(g) are also present in some ECM proteins. It
is found in the proteoglycan Trol (the Dmel ortholog
of vertebrate Perlacan) with a modular domain content
that also includes EGF(g), SEA(g), LdI_recept_a,
Laminin_G(g), and Laminin_B domains [86]. Two
related ECM proteins Hig (Hikaru genki) and Hasp
(Hig-anchoring scaffold protein) with Ig(g) and Sushi
domains interact with each other and play distinct roles
in synaptogenesis [87]. Hig and Hasp are likely paralogs
arisen from gene duplication, as they are reciprocal best
BLAST hits against the Dmel proteome. Compared to
Hig, Hasp is longer with more Sushi repeats and also
has an N-terminal WAP domain. Ppn (Papilin) is an
ECM protein with an Ig(g) domain and several domains

of ECM characteristics such as TSP_1, ADAM_spa-
cer1l, and PLAC [88]. Nolo is another possible ECM
proteins with one Ig(g) domain, multiple TSP_1
domains, and two PLAC domains. The multi-domain
protein Pxn (Peroxidasin) has Ig(g), LRR(g), VWC, and
an enzyme domain An_peroxidase. It plays a role in
ECM organization [89]. In addition, two Ig(g) domains
are found in CG6867 together with the Collagen
domain and the OLF domain that are often present in
ECM components [90, 91].

Class P IG-fold domains in cadherins. Proteins of
the cadherin superfamily [38,92] (called cadherins
below) possess the Cadherin(g) domain that has an
IG-fold and can bind calcium (Fig. 4C). Cadherin(g)
domains are involved in homophilic or heterophilic
interactions among cadherins [93]. Dmel has 17
cadherins that are membrane-bound cell adhesion
and signaling molecules with diverse domain contents
and functions. Three classical cadherins (CadN,
CadN2, and Shg) have the Cadherin_C domain in
the cytoplasmic region to mediate interactions with
cytoskeleton. The juxtacrine signaling between two
cadherins—the receptor Ft (Fat) and its ligand Ds
(Dachsous)—plays crucial roles in the establishment
of planar cell polarity [94] as well as in the hippo
pathway that regulates cell differentiation [95]. Stan
(Starry night, also called Flamingo) is another
cadherin that functions in planar cell polarity through
its interaction with the Frizzled receptors [96]. The cell
adhesion functions of other cadherins, such as CadN
and Shg, are important for axonogenesis and axon
guidance [97, 98].

Sixteen of the 17 Dmel cadherins are type | single-
pass TM proteins, while Stan is a GPCR with seven TM
segments. Most of Dmel cadherins are large proteins
with tandem repeats of cadherin domains. For exam-
ple, Ds possesses more than 30 repeats of Cadherin(g)
domains in its extracellular region. Eight Dmel cadher-
ins (Ft, Shg, CadN, CadN2, Stan, Kon, Cals, and Kug)
contain the Laminin_G(g) domain, and seven of them
(except Cals) also have EGF(g) domains. A divergent
SEA domain is present in between the cadherin
repeats and the EGF repeats in six such cadherins
(Ft, Shg, Cadn, Cadn2, Kug, and Stan) [99]. Another
divergent SEA domain, found in the juxtamembrane
regions of human cadherins CDH23, PCDH15, and
CDHR2 [99], is also present the juxtamembrane
regions of six Dmel cadherins (Cad74A, Cad86C,
Cad87A, Cad88C, Cad89D, and Cad99D). Cad96Ca
is a RET-like RTK [100] with a single Cadherin(g)
domain in its extracellular region.

Class P IG-fold domains in thioester-containing
proteins. Six genes encoding thioester-containing
proteins (TEPs) are present in Dmel (Tep1-5 and
Mcr). They are homologs of vertebrate alpha 2-
macroglobin and complement components C3 and
C4 [101]. Alpha 2-macroglobin acts as a broad range
protease inhibitor. Like C3 and C4, arthropod TEPs
are involved in immunity response as they can bind
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pathogens and target them to phagocytosis. Dmel
Tep1, Tep2, and Tep4 are predicted to be secreted
proteins, while Tep3 and Mcr are predicted to be GPI-
anchored and type | TM proteins, respectively. Mcr
and Tep5 have substitutions at the cysteine position in
the thioester motif, which is intact in Tep1—4. Without
signal peptide predictions and with undetectable
expression levels [102], Dmel Tep5 could be a
pseudogene [103]. Mcr was shown recently to be a
key component of septate junction [104].

TEP homologs in vertebrates and invertebrates have
a similar modular domain structure in their extracellular
regions, including eight copies of IG-fold domains [105].
Regions of the eight IG-fold domains in TEP homologs
are covered partially by the Pfam domains A2M_N,
A2M_N_2, A2M, and A2M_recept. The sixth IG-fold
domain harbors a bait region that is the target of
proteolytic cleavage. Conformational changes after the
cleavage collapse the alpha 2-macroglobin around the
protease active site and block the protease's access to
other targets. A divergent CUB domain is located in
between the seventh and eighth 1G-fold domains, and
an alpha—alpha helical barrel domain of the 6_Hairpin
fold is inserted in the CUB domain [105]. This helical
domain contains the intrachain beta-cysteinyl-gamma-
glutamyl thioester (in the CGEQ consensus motif) that
becomes active upon conformational changes. The
exposed thioester bond is liable to nucleophilic attack
by amines. The alpha—alpha helical barrel domain
corresponds to the Pfam domains Thio-ester_cl
(containing the thioester motif) and A2M_comp.The
C-terminal IG-fold domain (A2M_recept) interacts with
cell surface receptors that can target TEP proteins for
endocytosis.

Class P IG-fold domains in integrins and dystrophin-
associated complex. Integrin complex and dystrophin-
associated glycoprotein complex are cell surface
receptors for ECM. They provide a signaling linkage
between ECM and cytoskeleton. IG-fold domains have
been identified in proteins in these complexes.

An integrin complex is made up of an a subunitand a
3 subunit, both of which are type | TM proteins [106]. In
Dmel, five genes (if, ligaS4, ltigaPS5, mew, and scb)
and two genes (ltgbn and mys) encode integrin a
subunits and B subunits, respectively [107]. The
extracellular region of a Dmel integrin a subunit
consists of an N-terminal 7-bladed beta-propeller
domain of the FG-GAP type and three C-terminal
IG-fold domains. These domains are involved in the
interaction with the integrin $ subunit [108]. None of
Dmelintegrin a subunits possess the VWA-like domain
inserted in the beta-propeller, as observed in some
vertebrate integrin a subunits. The three 1G-fold
domains (called thigh, calf1, and calf2) are represented
as a single Pfam family (Integrin_alpha2). The integrin
B subunit has a different modular domain structure
compared to the a subunit. Its extracellular region has a
PSI domain, an IG-fold domain, a VWA domain
inserted inside the IG-fold domain, four EGF repeats,

and a juxtamembrane tail domain (Pfam: Integrin_B_
tail). The PSI domain, 1G-fold domain, and the VWA
domain are integrated into one Pfam domain named
Integrin_beta.

Dystroglycan and sarcoglycans are cell surface
proteins in the dystrophin glycoprotein complex [109].
Dmel Dystroglycan (encoded by Dg) has two
cadherin-like 1G-fold domains and two SEA domains
[99]. The Pfam family DAG1 includes the juxtamem-
brane SEA domain, the TM, and cytoplasmic region,
while the IG-fold cadherin-like domains in Dg (CADG)
have not been incorporated in the Pfam database.
Dmel sarcoglycan a-subunit (Scga) similarly has the
CADG domain and the SEA domain [99], and they are
together included in the Pfam Sarcoglycan_2 entry.
Dg and Scga are type | TM proteins possibly related by
gene duplication. The other two sarcoglycan subunits
(ScgB and Scgd) are type Il TM proteins with the
Pfam domain Sarcoglycan_1, and they may not be
evolutionarily related to Dg and Scga.

Class P IG-fold domains in zona pellucida proteins.
The Pfam Zona_pellucida (ZP) domain is found in a
variety of extracellular proteins in metazoans [110]. It
is about 260 residues long and contains two |G-fold
domains [111]. Proteins with ZP domains have
diverse functional roles ranging from structural com-
ponents of ECM to cell surface receptors. Dmel
has 18 genes encoding ZP domain-containing pro-
teins. Most of them are predicted to be membrane-
anchored, while two are predicted to be secreted.
Dmel ZP genes are expressed in various epithelial
tissues during embryogenesis [112]. Eight of them are
required for reorganization of embryonic epidermal
cells during morphogenesis, and they are likely
involved in homo- and/or heterotypic interactions
[113]. Two ZP genes (miniature and dusky) are
required for apical membrane reorganization during
wing epidermis differentiation [114]. Three ZP genes
(papillote, piopio, and dumpy) are required for cell
adhesion to apical ECM and microtubule organization.
The protein encoded by papillote contains only the
N-terminal 1G-fold domain, unlike other Dmel ZP
domain-containing proteins with two IG-fold domains.
The gene gsm (quasimodo) encodes a GPl-anchored
protein. It is a clock-controlled gene involved in light
input to circadian clock [115]. ZP domain co-occurs
with several N-terminal PAN(g) domains in proteins
encoded by six Dmel genes. One of them is nompA,
which encodes an apical ECM protein involved in
mechanotransduction [116].

Other class P IG-fold domains—PKDREJ(g), Reeler,
Spond_N, MATH, TIG, FixG_C, HYR, Na_K-ATPase,
and WIF. The vertebrate multi-pass TM protein PKD1
has a large extracellular region that contains tandem
PKD domains with the IG-fold (in the Pfam E-set clan)
[117]. In addition, it possesses a region of about
400-amino-acid residues called the REJ (receptor for
egg jelly) domain that is also present in the sperm
receptor for egg jelly [118]. The region of REJ domain
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is predicted to contain several PKD-like |G-fold
domains. PKD and REJ domains are incorporated in
the Drosophila XC domain named PKDREJ(g). Dmel
has three multi-pass TM proteins (CG30048,
CG42685, and PRY) with a domain structure similar
to vertebrate PKD1, with PKDREJ(g), GPS, and an
intracellular PLAT domain. Another protein CG7565 is
also predicted to contain PKDREJ(g) as HMMER found
weak hits to REJ, PKD, and other E-set IG-fold domains
such as Y_Y_Y and Big_3_4. Functions of these
proteins have not been experimentally characterized.

Two IG-fold Pfam domains, Reeler and Spond_N,
are present in the N-terminus of Dmel protein Fat-
spondin. The Reeler domain was originally discovered
in vertebrate proteins Reelin and F-spondin. Crystal
structures of Reeler domains revealed an IG-fold that
could interact with other proteins or heparins [119, 120].
Dmel has seven genes encoding Reeler-containing
proteins. Four of them (Fat-spondin, CG14515,
CG17739, and CG30046) are F-spondin proteins with
Reeler, Spond_N, TSP_1, and Kunitz_BPTI domains.
Reeler co-occurs with a DOMON domain in the multi-
pass TM protein ferric chelate reductase 1 (encoded by
CG8399). Reeler is also present on its own in two
secreted proteins (CG14515 and L(2)34Fc). Spond_N
domain is structurally similar to the calcium-binding C2
domain and could interact with membrane and the ECM
receptorintegrin [121, 122]. Spond_N is present in Mspo
(M-spondin) and the four F-spondin proteins in Dmel.

The 1G-fold domain MATH (Meprin And TRAF-
Homology) is found in both extracellular proteins
(Meprins) and intracellular proteins (TRAFs) [123].
Meprins are extracellular metallopeptidases in verte-
brates [124]. They have a modular domain structure
with the metallopeptidase domain, a MAM domain, a
MATH domain, and the membrane-proximal EGF
domain [124]. TRAFs [tumor necrosis factor (TNF)
receptor-associated factors] regulate cytokine signal-
ing by interacting with TNF receptors through their
MATH domains [125]. Dmel has five intracellular
proteins with the MATH domain, such as Traf4 and
Traf6. It also has a divergent XC MATH domain
(detected by HHsearch and not by HMMER) found in
the secreted or GPIl-anchored product of CG13247.

Three additional 1G-fold domains in the Pfam E-set
clan (TIG, FixG_C, and HYR) are also identified in the
Dmel proteome. The TIG domain is found in two plexin
molecules (PlexA and PlexB) that serve as cell surface
receptors for semaphorins [126]. TIG is also found in
the type | TM protein Mesh, which has a modular
extracellular region including VWD, AMOP, Sushi, and
NIDO domains. Mesh, highly expressed in the diges-
tive system, forms a complex with Ssk (Snakeskin, a
four-pass TM protein) and is required for septate
junction formation in Dmel midgut [127]. CG43394, a
predicted type | TM protein, has a region predicted to be
the IG-fold domain FixG_C. HYR (Hyalin Repeat)
domain is another IG-fold domain [128] present in the
products of two Dmel genes (uif and frac).

The sodium/potassium transporting ATPase beta
chains, which are type Il TM proteins, contain an
IG-fold domain in the extracellular region (included in
the Pfam family Na_K-ATPase) [129]. Dmel has six
genes (nrv1-3, CG5250, CG33310, and CG11703)
encoding these proteins. The WIF domain, found in
Whnt antagonists (described below in section Class P
XC domains that serve as antagonists of signaling
molecules), also adopts the 1G-fold.

IG-fold domains in other classes of XC domains. A
number of 1G-fold domains were identified in other
classes of Drosophila XC domains, making the
IG-fold the most versatile fold in the extracellular
space. They include six class B domains (LIG(Q),
Neur_chan_LBD, CBM_39, DOMON, PBP, and
MNNL), three class E domains (LIPO_10, Lysyl_
oxidase, and Sod_Cu), and five class R domains
(Alpha-amylase_C(g), CBM_20, Hemocyanin_C,
CarboxypepD_reg(g), and Ceramidse_alk_C).

The Pfam LIG clan contains IG-fold domains that
mainly bind lipids (Fig. 4D). Genes with two Pfam
domains (DUF1091 and E1_DerP2_DerF2) in this
clan are expanded in the Dmel genome. Proteins
with the E1_DerP2_DerF2 domain are encoded by
eight NPC2 genes (Npc2a-h). They are involved in
sterol homeostasis and steroid biosynthesis [130]. In
contrast to a single copy of NPC2 in other organisms
such as yeast, worms, and mammals, the expansion
of NPC2 genes in Dmel has allowed acquisition
of new functions other than sterol transport. The
secreted Npc2a, Npc2e, and Npc2f were found to
bind a variety of bacterial cell wall components such as
lipopolysaccharide (LPS), peptidoglycan, and lipotei-
choic acid, suggesting their roles in immunity [131].
Npc2b was identified as a seminal fluid protein in male
accessory gland and may have functions in reproduc-
tion [132]. DUF1091 domain is remotely related to
E1_DerP2_DerF2 with the same cysteine pattern.
DUF1091-containing genes are mainly found in Diptera
insects and are greatly expanded in the Dmel genome
(111 genes). Together with eight NPC2 genes, they
make the LIG(g) domain the most abundant class B XC
domain. The majority of DUF1091-containing genes
have not been experimentally studied. A subset of
these genes such as CheA29a and CheB42a were
found to be expressed in chemosensory sensilla in
the front legs of mature males and could be involved
in male-specific chemical senses and pheromone
response [133,134].

An |G-fold domain (Neur_chan_LBD) [135] was
found in subunits of ligand-gated ion channels encoded
by 23 Dmel genes. They are pentamer-forming multi-
pass TM proteins [136]. The ligands for these proteins
are neurotransmitters such as glycine, nicotinic acetyl-
choline, and gamma-aminobutyric acid (GABA).

CBM39 is an IG-fold domain found in several
GNBPs (Gram-negative bacteria binding proteins) in
Dmel. They play important roles as pattern recognition
molecules that recognize and bind peptidoglycan and
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B-1,3-glucan from bacterial and fungal cell walls [137,
138]. GNBP1, GNBP2, and GNBP3 share the same
domain structure that contains a CBM39 domain and
an inactivated Glyco_hydro_16 domain with a jelly roll
fold. CBM39 is also found in two genes (GNBP-like3
and CG12780) encoding secreted proteins without
other XC domains.

The Pfam PBP (phosphatidylethanolamine-binding
protein) domain with the |G fold [139] is detected in
three predicted secreted proteins (A5, CG17917, and
CG17919) and six predicted intracellular proteins
(without predicted signal peptide or TM segment).
CG17917 and CG17919 are neighboring genes with
different expression patterns. CG17919 has a broad
tissue expression, while CG17917 has a testis-specific
expression. The gene a5 (antennal protein 5) is
expressed in a subset of olfactory hairs in antenna
and could encode an odorant-binding protein [140].
Another extracellular lipid-binding domain with IG-fold
is MNNL, found in the N-termini of Notch ligands
DI (Delta) and Ser (Serrate) [141]. MNNL domain is
a C2-like domain that can bind phospholipids in a
calcium-dependent manner [141].

The DOMON (dopamine B-monooxygenase N-
terminal) domain [142] belongs to the Pfam clan
CBD9-like, which also includes four other domains
CBM9_1, CBM9_2, CDH-cyt, and Clucodextran_C.
These domains are involved in heme and carbohy-
drate binding [142]. Dmel has eight genes encoding
proteins that contain the DOMON domain. In all of
them the DOMON domain co-occurs with an enzyme
domain, including Cytochrom_B561, Cu2_monooxy-
gen, DM13, and LPMO_10. These enzymes possess
oxidoreductase activities, consistent with the heme-
binding activity of the DOMON domain.

Three 1G-fold domains [LIPO_10, Lysyl_oxidase,
and Sod_Cu (Fig. 4E)], possess enzyme activities
and were classified as class E domains. They are all
copper-binding oxidoreductases (described below in
section Class E XC domains that are oxidoreductase
homologs (EC 1.-.-.-)).

Five IG-fold XC domains were classified as enzyme
regulatory domains (class R) as they co-occur with
enzyme domains. Two of them [CBM_20 and Alpha-
amylase_C(g)] are derived from the Pfam GHD clan.
The CBM_20 domain lies N-terminally to the GDPD
(glycerophosphoryl diester phosphodiesterase) do-
main [143] in proteins encoded by five Dmel genes.
Two of these genes (CG9394 and CG11619) encode
predicted secreted proteins, while two genes (CG2818
and CG3942) encode predicted intracellular proteins
(lacking predicted signal peptide and TM segment).
Another gene (CG18135) encodes isoforms with and
without a predicted signal peptide, suggesting varied
subcellular localizations. Alpha-amylase_C(g) is asso-
ciated with the Alpha-amylase domain in proteins
encoded by 15 Dmel genes, 14 of which are predicted
to be CSS proteins. Three other class R IG-fold domains
are Hemocyanin_C, CarboxypepD_reg(g), and Cera-

midse_alk_C. Functions of these domains are largely
unknown. These domains could contribute to the
structural stability of the associated enzyme domains,
as observed for Ceramidse_alk_C [144]. As IG-fold
domains, they may have additional roles in protein—
protein interactions or protein-membrane interactions.

Class P XC EGF-like domains. The classical EGF
domain is a small domain with six conserved cysteines
forming three disulfide bonds [145]. It is composed of
two subdomains, EGF-N and EGF-C, each of which
has two B-hairpins. The N-terminal EGF-N subdomain
has two disulfide bonds. The first one connects the N-
terminal half of the first B-hairpin to the N-terminal half
of the second B-hairpin (called NN-connection, colored
magenta in Fig. 5), and the second disulfide bond
connects the N-terminal half of the first f-hairpin to the
C-terminal half of the second B-hairpin (called the NC-
connection, colored blue in Fig. 5). The sequential
order of the four cysteines are “abab”, where the a's
form the NN-connection and the b's forms the NC-
connection. The C-terminal subdomain has only one
disulfide bond of the NC-connection type (Fig. 5).
There is typically one residue separating the last
cysteine of EGF-N and the first cysteine of EGF-C. The
classical EGF domains thus have a sequential
disulfide pattern of “ababcc”. They are represented in
a number of Pfam domains such as EGF, EGF_CA,
hEGF, cEGF, FXa_inhibition, EGF_2, EGF_3, and EB.
Classical EGF domains can occur as a single copy
and in tandem repeats.

Classical EGF domains were originally identified in
signaling molecules such as epidermal growth factors.
Dmel signaling molecules with classical EGF domains
include Gurken, Spitz, and Vein that interact with the
cell surface receptor Egfr (Epidermal growth factor
receptor). Gurken and Spitz (encoded by Grk and spi)
are TGF-a-like proteins [146] synthesized as type | TM
precursors and are processed by proteolysis to form
the soluble ligands with an EGF domain [147]. Veinis a
secreted EGF ligand that also possesses an 1g(g)
domain. While these signaling molecules for Egfr have
only one EGF domain, tandem repeats of classical
EGF domains are frequently found in CSS proteins,
such as Notch and its signaling ligands Delta and
Serrate. The cell surface receptor Notch, for example,
has more than 30 EGF repeats. They contribute to
the function of Notch in multiple ways, such as
mediating its dimerization, protecting it from proteolysis,
serving as a spacer, and interacting with Delta and
Serrate [148]. The Nimrod gene cluster located on
chromosome 2 has 10 genes encoding proteins
with EGF domains, including both type | TM proteins
and secreted proteins [149]. Like two other EGF-
containing proteins Eater and Draper, NimC1 has
been shown to be a phagocytosis receptor on
hemocytes [150—-152]. These proteins are important
for removing microorganisms for host defense and
apoptotic cells in developmental processes.
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A number of other types of EGF-like domains exist,
showing differences in their number of subdomains or
B-hairpins and their disulfide bond connection patterns.
Laminin_EGF, often occurring in tandem repeats,
has one additional EGF-C subdomain compared to
the classical EGF domain (Fig. 5) [153]. It has eight
cysteines with the sequential order of “ababccdd”.
Laminin_EGF is found in various CSS proteins such as
laminins, the GPCR cadherin Stan, and two signaling
molecules (NetA and NetB). The DSL domain [154],
found in Notch ligands Delta and Serrate, has three
subdomains with NC-, NN- and NC-connections
respectively (Fig. 5) and a sequential cysteine pattern
of “aabbcc”. Regions with Laminin_EGF and DSL
domains often exhibit significant sequence similarity
to classical EGF domains according to HMMER or
HHsearch searches. Classical EGF domains, Laminin_
EGF, and DSL are together classified as the Drosophila
XC domain EGF(g).

A number of cysteine-rich domains possess struc-
tures consisting of B-hairpins similar to classical EGF
domains, but showing variations in the number of
B-hairpins and disulfide connectivity patterns (Fig. 5).
They all possess at least one NC-connection (colored
magenta in Fig. 5) between two neighboring B-hairpins
commonly found in the EGF-N subdomain and the
EGF-C subdomain. These EGF-like domains are found
in numerous CSS proteins including signaling mole-
cules and their receptors, cell adhesion molecules, and
ECM proteins. These domains include Ldl_recept_a,
Sushi, EMI, FOLN, GF_recep_C-rich(g), TNFR_c6,
Ephrin_rec_like, NCD3G, TIL, VEGF_C, ADAM_CR,
ADAM17_MPD, Argos, and Kringle (Fig. 5). Some of
these EGF-like domains are described below.

Ldl_recept_a. LdI_recept_a is a small cysteine-rich
domain originally identified as a repeated module for
ligand binding in low-density lipoprotein (LDL) recep-
tors [155]. LDL receptors and LDL-receptor-related
proteins (LRPs) have Ldl_recept_a repeats, EGF(g)
repeats, and beta-propeller domain(s) of the Ldl_
recept_b type. Structural studies suggested that
Ldl_recept_a repeats interact with the LDL ligand in a
neutral pH environment, and such an interaction is
replaced by the intramolecular interaction with the
beta-propeller domain at endosomal pH to discharge
the ligand [156]. Dmel has seven genes encoding such
proteins. LdI_recept_a domain has four 3-hairpins and
three disulfide bonds with a connectivity of “abacbc”
(Fig. 5). The third B-hairpin is widened to accommo-
date binding of a calcium ion (Fig. 5a). Ldl_recept_a is
also present in a variety of other CSS proteins with
modular domain contents. In total, 38 Dmelgenes were
found to encode LdI_recept_a-containing proteins.
Ldl_recept_a co-occurs with the second largest num-
ber of XC domains such as LRR(g), Beta_propeller_XC
(9), CUB(g), EGF(g), and Trypsin(g) (Fig. 3b).

Ldl_recept_a domain co-occurs with CUB(g) do-
main in nine Dmel gene products, all of which are
predicted type | TM proteins. These proteins likely

function as regulators of other cell surface proteins
such as signaling receptors and ion channels. The
large product of uif (uninflatable) additionally contains
EGF(g), Lectin_C(g), Laminin_G(g), F5_F8_type_C,
and HYR domains. Uif is a negative regulator of the
Notch signaling pathway [157]. The binding and
trafficking of Uif with Notch through endosomes is
important for asymmetric endosome motility and
Notch-dependent cell fate assignation [158]. The
other eight genes with Ldl_recept_a and CUB(g)
domains appear to have no other XC domains. One of
them, Culd, regulates endocytic trafficking of rhodop-
sin and TRPL channel and is required for the survival
of photoreceptor cells [159]. Another gene, Neto
(Neuropilin and tolloid-like) is required for the cluster-
ing of ionotropic glutamate receptors (iGluRs) at
neuromuscular junctions and thus plays important
roles in postsynaptic densities and synapse function-
ality [160].

Ldl_recept_a is found in Trol, a large basement
membrane (BM) protein (over 4,000aa) that is an
ortholog of vertebrate HSPG2 (Perlecan). Five Trypsin-
type proteases (NdI, Corin, Tequila, Modsp, and
CG1632) have the Ldl_recept_a domain, four of them
(except Modsp) also possess the SRCR(g) domain.
Ldl_recept_a domain is present in four Dmel proteins
with the Polysacc_deac_1 enzyme domain. A single
copy of Ldl_recept_a domain is detected in the
signaling molecule Jeb (Jelly belly). It interacts with
the RTK Alk (anaplastic lymphoma kinase), which also
has a Ldl_recept_a domain in its extracellular region
together with other XC domains such as MAM, EGF(g),
and Gly_rich. In addition, LdI_recept_a co-occurs with
LRR(g) repeats in two GPCRs—Lcr3 and CG34411.

Sushi. Sushi domain was identified in a number of
vertebrate cell adhesion molecules and complement
components [161]. It has four conserved cysteines in
three B-hairpins. The last two B-hairpins have the NC
connection characteristic of an EGF domain (Fig. 5).
Dmel has 15 Sushi-containing genes with diverse
domain contents. It is present in four genes (Sr-Cl, Sr-
ClIl, Sr-Clll, and Sr-ClIV) encoding class C scavenger
receptors [162] that also possess a MAM domain and a
Somatomedin_B domain (except Sr-Clll). Sushi do-
main also co-occurs with a number of other domains
such as Ldl_recept_a, EGF(g), Ig(g), and F5_F8_
type_C in a variety of cell surface receptors and
adhesion molecules.

EMI. The EMI domain is often found at the N-termini
of CSS proteins [163]. Structures of two EMI domains
from two human proteins, fibrillin and transforming
growth factor beta-induced protein (TGFBIp), have
been solved [163,164]. EMI domain has four con-
served cysteines in three B-hairpins (Fig. 5). It has an
NN-connection between the first and second [3-
hairpins and an NC-connection between the second
and third hairpins. In particular, it has a “CC” sequence
motif in the second B-hairpin. Dmel has six genes with
EMI domains, including four Nimrod family genes
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Fig. 5. Structures and cysteine patterns of EGF-like domains. (a) Structures of representative EGF-like domains. Backbone
C-a trace of each structure is rainbow-colored from N-terminus (blue) to C-terminus (red). Disulfide bonds are in sticks. NN-
connection, NC-connection, and other disulfide bonds are colored blue, magenta, and gray, respectively. The structures and
domain ranges are: classical EGF domain, 3c9a, C50—C97; Laminin_EGF, 4plo, A404—-A455; DSL, 4xbm, A178-A225;
Ldl_recept_a, 2fcw, B86—124; EMI, 2m74, A56-A83; Sushi, 1ly2, A67-A129; FOLN, 2p6a, D137-D162; Ephrin_rec_like,
4mdp, A261-A327; NCD3G, 2e4a, A508-AA566; TNFR_c6, 1sg1, A119-A161. Calcium (gray ball) and calcium-binding
residues in Ldl_recept_a are also shown. (b) Cartoon representations of EGF-like domains. Each B-hairpin is represented by a
lighter gray arrow followed by a darker gray arrow. Cysteine positions are in yellow circles. NN-connection, NC-connection, and
other disulfide bonds are shown as blue, magenta, and gray brackets connecting the cysteines, respectively.
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(NimA, NimB3, NimC3, and NimC4), dprp, and slow.
They all have the EMI as the N-terminal cysteine-rich
domain followed by classical EGF domains.

FOLN. The FOLN domain has only two B-hairpins
corresponding to the classical EGF-N subdomain
(Fig. 5). This domain is stabilized by its interaction
with the neighboring Kazal(g) domain [165]. Dmel
has two genes with the FOLN domain. The gene Fs
(Follistatin) is a regulator of TGF-B signaling during
development [166]. The other gene (SPARC) encodes
a BM protein that also contains the Kazal(g) domain
and the SPARC_Ca_bdg domain [167].

EGF-like domains in signaling receptors and other
CSS proteins. Several EGF-like domains are found in
various cell surface receptors, including GF_recep_C-
rich(g) in the EGF receptor Egfr and the insulin receptor
InR, TNFR_c6 in the TNF receptors Wengen and
Grindelwald, Ephrin_rec_like (previously named
GCC2_GCC3) in the Ephrin RTK Eph, and NCD3G
in three GPCRs (Fig. 5).

Class P domain LRR(g). Leucine-rich repeat is a
common structural motif found in both extracellular
and intracellular proteins. Each repeat unit has 20- to
30-amino-acid residues and contains the consensus
motif LxxLxLxxN/CxL. The LRR repeats form an a/B-
horseshoe structure and are often involved in protein—
protein interactions [168]. The XC domain LRR(g) is
frequently found in the extracellular region of cell
surface receptors. One of them is Tl (Toll), which
controls the immune response to pathogens such as
Gram-positive bacteria and fungi [169]. Unlike verte-
brate Toll-like receptors, Dmel Tl does not act as a
pattern recognition receptor, but signals through the
binding of the cytokine Spatzle [170] (Fig. 6a). The
intracellular region of Tl contains a TIR (Tol/IL-1R
receptor) domain, which is also found in several other
Toll-like receptors. An intracellular complex of signal-
ing adaptors assembles around the TIR domain after
receptor activation, ultimately leading to to activation
of gene expression of immune effectors [170]. Tl also
plays a plethora of roles in development, such as
dorsal-ventral polarity [171] and larval hemocyte
formation and differentiation [172]. Besides TI, eight
Toll-like receptors (18w, MstProx, Tehao, Tollo, Toll-4,
Toll-6, Toll-7, and Toll-9) with extracellular LRR repeats
and an intracellular TIR domain exist in the Dmel
proteome [173]. Some of them, such as 18w, Tehao,
and Toll-9, could be involved in immune response
againstbacteria [174—176]. Some are highly expressed
(18w, Toll-6, Toll7, and Tollo) during embryogenesis
and metamorphosis, suggesting their roles in develop-
ment [177].

LRR(g) domains are found to associate with five
GPCRs. Two of them, Lgr1 and Rk, bind heterodimer
Cystine-knot hormones Gpa2/Gpb5 and Burs/Pburs,
respectively. Lgr3 is the receptor for llp8 (Insulin-like
peptide 8) in controlling growth and body size [178].

The ligands of two additional LRR(g)-containing
GPCRs, Lgr4 and CG15744, have not been experi-
mentally revealed.

LRR(g) includes the Pfam domain Recep_L_
domain, a divergent LRR domain found in the L1 and
L2 regions of InR and Egfr[179]. These two RTKs also
share a Furin-like cysteine-rich domain in between
L1 and L2. InR possesses four fn3(g) domains, while
Egfrhas two GF_recep_IV domains after L2. Two other
genes, Sdr and CG10702, encode proteins with
Recep_L_domain, Furin-like, and fn3(g) domains
similarto InR. Sdr (Secreted decoy of InR) is a secreted
protein that binds insulin-like peptides and acts as an
antagonist of insulin/IGF signaling to restrict body
growth [84]. CG10702 is a type | TM protein with an
InR-like ecto-domain composition, but lacks the cyto-
plasmic tyrosine kinase domain. It could also be a
negative regulator of insulin/IGF signaling given its
similarity to Sdr and InR.

Some LRR(g)-containing proteins are involved in
cell adhesion. Con (Connectin), a GPIl-anchored
protein, mediates homophilic cell—-cell adhesion in the
Dmel neuromuscular system and plays a role in axon
guidance [180, 181]. Caps (Capricious) and Trn
(Tartan) are two closely related type | TM proteins
that are involved in cell interactions in various tissues
[182—-184]. Caps, Trn, and Fili (Fish-lips) could regulate
cell survival and apoptosis via their cell adhesion
properties [185, 186]. Two other LRR(g)-containing
cell surface proteins, Haf (Hattifattener) and Conv
(Convoluted), are regulators of neuromuscular axon
targeting [187, 188]. Conv, a predicted GPl-anchored
protein, is essential for tracheal tube morphogenesis
and apical matrix organization [189]. Chaoptin is a
photoreceptor cell-specific adhesion protein required
for photoreceptor cell morphogenesis [190].

LRR(g)-containing proteins can serve as signaling
molecules and their antagonists. One example is the
sli (slif) gene, which encodes a signaling molecule that
interacts with the Robo receptors. The Sli-Robo
signaling is important for axon guidance in the nervous
system as well as cell migration in the development of
other tissues [78]. Lrt is expressed in tendon and
promotes tendon-muscle targeting via its interaction
with Robo receptors [191]. Lrt could be a signaling
molecule itself or act as a modulator of Sli-Robo
signaling. Both Sli and Lrt use their LRR repeats for
Robo interactions. Six kekkon genes (kek1-6) exist in
Dmel. They encode type | TM proteins with one
extracellular Ig(g) domain and LRR repeats [192]. Kek1
is an antagonist of EGF signaling via its interaction with
Egfr [193]. Kek5 modulates BMP signaling and is an
antagonist of the BMP ligand Gbb (Glass bottom boat)
[194]. The extracellular LRR(g)-containing protein Lil
(Larval translucida) is another antagonist of BMP
signaling and regulates wing growth and vein pattern-
ing [195]. Wdp (Windpipe) is a type | TM protein that
is a negative feedback regulator of the JAK/STAT
signaling pathway in maintenance of intestinal
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Fig. 6. Structures of representative class P domains. (a) Dmel Toll receptor extracellular region (4Ixr) with LRR(g)
(green), LRRNT (blue), and LRRCT (red) domains. The Spatzle ligands are shown in yellow and cyan. (b) A Ldl_recept_b
beta-propeller domain (3sov, A20-A281) with the sidechains of the YWTD motif in the third blade shown. (c) An
Activin_recp domain (2h62, C34-C117) belonging to the uPAR_Ly6_toxin(g) XC domain. (d) A tetraspanin XC domain
(1989, A113—-A202). (e) A CUB(g) domain (3kq4, B932—-B1044). (f) the XC domain (ASC) of an EnaC channel (2qts, A72—
A423). (g) a CAP domain (4ifa, A212—A344). Disulfide bonds are shown in magenta.

homeostasis. Windpipe interacts with the Dome
receptor and promotes its internalization and lysosom-
al degradation [196].

The N-terminal region of LRR repeats often contains
a B-hairpin capping motif where the first B-strand is
antiparallel to the other 3-strands in the LRR repeats
[197]. This region corresponds to the LRRNT domain in
Pfam. While in most cases, two disulfide bonds are
presentin the LRRNT domain, either one of them could
be missing in some structures (e.g., pdb: 3t6q and pdb:
4mn8). Similarly, the C-terminal region of LRR repeats
frequently contains a capping motif called LRRCT in
Pfam with two conserved disulfide bonds [197]. Both
LRRNT and LRRCT domains are present in Dmel Tl
(Fig. 6A, colored blue and red, respectively). The high
sequence diversity of LRRNT and LNNCT coupled with
their short lengths prevented detection in some LRR-
containing proteins at the default HMMER e-value or
HHsearch probability score cutoffs.

Class P XC beta-propeller domains. More than 50
genes encode proteins with XC beta-propeller do-
mains. Most of them (46) have the class P Beta_pro-
peller_XC(g) domain. Members of this XC domain have
been shown to engage in protein interactions, such as
the Ldl_recept_b domain in LDL receptors [156] and
the FG-GAP domain in the integrin a subunits [108]. A
few genes possess XC beta-propeller domains classi-

fied as enzyme homologs (class E) or enzyme
regulators (class R).

MRJP. The largest gene family containing an XC
beta-propeller domain is the yellow family [198] with 14
genes. All except one encode secreted proteins
(yellow-b encodes a predicted GPI-anchored protein).
They possess the Pfam MRJP domain (a six-bladed
beta-propeller) that has been found in a family of major
royal jelly proteins in honey bee [199]. The y (yellow)
gene is necessary for production of black melanin and
regulates cuticle pigmentation during development
[200]. This gene is also required in normal male
courtship behavior and mating success [201].

Ldl_recept_b. The Ldl_recept_b domain corre-
sponds to the YWTD repeats found in six-bladed
beta-propeller domains (Fig. 6b) in the LDL receptor
family proteins [66]. Nine Dmel genes encode Ldl_re-
cept_b-containing proteins with large modular extra-
cellular regions. Among them, Ndg (Nidogen) is a
secreted protein and a prominent component of the
BM [202]. The other eight genes encode type | TM
proteins that also include EGF(g) repeats and Ldl_re-
cept_a domains (except the gene cue). LpR1 and
LpR2 are lipophorin receptors involved in the uptake of
neutral lipids from circulating apolipoproteins [203].
The yl (yolkless) gene encodes a vitellogenin receptor
[204]. Arr (Arrow) is a type | TM protein that functions
as a co-receptor for Wingless in the canonical Wnt
signaling pathway [205]. Mgl (Megalin) regulates
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cuticle pigmentation by promoting endocytosis of the
Yellow protein [206].

FG-GAP/VCBS. The FG-GAP seven-bladed beta-
propeller domains [207] are present in the five integrin
a subunits of Dmel. The regions with Pfam hits to FG-
GAP domains often have significant HMMER scores to
VCBS, another Pfam beta-propeller domain that has
been found in bacteria Vibrio, Colwellia, Bradyrhizo-
bium, and Shewanella (hence the name). Three
additional FG-GAP/VCBS-containing genes (CG6184,
CG3618, and CG7739) without known function exist in
Dmel. They encode type | or type Il TM proteins.

Sema. The Sema domain with seven-bladed beta-
propeller fold is found in the semaphorin family proteins
consisting of several signaling molecules and their
receptors [208]. In Dmel, Sema2a and Sema2b are two
secreted signaling molecules, while Semala, Semaib,
Sema5bc, PlexA, and PlexB are type | TM proteins.
Semala, PlexA, and PlexB serve as receptors for
Sema2a and Sema2b [209,210]. Semala can also act
as a signaling molecule involved in juxtamembrane
signaling via the interaction with PlexA [211].

EPTP. Three genes, clos, fs(1)M3, and fs(1)N,
encode minor proteins important for maintaining the
integrity of Dmel eggshell vitelline membrane [212,
213]. Both Clos and Fs(1)M3 contain the EPTP domain
predicted to have the beta-propeller fold [214]. Fs(1)N
could be their remote homolog as weak HHsearch hits
to EPTP domains (probability score: 86.3) were
detected for it.

Kelch. The Kelch-type beta-propeller domains were
mostly discovered in intracellular proteins as protein—
protein interaction modules [215]. Dmel genes dsd and
CG@G7466 encode two extracellular proteins that contain
XC Kelch repeats together with CUB(g), EGF(g),
and PSI domains. The functions of these genes are
unknown.

OLF. OLF (Olfactomedin-like) domain has a beta-
propeller fold with six blades. In Dmel, it is found in a
single gene CG6867 with two Ig(g) domains and the
Collagen domain. It could be a component of ECM
[90, 91].

Other Dmel genes with extracellular beta-propeller
domains. Divergent beta-propeller domains were also
found by HHsearch (not by HMMER) in the receptor
Sevenless [66] and two teneurin proteins (Ten-m and
Ten-a). Teneurins are type Il TM proteins that function
as synaptic organization proteins [216]. Two beta-
propeller domains (SGL(g) and NHL) are classified
in the enzyme class (class E) (described below).
Another two beta-propeller domains (DPPIV_N and
Hemopexin) are classified in the class R as enzyme
regulatory and inhibitory domains.

Class P domain uPAR_Ly6_toxin(g). We identified 39
Dmel genes encoding proteins with the uPAR_Ly6
toxin(g) domain. This group of cysteine-rich domains
include Pfam families in the uPAR_Ly6_toxin clan

(Activin_recp, UPAR_LY6, UPAR_LY6_2, Toxin_TO-
LIP (Toxin_1), BAMBI, and PLA2_inh), as well as
several other remotely related Pfam domains (such as
QVR, DUF753, Ly-6_related, and DUF4723) that can
be found by HHsearch with similar cysteine patterns.
These domains are in various CSS proteins including
receptors and snake toxins. The prototype domain was
firstidentified in the receptor for mammalian urokinase-
type plasminogen activator (UPAR) and Ly-6 molecules
that are lymphocyte differentiation antigens [217]. The
Activin_recp domain (Fig. 6¢) in this group is in five
TGF-B receptor serine/threonine kinases (Put, Sax,
Tkv, Wit, and Babo) that are type | TM proteins that
interact with TGF-8 ligands. The other uPAR_Ly6_
toxin(g)-containing genes mostly encode proteins with
predicted GPI anchors. Boudin, crooked, coiled, and
crimpled are required for the assembly of septate
junction [218, 219]. The gene qvr (quiver, formerly
called sleepless) encodes a protein with the Pfam QVR
domain. Quvr promotes sleep by up-regulating the
activity of the Shaker potassium channels and antag-
onizing nicotinic acetylcholine receptors [220, 221].
Retroactive, another protein with the QVR domain, is
required for cuticle organization and epithelial tube
growth [222, 223].

Tetraspanin, ASC, and other class P XC domains in
multi-pass TM proteins. Quite a few class P XC
domains are present in multi-pass TM proteins.
Tetraspanin and ASC are the two most abundant
ones in terms of the number of genes containing them.
Tetraspanins are a large family of proteins character-
ized by four TM segments. They act as molecular
facilitators that associate with cell surface signaling
complexes [224, 225]. Tetraspanins have a small XC
domain between the third and fourth TM segments. It
has four conserved cysteines forming two disulfide
bonds [226] (Fig. 6d). Some tetraspanins have two
additional cysteines possibly forming a third disulfide
bond. Tetraspanin XC domain was proposed to be
involved in protein—protein interactions [227]. Dmelhas
38 genes encoding tetraspanin proteins. Most of them
are poorly studied. Lbm (Late bloomer) is the first
characterized Dmeltetraspanin that facilitates synapse
formation [228]. A later analysis of 35 Dmeltetraspanin
genes revealed that they mainly fall into three tissue
expression patterns: the nervous system, the gut, and
low or high overall expression [229]. Tsp2A is highly
expressed in midgut and hindgut and was shown to
regulate septate junction formation [230]. Tsp42Ej
primarily resides in the lysosome and has been shown
to promote rhodopsin degradation [231]. Tsp3A,
Tsp86D, and Tsp26D promote Notch signaling by
regulating the trafficking of the ADAM protease Kuz
[232].

ASC domain (Fig. 6f) is found in the degenerin
(DEG)/epithial Na+ channel (ENaC) gene family
products [233], also known as the pickpocket genes
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in Dmel [234]. A total of 31 such genes encode double-
TM proteins that form homotrimers or heterotrimers and
serve as acid-sensing sodium channels for mechanical
nociception. Besides Tetraspanin and ASC, class P XC
domains TipE_CaKB(g), Prominin, Myelin_PLP, Meck-
elin, and TM231 are also associated with multi-pass
TM proteins.

Several class P domains (Methuselah_N, Fz(g),
HRM, GAIN, and NCD3G) are associated with GPCRs.
The Methuselah_N domain is present in the N-terminal
extracellular region of Mth (Methuselah), a GPCR
involved in aging and stress response [235, 236]. Dmel
has 15 additional methuselah-like genes (mth/1—15)
with this domain. While this domain appears to be
arthropod-specific, the methuselah-type GPCRs have
a broader phylogenetic distribution including protoso-
tomes, invertebrate deuterostomes, and cnidarians
[237].

The Pfam Fz (Frizzled) domain is a cysteine-rich
domain often found in GPCRs and RTKs [238, 239]. In
Dmel, these proteins include four Frizzled receptors
(Fz1-4) in Wnt signaling, Smo (Smoothened) in
Hedgehog signaling, and two RTKs (Nrk and Ror). Fz
domain is also present in type Il TM protein Corin, a
trypsin-type protease with a modular extracellular
region that includes a SRCR(g) domain and a
Ldl_recept_a domain. CG1632 has a similar domain
structure as Corin, except that it has an additional
juxtamembrane SEA(g) domain. Another type Il TM
protein CG6739 has one Fz domain and several
Ldl_recept_a domains. The Drosophila XC domain
Fz(g) also include Pfam domains Glypican and Mid1.
Two glypicans, Dally and Dally-like, contain a cysteine-
rich domain (Pfam: Glypican) remotely related to Fz
domain [239]. Glypicans are GPl-anchored heparin
sulfate proteoglycans that serve as ECM receptors,
play critical roles in Wnt and Hedgehog signaling
pathways [240]. Another domain distantly related to
Pfam Fz domain is found in Mid1, a calcium channel
subunit [239, 241].

Class P domain CUB(g) and other jelly roll-fold XC
domains. CUB (Complement C1r/C1s, Uegf, Bmp1)
domain [242] is found in a functionally diverse set of
proteins and can associate with a variety of other XC
domains, such as Ldl_recept_a, EGF(g) and Trypsin
(9) (Fig. 3b). With a jelly roll fold (Fig. 6e), CUB(Q)
domain could be involved in protein—protein interac-
tions. For example, the CUB(g) domains in vertebrate
neuropilins are responsible for semaphorin binding
[243]. The Pfam family CRF-BP (corticotropin-releas-
ing factor binding protein) [244] is distantly related to
the Pfam CUB domain, and its region corresponds to
two tandem CUB domains as suggested by the
HHsearch results. Dmel has 32 genes encoding
proteins with CUB(g) (CUB or CRF-BP) domains.
Like the IG-fold, the jelly roll fold is a versatile (3-
sandwich fold identified in a number of other class P XC

domains (ASC, TGFb_propeptide, Laminin_N, MAM,
ADAM_Spacer1, Laminin_B, Calreticulin, TSP_C, and
Ephrin_lbd), in one class S domain (TNF), three class B
domains (Laminin_G(g), F5_F8_type_C, and PLAT),
two class E domains [Glyco_hydro_16 and Cu2_
monoox(g)], and one class R domain (P_proprotein)
[45].

Class P domain CAP. CAP [Cysteine-rich secretory
proteins (CRISPs), Antigen 5 (Ag5), and Pathogene-
sis-related 1 (Pr1) proteins] domain (Fig. 6g) is found
in a large family of mostly secreted proteins involved in
reproduction and immunity [245]. CAP domains are
functionally diverse, and they are involved in protein—
protein interactions [246] and protein-lipid interactions
[247]. Dmel has an expanded set of CAP-containing
genes (29 detected) that fall into two main groups
[248] with varying numbers of cysteines. They also
show various tissue expression patterns. A subset of
them, such as scpr-A, scpr-B, scpr-C, and antr, have
enriched expression levels in testis or male accessory
gland, indicating possible roles in male reproduction
[248]. Ag5rand Ag5r2 are preferentially expressed in
salivary gland and midgut, respectively.

Class P XC domains in ECM proteins. Dmel ECM
consists of the apical (external) part on the body
surface (exoskeleton of cuticle) and the basal (internal)
part inside the body [202]. Dmel cuticle is mainly made
up of chitin polysaccharide fibrils and a variety of
structural proteins such as chitin-binding proteins
(described below in class B domains). The internal
ECM is mainly the BM that separates cells of internal
organs and epidermis from hemolymph. Dmel BMs
have similar components to that of vertebrates,
including proteins such as laminins, collagen type 1V,
nidogen, and proteoglycans.

Class P XC domains in BM proteins. A laminin
complex is a heterotrimer consisting of three chains
(a, B, and y). Dmel has two laminin complexes that
differ in the a chain [LanA and Wb (Wing blister)] while
sharing the 3 chain (LanB1) and the y chain (LanB2).
All Dmel laminin chains contain Laminin_N domain at
the N-terminus, EGF repeats of the Laminin_EGF
type, and coiled coil domains (Laminin_| and Lamini-
n_Il in LanA and Wb) involved in heterotrimerization.
Laminin_B domain is detected in the two a chains and
the y chain. The two a chains additionally have several
Laminin_G(g) domains at their C-termini. Laminin_N,
Laminin_B, and Laminin_G(g) domains all adopt the
jelly roll fold [249-251]. Laminin_N domain is involved
in polymerization of laminins [250]. Laminin_N domain
is also detected in the two netrin proteins (NetA and
NetB), which are ECM proteins and signaling ligands
for the receptor Frazzled. Netrins are probably derived
from laminins as they also contain the Laminin_EGF
repeats.
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Another major component of BM is collagen type 1V,
which is an ancient type of collagen [252]. Dmelhas two
genes (Cg25C and vkg) encoding these collagens,
which are secreted proteins with collagen repeats
(Pfam: Collagen) and two C4 domains at their C-
termini. The Collagen domain is also present in several
other secreted or membrane-anchored proteins in
Dmel. Six of them (CG14089, CG31268, CG31437,
CG42342, CG5225, and Elal) do not have other
detectable Pfam domains. Among them, CG42342 is
atype Il TM protein, while others are secreted. Collagen
domain co-occurs with Ig(g) domain and a beta-
propeller domain (OLF) in the type Il TM protein
CG6867. It also co-occurs with Endostatin and
Laminin_G(g) domains in the secreted protein Mp
(Multiplexin). Mp is the ortholog of vertebrate collagen
types XV and XVIII. It plays a role in motor axon
pathfinding [253] and normal muscle function [254].

Perlecan is an HSPG conserved in bilaterians as well
as some basal metazoan lineages such as Cnidarians
and Placozoa [255]. Dmelperlecan, encoded by the trol
gene, is a secreted protein with various XC domains
such as EGF(qg), lg(g), SEA(g), Laminin_G(g), Lami-
nin_B, and LdI_recept_a. Three other HSPGs in Dmel
are membrane anchored by GPI (Dally and Dally-like)
or by a TM segment (Syndecan) [256]. They serve as
ECM receptors. Another core BM component is
Nidogen, which also contains several XC domains
such as EGF(g), Beta_propeller_XC(g) (Ldl_recept_b
type), NIDO, and G2F.

Class P XC domains in Dmel eggshell proteins.
The multi-layered Dmel eggshell is a specialized ECM
architecture [257]. Three layers of the eggshell mainly
contain proteins—the oocyte proximal vitelline mem-
brane (VM), the inner chorionic layer, and the outer
endochorion [258]. The VM layer has four major
structural proteins (encoded by Vm26Aa, Vm26Ab,
Vm32E, and Vm34Ca) [259, 260] with the Pfam
Vitelline_membr domain that has three conserved
cysteines. Two other genes (Vm26Ac and Vml) also
encode proteins with this domain and are mainly
expressed in the ovary. A minor protein encoded by psd
(palisade) is essential for vitelline membrane assembly
[261]. It is predicted to be largely disordered and does
not have known Pfam domains. Three genes, clos, fs
(1)M3, and fs(1)N, are also minor proteins maintaining
the integrity of viteline membrane [212, 213]. As
described above, they are predicted to contain the
EPTP domain of the beta-propeller fold.

Several genes have restricted expression in the
ovary and encode chorion-specific proteins with known
Pfam domains. Two proteins Cp36 and Cp38 (previ-
ously named s36 and s38), encoded by two neighbor-
ing X chromosome genes, are abundant structural
components of chorion [262]. They are homologs with
the Pfam Chorion_3 domain. Three chorion proteins
(Cp15, Cp18, and Cp19) [263] possess the low
complexity Pfam domain Chorion_2. One of them
(Cp19) also has a C-terminal low complexity Pfam

domain S19. Another chorion protein Cp16 (previously
named s16) [264] contains the Pfam domain Chorion_
S16. Cp15, Cp16, Cp18, and Cp19 are neighboring
genes on chromosome 3. The dec-1 (defective chorion
1) gene [265] encodes several isoforms of chorion-
specific proteins with an N-terminal DEC-1_N domain,
several Dec-1 repeats in the middle region, and the
C-terminal DEC-1_C domain. These domains all
contain low complexity regions. Several minor proteins
were identified in a study of fractionated eggshell
matrices using mass spectrometry [266]. Some of them
contain known Pfam domains, such as Muc2B with
the CBM_14 domain. Three genes (Cp7Fa, Cp7Fb,
and Cp7Fc) without known Pfam domains reside in
a chorion gene cluster that also includes Cp36 and
Cp38 [267]. In another large-scale study of genes
expressed in eggshell [268], several predicted secret-
ed proteins (e.g., CG13113, CG13299, CG14187,
and CG13998 without known Pfam domains) could be
chorion proteins.

Class P XC domains that serve as antagonists of
signaling molecules. Several class P domains are
found in extracellular signaling molecule antagonists.
The gene aos (argos) encodes an antagonist of EGF
signaling [43]. Argos (with the Pfam domain Argos)
functions through direct binding of EGF ligands [269].
The Argos domain adopts an EGF-like fold (Fig. 5).
Tsg and CHRD are two domains in proteins that act
as TGF-B binding proteins and antagonists. Tsg, a
cysteine-rich domain, is found in the products of three
Dmel genes (tsg, srw, and cv). Four CHRD domains
and four VWC domains are present in the product of
sog (short gastrulation). Dmel Tsg and Sog form a
complex with the TGF-§ signaling heterodimer made
up of Dpp and Scw. They facilitate the transport of
Dpp/Scw in the ECM and play crucial roles in dorsal
ventral patterning in Dmel[270]. The WIF domain with
the 1G-fold [271] is found in antagonists of the Wnt
signaling. Dmel shf (shifted) encodes a secreted
protein with a WIF domain and multiple EGF(g)
domains. This gene is a positive regulator of Hedgehog
signaling [272]. The WIF domain is also identified in
three Dmel RTKs (Drl, Drl-2, and Dnt).

Class S XC domains mainly found in extracellular
signaling molecules

Class S domains, mainly found in XC signaling
molecules, are involved in interactions with cell surface
receptors to transduce signals across the cell mem-
brane. Dmel possesses genes that encode a variety of
secreted and membrane-bound signaling molecules,
including peptide hormones, neuropeptides, cytokines,
and growth factors. They are involved in endocrine,
paracrine, autocrine, and juxtacrine signaling events.
Peptide hormones are synthesized in glands, secreted
into the circulatory system, and are mainly involved
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in long-range actions in the endocrine system. Dmel
neuropeptides [273] act as neuromodulators in the
central and peripheral nervous system. Some signaling
peptides can function as both neuropeptides and
peptide hormones released into circulation. Dmel
cytokines mediate local and systemic immune re-
sponses. Signaling growth factors belong to a broad
category of protein ligands that mostly have short range
growth effects on the cells that produce them (autocrine
system) or on nearby cells (juxtacrine and paracrine
systems). They include morphogens such as Wingless
and Hedgehog that form a spatial gradient to help
determine cell fates during developmental processes.
Membrane-anchored signaling molecules, such as
Delta, Serrate, Ephrin, and Boss, are involved in
juxtacrine signaling. Some signaling molecules contain
domains with versatile functions, such as EGF(g),
Ldl_recept_a, and Cadherin(g) described above as
class P domains, while most of the proteins with these
domains do not serve as signaling molecules. On the
other hand, a set of XC domains classified in class S
are exclusively or mostly found in extracellular signaling
molecules (bold domains in Table 2).

Seven Pfam domains, namely, TGF_beta, Spaetzle,
Cys_knot, DAN, PDGF, Noggin, and IL17, possess the
Cystine-knot fold and are grouped in the XC domain
Cystine-knot(g) [274]. Most of these domains share six
conserved cysteines forming three disulfide bonds, one
of which crosses an intramolecular loop formed by the
other two [275]. They exhibit great variation in terms of
sequence diversity, the number and location of
additional intramolecular disulfide bonds, and the ability
to form intermolecular disulfide bonds. Dmel Cystine-
knot(g)-containing proteins play diverse roles as growth
factors (with TGF_beta, PDGF, and Noggin domains),
cytokines (with the Spaetzle domain), and peptide
hormones (with the Cys_knot, DAN, and IL17
domains). They act on various types of cell surface
receptors such as receptor kinases and GPCRs
(Table 2). Besides Cystine-knot(g), eight class S
domains are present in multiple Dmel genes, such as
Insulin, SVWC, and wnt. On the other hand, 18 class S
domains are present in only one gene. Dmel also
possesses a variety of neuropeptides and peptide
hormones not included in the Pfam database.

Class S domains in signaling molecules that are growth
factors and mainly function in paracrine systems.
Signaling molecules that are growth factors in para-
crine systems include proteins with these class S
domains—Cystine-knot(g) (TGF_beta, PDGF, and
Noggin), FGF, wnt, HH_signal, and FOG_N. They
also include proteins with class P domains such as
EGF(g) (in Grk, Spi, Vn, and Km), Sema (in Sema2a
and Sema2b), LRR(g) (in Sli) and Ldl_recept_a (in
Jeb) (Table 2).

Cystine-knot(g) growth factor domains—TGF_beta,
PDGF, and Noggin. Among the seven Cystine-knot

Pfam families found in Dmelproteins, three (TGF_beta,
PDGF, and Noggin) are in growth factors mainly
involved in paracrine signaling.

Seven genes (dpp, scw, gbb, mav, Actbeta, daw, and
myo) encoding TGF- signaling ligands are found in the
Dmelgenome [276, 277]. They share the same domain
architecture with an N-terminal propeptide domain
(Pfam: TGFb_propeptide) and the C-terminal signaling
domain (Pfam: TGF_beta). The propeptide domain is
cleaved intracellularly, but remains bound to the
signaling domain after secretion to the extracellular
space. Removal of the propeptide domain activates the
TGF-B signaling ligands, which can exist as homo-
dimers or heterodimers such as Dpp/Scw. The TGF-8
receptor is a ligand-induced transient heteromeric
complex of two receptor serine/threonine kinases
called a type | receptor and a type Il receptor (both
are type | TM proteins). Ligand binding activates the
receptor kinase and leads to phosphorylation of
intracellular Smad proteins, which translocate to
nucleus and regulate transcriptional responses of a
variety of target genes. Two branches of TGF-
signaling exist in Dmel. The BMP branch includes
signaling ligands Dpp, Scw, Gbb, and Mav, type |
receptors Sax and Tkv, type Il receptors Wit and Punt,
and the phosphorylation target Mad. The activin branch
includes signaling ligands Actbeta, Daw, and Myo, type
| receptor Babo, either Wit or Punt as type Il receptor,
and the phosphorylation target Smox [276]. The five
receptor proteins (Sax, Tkv, Wit, Punt, and Babo) all
possess the Activin_recp domain in the extracellular
space responsible for binding TGF-( ligands.

Three PDGF domain-containing genes (Pvf1-3) are
found in the Dmel genome. They share the same
domain architecture: N-terminal PDGF domain and
C-terminal cysteine-rich domain with CxCxC motif
that can bind heparin. The PDGF/VEGF receptor is
Pvr, an RTK with extracellular Ig(g) domains. The
PDGFs and their receptor play essential roles in
oogenesis, salivary gland guidance and migration as
well as hemocyte migration during embryonic devel-
opment [278-280].

The Cystine-knot domain Noggin is found in the
product of trk (frunk). It signals through the receptor
Torso (encoded by tor), which is responsible for gene
activation in the anterior and posterior ends of the
embryo through the Ras pathway. Torso is an RTK with
three XC fn3(g) domains. It is also the receptor for
another Cystine-knot ligand, the peptide hormone Ptth
(prothoracicotropic hormone) [281]. Pith possesses
the IL17 domain of the Cystine-knot fold and plays
regulatory roles in developmental timing and body size
[282].

FGF. Three genes bnl, pyr, and ths encode proteins
with the FGF (fibroblast growth factor) domain [283].
These genes are involved in developmental processes
such as branching morphogenesis of organs and
mesodermal migration. Two FGF receptors (encoded
by htl and bt) are RTKs with extracellular 1g(g)
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domains. The FGF domain adopts the B-Trefoil fold
and binds FGF receptors and HSPGs [284].

wnt. Seven Dmel proteins possess the wnt domain:
Wg (Wingless), Wnt2, Wnt4, Wnt5, Wnt6, Wnt10, and
WhntD. The most studied member, Wg, is a morphogen
involved in short-range and long-range paracrine
signaling in embryonic segment polarity and tissue
patterning of wings and other body structures [285].
The Wg ligand binds the Frizzled receptors such as Fz2
and the co-receptor Arr (Arrow) and signals through the
classical Wnt pathway [285]. The movement of Wg and
its graded distribution is regulated by its interactions
with the ECM and endocytosis [285]. Other wnt
domain-containing proteins also play key roles in tissue
development. Wnt2 is involved in muscle cell develop-
ment and pigment cell origin [286, 287]. Wnt4 regulates
cell motility in ovary [288], dorsoventral specificity of
retinal projections [289], and synaptic target specificity
[290]. Wnt5 signals through atypical RTK Drl (Derailed)
in axon guidance during central nervous system
development [291]. Wnt6 likely plays a role in maxillary
palp formation [292]. Wnt10 is expressed in the
embryonic mesoderm, central nervous system, and
gut, but the details of its function remain to be elucidated
[293]. WntD (Wnt inhibitor of Dorsal) acts as a feedback
inhibitor of Dorsal (a nuclear factor-kB homolog) and
plays crucial roles in both embryonic development and
host defense [294, 295]. WntD binds the Frizzled
receptor Fz4 and is also considered an immunosup-
pressor cytokine based on its role in immunity [296].

HH_signal. Hedgehog (encoded by hh) is a mor-
phogen contributing to segment polarity determination
during embryonic development [297]. Hedgehog sig-
naling is also crucial for stem cell maintenance and
neuronal cell migration [298]. The secreted Hedgehog
ligand binds its membrane receptor Patched (encoded
by pfc) to release the inhibition of the GPCR family
protein Smoothened and activate downstream signal
transduction events. The Hedgehog ligand is generat-
ed from its precursor protein after translocation to ER
and signal peptide removal. Hedgehog is further
modified N-terminally with palmitoylation and autopro-
cessed to remove the C-terminal Hint domain and
covalently attach a cholesterol group. The C-terminal
Hint domain is then degraded via the ER-associated
degradation (ERAD) pathway [299]. The Hint domain is
thus not secreted to the extracellular space and not
classified as an XC domain despite its co-occurrence
with the N-terminal HH_signal domain. HH_signal
domain binds zinc and is remotely related to metallo-
proteases in the Pfam Peptidase_MD clan [300].

FOG_N. Dmel fog (folded gastrulation) encodes
a secreted signaling molecule that binds the
methuselah-like GPCR Mthl1 and plays an important
role in epithelial morphogenetic shape changes during
gastrulation [301, 302]. It also regulates motor axon
guidance and glial organization in the nervous system
[303]. FOG_N domain corresponds to the N-terminal
region of Fog (730aa) with two conserved cysteines. It

exhibits weak similarity to an EGF subdomain and the
cytokine Gbp1, which binds another methuselah-like
GPCR Mthl10 (described below). The C-terminal
region of Fog is predicted to be largely disordered.

Class S domains in membrane-anchored signaling
molecules in juxtacrine systems. Several juxtamem-
brane signaling systems between membrane-bound
ligands and their cell surface receptors exist in Dmel
(Table 2). Examples of juxtamembrane signaling
ligands include Delta and Serrate (with EGF and
MNNL domains) that bind the receptor Notch [304] as
well as the GPCR-linked signaling ligand Boss that
binds the receptor Sevenless [305]. Two membrane-
bound cadherins (Ds and Fat) are involved in
juxtamembrane signaling in the hippo signaling path-
way [306]. The Pfam Ephrin domain is found in the TM
protein Ephrin in Dmel [307], which signals through the
RTK Eph and plays crucial roles in axonal path finding
during embryonic central nervous system development.

Class S domains in signaling molecules functioning as
cytokines. Five class S domains (Unpaired, TNF,
Diedel, SVWC, and Spaetzle from the Cystine-knot(g)
XC domain group) are mainly found in cytokines
functioning in Dmel immunity (Table 2).

Unpaired. Three unpaired genes (upd1-3) encode
cytokines that activate the JAK/STAT signaling path-
way in Dmel development and immune response
[308, 309]. These signaling ligands bind the cell surface
receptor Dome with Ig(g) and fn3(g) domains [310].

TNF. The gene egr encodes the only TNF-domain
containing protein (Eiger) in Dmel [311]. Eiger precur-
sor, a type Il TM protein, is processed to release the
XC domainsas a soluble factor. Eiger binds two TNF
receptors Wengen (encoded by wgn) [312] and
Grindelwald (encoded by gmd) [313]. Wengen has a
typical XC TNF receptor domain (Pfam: TNFR_c6) (an
EGF-like domain shown in Fig. 5), while Grindelwald
has a divergent copy of this domain (not detected by
HMMER or HHsearch with significant scores). Like the
mammalian TNF family proteins, Eiger is capable of
inducing cell death via the JNK pathway [311].
Secreted by the fat body cells as an adipokine and
metabolic hormone, Eiger also plays a critical role in
mediating nutrient response by acting upon insulin-
producing cells [314].

Diedel. The Pfam Diedel domain (formerly DUF4002)
is found in proteins encoded by three genes (Diedel,
Diedel1, and Diedel2). Diedel is a small protein
adopting a ferredoxin-like fold with 10 conserved
cysteines [315]. Diedel is upregulated after septic injury
and may act as a negative regulator of the JAK/STAT
signaling pathway [316]. Diedel and its viral homolog
also suppress the IMD (immune deficiency) pathway of
Dmel [317]. As an immune response protein, Diedel
could function as a cytokine. However, the receptor of
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Table 2. Drosophila signaling molecules (Sig.Mol.), their

XC domains, and their receptors

Sig.Mol. XC domains?® Receptors®

Paracrine signaling

Grk,Spi,Vn,Krn EGF Egfr

NetA,NetB EGF,NTR Fra,Unc5

Sli EGF,LRR Robo1-3

Jeb Ldl_recept_a Alk

Dpp,Gbb,Scw,Mav  [TGF_beta] Tkv,Sax,Punt,Wit

Actbeta,Daw,Myo [TGF_beta] Babo,Punt,Wit

Pvf1-3 [PDGF] Pvr

Trk [Noggin] Tor

Ths,Pyr,Bnl FGF Htl,Btl

Wg,Wnt2,4,5,6,10,D wnt Fz,Fz2-4,Arr,Drl

Hh HH_signal Ptc

Fog FOG_N Mthi1

Sema2a,Sema2b Sema,PSI Semata,PlexA,PlexB

Juxtacrine signaling

DI,Ser EGF,MNNL N

Boss - Sev

Ephrin Ephrin Eph

Ds Cadherin Ft

Semala,Semailb Sema,PSI PlexA

Sas VWC, fn3 Ptp10D

Cytokine signaling

Upd1-3 Unpaired Dome

Spz,Spz3— [Spaetzle] TI
6,NT1,CG17672

Egr TNF Wgn,Grnd

Vago SvwcC -

Diedel,Diedel1-2 Diedel -

WntD wnt Fz4

Gbp1 - Egfr,MthI10

Male-to-female signaling

SP,Dup99B Sex_peptide SPR

Sfp93F five others®  Omega_toxin -

Acp26aa MAGSP -

Acp26ab Acp26ab -

Peptide hormones and neuropeptides

llp1-7 Insulin InR

llp8 - Lor3

Burs,Pburs [DAN] Rk

Gpa2,Gpb5 [Cys_knot] Lgri

Ptth [IL17] Tor

Akh Adipokin_hormo  AkhR

Mip - SPR

Crz - CrzR

Amn - -

AstA Allostatin AstA-R1,AstA-R2

AstC,AstCC - AstC-R1,AstC-R2

Capa Periviscerokin CapaR

Hug - PK2-R1,PK2-R2

ETH - ETHR

CCAP CCAP CCAP-R

CCHat - CCHa1-R

CCHa2 - CCHa2-R

CNMa - CNMaR

Dh31 - Dh31-R

Dh44 CRF Dh44-R1,Dh44-R2

Eh Eclosion CG10738

FMRFa FARP FMRFaR

Dsk Sulfakinin CCKLR-17D1

Ms - MsR1,MsR2

ITP Crust_neurohorm —

Lk - Lkr

NPF Hormone_3 NPFR

SNPF - SNPF-R

Table 2 (continued)

Sig.Mol. XC domains® Receptors®
Rya - Rya-R
Nplp1 - Gyc76C
Nplp2 - =

Nplp3 Retinin_C -

Nplp4 - -
Orkokinin - -

Pdf Pigment_DH Pdfr
Proc - Proc-R
SIFa - SIFaR
Tk Lem_TRP TkR99D
Natalisin - TkR86C
Trissin - TrissinR

@ Domain types—bold: class S; in brackets: Cystine-knot(g).

P Receptor types—bold: GPCR; underlined: receptor kinase;
double underlined: receptor guanylyl cyclase.

¢ CG43061,CG42870,CG34034,CG42869,CG43618.

Diedel proteins remains to be identified. WntD is
proposed to be another cytokine that negatively
regulates IMD and TOLL pathways [296].

Spaetzle. The Pfam Spaetzle domain adopts the
Cystine-knot fold and is included in the Drosophila
XC domain Cystine-knot(g). Extracellular Spaetzle
domain-containing proteins act as cytokines or neuro-
trophins. We identified seven such proteins in Dmel,
including six previously described members—Spz,
Spz3, Spz4, Spz5, Spz6, and NT1 (Neurotrophin 1,
previously named Spz2) [318], as well as a new and
divergent member CG17672. These proteins likely bind
Toll-like receptors and play critical roles in embryonic
development, neuronal survival, and immune re-
sponse. Activation of Spz requires proteolytic process-
ing by the trypsin protease Easter, which is part of a
cascade of trypsin cleavage events.

SVWC. The SVWC (single-domain von Willebrand
factor type C) domain is remotely related to the VWC
domain. SVWC is exclusively found in single-domain
extracellular proteins in contrast to VWC that is often
found in multi-domain proteins. SVWC has two fewer
conserved cysteines than VWC and appears to be
invertebrate-specific [319]. SVWC-containing genes
are expanded in the Dmel genome with 14 copies.
Some of these genes have more restricted tissue
expression patterns than others. For example, Vago
and CG2444 are mainly expressed in fat body, and
CG34460 is mainly expressed in testis. Most of
SVWC-containing genes have not been experimen-
tally studied. The Vago protein contributes to innate
immune response by controlling viral load in the fat
body after infection with Drosophila C virus [320]. The
Vago ortholog in the mosquito Culex also stimulates
antiviral response to West Nile virus infection through
the activation of the JAK/STAT pathway [321]. Vago
could thus be a cytokine functionally similar to vertebrate
interferons [321]. Whether the SVWC domain of Vago
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acts through direct binding of immune receptors remains
to be studied.

Gbp1. Gbp1 (Growth-blocking peptide 1) was iden-
tified as a potent cytokine involved in immune response
induced in infectious and noninfectious conditions [322)].
Gbp1 has been found in a number of insect orders and is
characterized by a sequence segment (C-x(2)-G-x(4,6)-
G-x(1,2)-C-[KR]) with two conserved cysteines [323].
The sequence signature is also present in several other
secreted proteins, such as Gbp2 (gene neighbor of
Gbp1) and Gbp3 [322,324]. The segment exhibits weak
sequence similarity to the C-terminal subdomain of the
EGF module [323], and Gbp1 has been shown to
interact with and signal through Egfr [325]. A recent
study also identified the GPCR MthI10 as another
receptor for Gbp1 [326]. While Dmel Gbp proteins have
not been incorporated in the Pfam database, HHsearch
results (using Dmel Gbp1 as query) suggest weak
similarity to the Pfam domain Secapin (HHsearch
probability score: 95.7) found in honey bee secreted
peptides, the Pfam domain FOG_N (HHsearch proba-
bility score: 92.6) in the signaling molecule Fog, and the
Pfam domain GBP_PSP (HHsearch probability score:
50.3) [constructed from GBP peptides from Pseudaletia
separata, paralytic peptides from Manduca sexta,
Heliothis virescens, and Spodoptera exigua and
plasmatocyte-spreading peptide (PSP1)]. Several EGF
domains such as Tme5_EGF_like and EB were also
among the weak hits.

Dmel peptide hormones and neuropeptides. A number
of genes in Dmel encode neuropeptides and peptide
hormones [327]. Known Pfam domains in them are
classified as class S XC domains. However, not all of
these peptide products have been included in the
Pfam database. Some of them bear similar sequence
motifs and could be evolutionarily related (Fig. 7).
These Dmel peptide hormones and neuropeptides,
with or without class S XC domains (Table 2), are
described below.

Insulin-like peptides. Eightinsulin-like peptide genes
(llp1-8) are presentin the Dmelgenome. ljp1-7encode
typical insulin-like precursor proteins [328] with the
Pfam Insulin domain detectable by HMMER. IIp8
maintains the cysteine patterns of insulin proteins
[329]. However, the diversity of its sequence prevents
its Insulin domain from being detected by HMMER or
HHsearch. Typical insulin-like peptides signal through
the insulin-like receptor (InR, an RTK) and play crucial
roles in metabolism, growth, development, reproduc-
tion, aging, and stress response [328]. The divergent
lIp8 signals through Lgr3 (a GPCR with LRR(g) and
Ldl_recept_a domains) in coordination of growth and
developmental timing [330].

Cystine-knot hormones—Burs/Pburs, Gpa2/
Gpbb5, and Ptth. Burs (Bursicon) and Pburs (Partner
of Bursicon) are two evolutionarily related hormones
with the Pfam DAN domain in the Cystine-knot clan.
They form a complex that functions in wing tanning

by binding the GPCR Rk (Rickets) with extracellular
LRR repeats [331].

The Pfam Cys_knot domain in the Cystine-knot clan
are found in Gpa2 (glycoprotein hormone alpha 2)
and Gpb5 (glycoprotein hormone beta 5). They form a
hormone complex that activates the GPCR Lgr1
[832, 333]. Divergent copies of Cys_knot domains
were also identified in three multi-domain proteins
Hml, Ccn, and Sli, where they might not function as
hormones.

Ptth regulates the production of ecdysone, a steroid
hormone that stimulates molting and metamorphosis
[282]. Ptth possesses the Pfam IL17 domain, which
also belongs to the Cystine-knot clan of signaling
domains.

Akh, Mip, and Crz. Akh (Adiptokinetic hormone) is
secreted by the corpora cardiaca and regulates
carbohydrate and lipid homeostasis [334]. Five
myoinhibitory peptides (Mip-1-5) [335] are derived
from the protein precursor encoded by the Mip gene
(also called AstB) and are characterized by two
conserved tryptophans (Fig. 7). Although Mip pep-
tides are not currently in the Pfam database, weak
HHsearch hits to Akh (Pfam: Adipokin_hormo) and
mammalian thyrotropin-releasing hormone (Pfam:
TRH) [336] suggest possible homology. Mip and
the Akh peptides share the pxxxWalKR motif in the
precursor sequence (Fig. 7), where “@” denotes the
amide converted from a glycine after the two C-
terminal positively charged residues are removed by a
carboxypeptidase. Crz (Corazonin) encodes a cardi-
oactive peptide hormone that is not included in the
Pfam database. As previously noticed [337], it also
bears weak sequence similarity to Akh (HHsearch
probability score 78.8). Crz and Akh peptides share
the [YF]SxxW motif (Fig. 7), and both start with a
glutamine residue right after the signal peptide cleave
site. Similar conservation is also observed in the
mammalian GnRH (Gonadotropin-releasing hor-
mone). These hormones as well as their receptors
could have predated the bilaterian common ancestors
[337].

Amnesiac. The amn (amnesiac) gene encodes
predicted neuropeptides that regulate behaviors
such as olfactory memory and sleep [338, 339]. The
predicted Amn peptide sequences exhibit weak
similarity to vertebrate PACAP (pituitary adenylate
cyclase-activating peptide) and GHRH (growth
hormone-releasing hormone) [340].

AstA. The Dmel AstA (Allostatin A) gene encodes
a protein precursor that is processed to generate
four neuropeptides, all with the C-terminal [YF]
xFGLa motif (Fig. 7). This motif corresponds to the
Pfam domain of Allatostatin. AstA modulates me-
tabolism and feeding of Dmel by regulating the
signaling of adipokinetic hormone and insulin-like
peptides [341].

AstC and AstCC. Dmel AstC (Allostatin C) and its
homolog AstCC [342] do not have detectable Pfam
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domains. The AstC and AstCC peptides have a
conserved disulfide bond (Fig. 7).

Capa, Hugin, and ETH. The Capa (Capability)
gene encodes three neuropeptides of two distinct
types [343]. The N-terminal two peptides are PVK-like
peptides with the AFPRVa motif (Pfam: Periviscer-
okin) showing the most similarity to periviscerokinin
(PVK) peptides [344]. The C-terminal peptide is a
pyrokinin-like peptide with the FxPRLa motif, which
has been found in a number of insect hormones such
as myostimulatory pyrokinin, pheromone biosynthesis
activating neuropeptide (PBAN), diapause-inducing
hormone (DH), and melanization and reddish colora-
tion hormone (MRCH) [343]. Another gene Hugin also
encodes two peptides [345]. One of them (Hug-PK)
matches the pyrokinin-like peptide consensus, while
the other peptide (Hug-y) found Pfam PBAN domain
with a weak HHsearch probability score (78.6). Dmel
ecdysis-triggering hormone is encoded by the ETH
gene. Two peptides ETH-1 and ETH-2 are derived
from the gene product, and both can induce premature
eclosion. Like Hugin, ETH does not contain detectable
Pfam domains by HMMER search. The HHsearch
result of ETH showed a weak hit to the Pfam PBAN
domain (probability score: 46.8) with the pyrokinin-like
peptide motif (FxPRLa). All peptides derived from
Capa, Hugin, and ETH share the conserved PRJLI]a

motif at the C-terminal ends (Fig. 7), suggesting a
common evolutionary origin.

CCAP. CCAP (Crustacean cardioactive peptide) is
conserved across the arthropod lineage. CCAP is
involved in control of ecdysis behavior and regulation
of molting. In addition, it has a variety of functions
in different arthropod organisms [343]. CCAP precursor
is included in the Pfam database as the CCAP
domain. ltis processed to a short peptide (PFCNAFTGCa)
with two conserved cysteines forming a disulfide bond
[346].

CCHamide. CCHamide (named after two conserved
cysteines and a conserved histidine) peptides also
possess a disulfide bond. Two Dmel genes (CCHa1
and CCHa2) encode CCHamide peptides with two
conserved cysteines and two conserved histidines
(Fig. 7). CCHa2 peptide was recently shown to be an
orexigenic brain-gut peptide in Dmel affecting feeding
and development [347].

CNMa. A novel neuropeptide gene, CNMa, was
recently discovered [348]. Its two isoforms encode two
slightly different peptides (the PD isoform has two
additional N-terminal residues compared to the PB
isoform; see Fig. 7). Two conserved cysteines are
present in these peptides and other insect homologs
[348].

Dh31 and Dh44. Two diuretic peptide hormones
Dh31 and Dh44 stimulate fluid secretion in Malpighian

AstA-1 VERYAFGLaRR Capa-PVK-1 GANMGLYAFPRVaRS AstC POVRYROEYFNPISEFRK
AstA-2 LPVYNFGLaKR Capa-PVK-2 ASGLVAFPRVaRG AstCC AYWREYFNAVSEF
AstA-3 SRPYSFGLaKR Capa-PK TGPSASSGLWEGPRLaKR
e S e ccap PEGNAFTGBaRK
AstA-4 TTRPQPENFGLaRR Hug-PK SVPFKPRLaKR
Hug-y LRQLQSNGEPAYRVRTPRLaRS CCHal SRLEYGHSEWGAHaKR
ARH POLTFSPDW--aKR ETH-1 DDSSPGFFLKITKNVPRLaKR  CCHaZ g GGHaKR
Mip-1 AWQSLOSSW--aKR ETH-2 GENFATKNLKTIPRIARS CNMa-PB  QYMSPBHFKIBNMaRK
Mip-2 AWKSMNVAW--aKR CNMa-PD NVQYMSEP) NMaRK
Mip-3  pEAQGHWNKERGAW--aKR gﬁigaié % Hmiag SP WEWPWNRKPTKFPIPSPNPRDKWERLNLGPAWGG
Mip-4 EPTWNNLKGMW--2aKR a DPKQDEMRE S Dup99B QDRNDTEWIQSQKDREKW@RLNLGPYLGG
Mip-5 DOWOKLHGGW--aKR FMRFa-3 TPAEDFMREaRT
Crz POTFQYSRGWTNaKR gﬁiga“; sp%ii Trissin IKEDTEGKEEASABGTKHFRTEEEFNYLRK
AR elCT RBC — a- FMRFa
GnRE-human pOHWSYGLRPG-aKR FMRFa-6 PDNEMRFaRS Omega_toxin(g) domains:
TRH-human PEWLSKRQHP--aKR FMRFa-7 SAPODFVRSaKM  SEp93F 1B0PNGOSBKSHADEES TMBLTOLGOBS
FMRFa-8 TMDSNFIRFGKS CG43061  I@OTNGESEKSHADEESTMELTOLGOES
Lk NSVVLGKKQRFHSWGaRR Dsk-0 “NOKTMSFaRR  CG42870  KEVOFRNKETLAEHEESLRELKRIYREI
Dsk—1 FDDYGHMRFaKR  CG34034 1 KE@SPVFGNENMHTDEESGKELTYGSREG
Nplpl-IPNa NVGTLARDFQLPIPNaKR Dsk-2 GGDDQFDDYGHMRFAR CG34034_2 KEHNVGEPE@SRGEECENLREHSYMHREV
Nplpl-MTYa YIGSLARAGGLMTY-aKR Ms TDVDHVFLRFaKR CG42869 YEOPSGGY@RMHMDEESRMEBIQVSAERGR
Nplpl-NAP SVAALAAQGLLNAP--KR - CG43618  YGOPSGGY@RMHVDEESRMEIOVSAEGR
Nplpl-V NLGALKSSPVHGVQQ-KR
plpl-vo0 NOGAEKSSPVHGHOO NPF (21) ODLDTYYGDRARVRFaKR Tk-1 APTSSFIGMRaKK
Nplp2 TKAQGDENEF sNPF-1 AQRSPSLRLRFaRS Tk-2 APLAFVGLRaKK
—_— SNPF-2 WFGDVNQKPIRSPSLRLREaRR Tk-3 APTGEFTGMRaKR
Nplp3-SHA VVSVVPGAISHA SNPF-3 KPORLRWaRS Tk-4 APVNSEVGMRaKK
_ SNPF-4 KPMRLRWaRS Tk-5 APNGFLGMRaKR
PElpim e SYROLORA Rya-1 PVEEVASRYGRS Tk-6 PORFADENSKEVAVRAKK
Nplp4 PQYYYGASPYAYSGGYYDSPYSY Rya-2 NEHFFLGSRYaKR Natalisin-1 EKLFDGYQFGEDMSKENDPFIPPRaRK
— Natalisin-2 HSGSLDLDALMNRYEPEVPNRaKR
Orcokinin-A NFDEIDKASASFSILNQLV ) Natalisin-3 HSGSLDLDALMNRYEPFVPNRaKR
Oorcokinin-B GLDSIGGG-HLIKR SIFamide AYRKPPENGSIFaKR Natalisin-4 DKVKDLFKYDDLFYPHRaKK
Natalisin-5 HRNLFQVDDPFFATRaKK
Proctolin RYLPTRS pdf NSELINSLLSLPKNMNDAaK Natalisin-6 LQLRDLYNADDPFVPNRaKR

Fig. 7. Sequence patterns in select Dmel peptide hormones and neuropeptides. The mature peptides are shown as
underlined sequence regions. N-terminal glutamine or glutamate cyclization and C-terminal glycine amidation are shown as small
letters “p” and “a”, respectively. Positive charged residues in peptides or after the cleavage sites are shown in blue and bold
letters. Conserved hydrophobic positions are in yellow background. Peptides with cysteines are in the upper right region, with
cysteines shown in cyan background. The alignment of Omega_toxin(g) domains are also shown.
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tubules of Dmel. Dh44 is homologous to vertebrate
corticotropin-releasing factor (CRF) and contains
the Pfam CRF domain. While Dh31 has no detectable
Pfam domains, it exhibits some similarity to vertebrate
calcitonin [349]. A C-terminal GRRRR motif of Pfam
Calcitonin domain (Calc_CGRP_IAPP) is indeed
found with a weak probability score (49.7) by
HHsearch.

Eclosion. The Eclosion hormone (Pfam domain:
Eclosion) functioning in the ecdysis cascade is
encoded by the Eh gene [350]. It is a small secreted
protein (53 aa) with six conserved cysteines. The
receptor for Eclosion is a membrane-bound guanylyl
cyclase (CG10738) [351], unlike GPCRs for most other
peptide hormones and neuropeptides (Table 2).

FMRFa, Drosulfakinin, and Myosuppressin. The
Dmel FMRFa gene encodes eight FMRFamide pep-
tides of the FARP family (Pfam: FARP, FMRFamide
related peptide family). These peptides are homolo-
gous to those encoded by the Dmelsulfakinin gene Dsk
(Drosulfakinin) (Pfam: Sulfakinin) with the HMIRFa motif
and those encoded by the Ms (Myosuppressin) gene
with the FLRFa moitif (Fig. 7). Ms has a weak HHsearch
hit to Pfam ELH (egg-laying hormone) domain that
contains a similar motif.

ITP. Dmel ITP (lon transport peptide) gene has
three splice variants and encodes ITP, ITPL1, and
ITPL2 peptides with more than 70 residues [352]. ITP
is homologous to crustacean hyperglycemic hormone
(CHH) and MOLT-inhibiting hormone (MIH). They
all belong to the Pfam family Crust_neurohorm
(crustacean neurohormone). CHH and MIH structures
consist of mainly a-helices with three conserved
disulfide bonds [353, 354]. /TP regulates ionic and
fluid homeostasis by stimulating chloride transport and
inhibiting acid release in Malpighian tubules [352]. ITP
is also expressed in some clock neurons and could play
a role in clock output pathways [355].

Leucokinin. Dmel Lk (Leucokinin) peptide
(NSVVLGKKQRFHSWGa), encoded by the Lk gene,
regulates food intake and water balance [356].
HHsearch using the precursor sequence of Lk found
a weak hit (probability score: 65.5) to the Pfam family
Kinin, which has only eight positions including the
FxSWG motif.

NPF, sNPF, and Rya. NPF (Neuropeptide F),
encoded by the Dmel NPF gene, is a relatively long
peptide with 36-amino-acid residues. It has a
C-terminal motif of RVRFa and bears similarity to the
vertebrate NPY (Neuropeptide Y) family peptides with
the RxRYa motif (Pfam family: Hormone_3). A related
set of shorter peptides are encoded by the sSNPF (short
neuropeptide F) gene with the RLR[FW]a motif (Fig. 7).
Recently, two RYamide peptides were discovered
sharing the FFxxxRYamide motif [357]. In Dmel, they
are encoded by the Rya gene, and their receptor is
Rya-R [358]. These two peptides have the sequence
motif of FFxxxRYamide, which is also similar to
vertebrate NPY peptides. It was proposed that NPF,

sNPF, and Rya peptides are evolutionarily related
[357], as they share the conserved arginine and an
aromatic residue before the C-terminal amide (Fig. 7).

Nplp1—4. Four neuropeptide-like protein precursor
genes (Nplp1—4) were found to encode a diverse set of
peptides (Fig. 7), most of which had unclear function at
the time of their discovery [359, 360]. One Nplp1
peptide (Nplp1-VQQ) partners with the receptor
guanylate cyclase Gyc76C to regulate immune
response in stress conditions [361]. Nplp2 gene has
two isoforms, one of which is generated by stop codon
readthrough. Nplp3 gene product has two peptides
(VVSVVPGAISHA and SVHGLGPVVIa) derived from
a Retinin_C domain. Nplp4 peptide is tyrosine-rich
(PQYYYGASPYAYSGGYYDSPYSY). Receptors for
peptides encoded by Npip2, Nplp3, and Npip4 are yet
to be discovered.

Orcokinin. The Orcokinin gene has two splice
variants that encode two different peptides (Orcoki-
nin-A: NFDEIDKASASFSILNQLV and Orcokinin-B:
GLDSIGGGHLI) [362]. Orcokinin-A is found in central
nervous system, while Orcokinin-B mainly occurs in the
midgut enteroendocrine cells [362], suggesting that
they have different functions. Neither has detectable
Pfam domains.

Pdf. Dmel Pdf (Pigment-dispersing factor) gene
encodes a small peptide (NSELINSLLSLPKNMNDAa)
that belongs to the family of pigment-dispersing
hormones (Pfam: Pigment_DH). The Pdf peptide
plays an important role as a signaling molecule in
circadian behavior control [363].

Proctolin. Another neuropeptide that has not been
incorporated into the Pfam database is Proctolin, the
first sequenced insect neuropeptide. It is encoded
by the Proc gene and processed from a precursor of
140 amino acids. However, the mature neuropeptide
of Proctolin is only five residues long (RYLPT) after
signal peptide removal and further proteolytic pro-
cessing. Proctolin peptide has a plethora of myosti-
mulatory effects and also functions as a cotransmitter
in glutamatergic motoneurons [343].

SIFa. The myotropic peptide SIFamide was first
discovered in the fleshfly Neobellieria bullata [364]. It
has since been identified in various insects. The Dmel
SIFamide (AYRKPPFNGSIFa) is encoded by the SIFa
gene. It signals through the GPCR SIFaR and
promotes sleep in Dmel [365].

Tachykinin and Natalisin. Six tachykinin-related
peptides (Tk-1-6) are encoded by the Dmel Tk gene.
They all have the FQ[GA]pRa motif (Fig. 7), which is
incorporated in the Pfam database as the Lem_TRP
domain. Tkis expressed in males to control their higher
level of aggressive behavior compared to females
[366]. Natalisin is recently identified to encode several
neuropeptides with a sequence motif (FpPxRa) similar
to that of tachykinin peptides [367] (Fig. 7). Natalisin
peptides affect mating behaviors of both males and
females and regulate sexual activity and fecundity in
insects [367]. Natalisin and tachykinin peptides bind
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two closely related GPCRs—TkR86C and TkR99D,
respectively.

Trissin. Trissin encodes a recently identified
neuropeptide (IKCDTCGKECASACGTKHFRTCCF-
NYL), which has 27 amino acids and three disulfide
bonds [368]. Its receptor is the GPCR protein
TrissinR. The function of the Trissin peptide is yet
to be determined.

Class S domains in (putative) signaling molecules
passed from male to female. Sex_peptide. Dmel
Sex Peptide (encoded by SP) is secreted in the male
seminal fluid and induces responses such as sexual
receptivity reduction and egg production upon transfer
to mated female [369]. Sex Peptide is enriched with
tryptophan residues and contains hydroxyproline
(Hyp) residues and a disulfide bond [370]. The Pfam
Sex_peptide domain is found in both Sex Peptide and
its paralog Dup99B (Fig. 7).

Omega_toxin(g). Six predicted secreted proteins
contain one (Sfp93F, CG42869, CG42870, CG43061,
and CG43618) or two (CG34034) small cysteine-
rich domains (Fig. 7) related to domains from the Pfam
Omega_toxin clan such as Toxin_19, Toxin_21,
Toxin_18, Omega-toxin, and Conotoxin. These do-
mains with six conserved cysteines are predicted to
have a knottin-like fold with 1—4, 2-5, and 3—6 disulfide
pairing of cysteines [371]. Omega_toxin(g)-containing
genes are expressed in the male accessory gland,
and their products are secreted seminal fluid proteins.
The six genes are located in two gene clusters on
chromosome 3R (Sfp93F/CG42869/CG42870/
CG34034 and CG43061/CG43618). Omega_toxin-
fold domains have been found in venom proteins of
various invertebrates such as spider insectidal pep-
tides (Pfam domains Toxin_21 and Omega-toxin) and
conotoxins (Pfam domains Conotoxin and Toxin_18),
where they mainly act as ion channel blockers. The
male accessory gland products are known to confer
sperm competition and exert a variety of effects on
female behavior, reproductivity, and life span. The
cost of mating with exposure to these seminal fluid
products increases female death rate [372]. The
functions of these Dmel genes with Omega_toxin(g)
domains are unknown. Given the toxic effects
of Omega_toxin(g) domains in venoms of other
invertebrates, they could contribute to sperm compe-
tition or have negative effects on female fithess after
mating.

MAGSP and Acp26Ab. Two Dmel proteins
Acp26aa and Acp26ab are encoded by neighboring
genes [373]. They are secreted in male accessory
gland and passed to females during copulation.
They also enter the circulation system (hemolymph)
after being transferred inside the female body. They
promote egg production and modulate hatch time,
like the Dmel Sex Peptide. Acp26aa bears weak
similarity to the egg-laying hormone of Aplysia [373].

Whether they act as signaling molecules remains
to be studied. The XC domains of Acp26aa and
Acp26ab are MAGSP and Acp26Ab in the Pfam
database, respectively.

Class B XC domains likely involved in binding
non-protein molecules and groups

A total of 51 Drosophila XC domains are included
in this functional class based on literature analysis
that indicates their ability to bind non-protein
molecules and groups. They bind various ligandsin-
cluding carbohydrates and lipids (Table 3). LIG(g),
Chitin_bind_4, and CBM_14_19(g) are the most
populated class B domains with more than 100
genes associated with each of them. LIG(g) domain
with the 1G-fold has been described above.

Class B chitin-binding domains. The arthropod
exoskeleton has a multi-layered structure (epicuticle,
procuticle, epithelium, and BM). The cuticle (epicuticle +
procuticle), the non-cellular material produced by
epithelium cells, is the main part of the exoskeleton
and is a special type of ECM due to its composition
[874]. The major component of cuticle is chitin, a
long-chain polymer of the sugar derivative N-
acetylglucosamine. A number of residing proteins
are integral structural components of cuticle as well.
Most of these proteins belong to a limited number of
groups based on their evolutionary origins [375,376].
Three abundant class B domains (Chitin_bind_4,
CBM_14_19(g), and DUF243) are in cuticle proteins
that bind chitin.

Chitin_bind_4. The largest cuticle protein group,
CPR, has the R&R consensus sequence initially
recognized and defined by Rebers and Riddiford in
1988 [377]. The consensus motif region corresponds to
the Pfam Chitin_bind_4 domain. In Dmel, this domain is
second most populated class B domains found in
proteins encoded by 118 genes. The majorities of these
proteins are named cuticle proteins (such as Cpr5C) or
larval cuticle proteins (such as Lcp1). Crys (Crystallin)
is a component of the laminated corneal lens in the
eye [378]. It also contributes to the formation of the
peritrophic matrix, a chitinous layer lining the midgut
[379].

CBM_14_19(g). The second major superfamily of
chitin-binding domains [CBM_14_19(g)] corresponds
to Pfam clan CBM_14_19, which has two Pfam families
CBM_14 and CBM_19. A total of 110 Dmelgenes were
found to encode secreted proteins with these domains,
the majority of which have better HMMER or HHsearch
scores to the CBM_14 domain than to the CBM_19
domain. These small domains (about 60- to 70-amino-
acid residues) are mainly made up of B-strands and
possess six conserved cysteines [380] (Fig. 8a). The
proteins containing them include members of the
CPAP (Cuticular Proteins Analogous to Peritrophins)
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Table 3. Class B XC domains that likely bind non-protein
molecules and groups

XC domain No. gene Ligand
1 LIG(9) 119 Lipid, pheromone
2 Chitin_bind_4 118 Carbohydrate (chitin)
3 CBM_14_19(g) 110 Carbohydrate (chitin)
4  PBP(g) 77 Neurotransmitter, iron
5 PBP_GOBP 51 Pheromone, odorant
6 Lectin_C(g) 43 Carbohydrate
7 Ahail_BPI(g) 31 Juvernile hormone
8 Periplas_BP(g) 28 Glutamate,small molecules
9 DUF243 26 Carbohydrate (chitin)
10 Neur_chan_LBD 23 Neurotransmitters
11 Laminin_G(g) 23 Carbohydrate (heparan,HSPG)
12 Fibrinogen_C(g) 18 Carbohydrate (heparan,HSPG)
13 CD36 14 Lipid
14 Calycin(g) 11 Lipid
15 Knottin_1(g) 9 Lipid (pathogen membrane)
16 Attacin_C(g) 8 Lipid (pathogen membrane)
17 Ins_allergen_rp 7 Lipid
18 F5_F8_type_C 7 Carbohydrate (heparan, HSPG)
19 DOMON 6 Carbohydrate,heme
20 Cache(g) 6 Small molecules
21 CBM39 6 Lipid (pathogen membrane)
22 Cecropin 5 Lipid (pathogen membrane)
23 0OS-D 4 Pheromone,odorant
24 Attacin_N 4 Lipid (pathogen membrane)
25 VEGF_C(g) 3 Carbohydrate (heparan,HSPG)
26 Vitellogenin_N 3 Lipid
27 PBP 3 Lipid
28 DUF3421 3 Carbohydrate
29 DUF1943 3 Lipid
30 DUF1081 3 Lipid
31 MNNL 2 Lipid
32 Ferritin 2 Iron
33 Gal_Lectin 2 Carbohydrate
34 PTN_MK_C 2 Carbohydrate (heparan,HSPG)
35 APP_N 1 Carbohydrate (heparan,HSPG)
36 CutAl 1 Copper
37 Avidin 1 Biotin
38 APP_Cu_bd 1 Copper
39 APP_E2 1 Carbohydrate (heparan,HSPG)
40 Cobalamin_bind 1 Cobalamin
41 PLAT 1 Lipid
42 SLBB 1 Cobalamin
43 Gelsolin 1 LPS
44 Metallothio_Euk 1 Metal
45 ApoO 1 Lipid
46 COMP 1 Hydrophobic compounds
47 WSC 1 Carbohydrate
48 Ependymin 1 Lipid
49 CAP18_C 1 LPS
50 MACPF 1 Lipid
51 LysM 1 Peptidoglycan

family of cuticle proteins [376, 381]. They are also
present in two other arthropod chitin-containing apical
ECM structures—the peritrophic matrix lining the
digestive tract and the apical matrix of trachea.
Chitin-binding activity was experimentally shown for
peritrophin proteins with this domain from the larvae of
Lucilia cuprina [382] and the malaria vector Anopheles
gambiae [383].

The obstructor multigene family [384] of Dmel with
CBM_14 domains has 10 members (obst-A,B,E,F,G,J,

H,I, Gasp, and Peritrophin-A). Most of these genes
encode proteins with three CBM_14 domains (the one
exception is Obst-J with four such domains). Some of
these genes such as obst-A, Gasp [385], and
Peritrophin-A are highly expressed in larval trachea.
Gasp and obst-A control airway tube diameter and
integrity during larval development [386]. Obst-A
organizes ECM assembly at the apical cell surface
[387]. CBM_14 domain is found in seven chitinases
(Cht3-8 and Cht12) containing the Pfam domain
Glyco_hydro_18 with chitinase activity. It also co-
occurs with two other XC enzyme domains [Poly-
sacc_deac_1 and Trypsin(g)] and the Ldl_recept_a
domain in a few secreted proteins. Nine CBM_14-
containing genes are named mucins (Muc11A,
Muc18B, Muc26B, Muc68D, Muc68E, and Muc96D)
or mucin-related (Mur18B, Mur89F, and Mur2B). Their
proteins have mucin-like low complexity regions
enriched with proline, threonine, and serine residues
[388]. Some of them (e.g., Muc18B, Muc26B, Muc68D,
Muc68E, and Muc96D) are highly expressed in the
digestive system suggesting their roles as peritrophins
[388], while others have enriched expressions in other
tissues such as Malpighian tubules (Muc11A and
Mur18B) and ovary (Muc2B) (data from FlyAtlas [389]).
Many CBM_14-containing genes (e.g., about two thirds
of them with names beginning with CG) have not been
experimentally characterized. They could contribute to
the integrity of apical ECM via the predicted chitin-
binding activity, or could evolve new functions such as
antimicrobial activity observed in the Tachycitin protein
from horseshoe crab [380].

DUF243. The Tweedle family cuticle proteins [390]
are encoded by 26 genes in Dmel. Mutations of TwadlD
caused Dmel body shape change at the larval and
pupal stages [390]. Tweedle proteins are characterized
by the Pfam DUF243 domain. This domain was
predicted to consist of mainly B-strands and could
bind chitin [390]. Indeed, a Tweedle family protein from
Bombyx mori was experimentally shown to bind chitin
[391].

Other class B domains that bind carbohydrates. Besides
chitin-binding domains, a number of carbohydrate-
binding domains are found in Dmel CSS proteins
(Table 3). One of the popular XC domains is Lectin_C
(9) (C-type lectin) domain, which is found in the
products of 43 genes. While typical C-type lectins rely
on calcium for carbohydrate binding (Fig. 8B), some of
them have evolved to bind other ligands such as lipids
and proteins [392]. They are important for innate
immunity and cell—-cell interactions. Dmel C-type lectins
were found to interact with bacteria [393] and enhance
cell encapsulation in immune response [394]. For the
majority of the Dmel proteins with the Lectin_C(g)
domain, no other known Pfam domains were detected.
Some of them have an N-terminal region predicted to
be mostly a-helical. One protein (Lectin-24A) has an N-
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(a) cBM_14_19(g)

(b) Lectin_C(g)

Fig. 8. Structures of representative class B XC domains
binding non-protein molecules and groups. XC domains are
in rainbow from N-terminus (blue) to C-terminus (red), with
disulfides in magenta sticks and ligands in black sticks.
Carbohydrate-binding domain folds are illustrated for (a)
CBM_14_19(g) (4z4a, A33-A104) and (b) Lectin_C(g)
(Twmz, A1-A140, with ligand N-acetyl-D-galactosamine).
Odorant and pheromone-binding domain folds are illustrated
for (c) PBP_GOBP (1ooh, A1-A124, with ligand butanol)
and (d) OS-D (1n8v, A3—-A103, with ligand bromo-dodeca-
nol). Lipid-binding domain folds are illustrated for (E) CD34
(4f7b, A37—-A429, with ligand PEG) and (F) Calycin(g) (2hzq,
A3-A168, apolipoprotein D (ApoD) in complex with
progesterone).

terminal Lectin_N domain (predicted coiled cails).
Lectin_C(g) domain co-occurs with F5_F8_type_C
(another carbohydrate-binding domain) and Sushi in
three type | TM proteins (Fw, CG9095, and Uif). It also
co-occurs with 1g(g) and fn3(g) domain in the GPI-
anchored cell adhesion molecule Contactin (encoded
by the Cont gene) [395]. The bark (bark beetle) gene
encodes a scavenger receptor with the Pfam UL45
domain (a divergent C-type lectin domain), Beta_helix

repeats, SRCR(g) domains, and a CUB(g) domain. It
plays an essential role in septate junction maturation
[396].

Several XC domains are capable of binding ECM
carbohydrate molecules or groups such as heparin
and HSPGs. Among them, Laminin_G(g) domain,
co-occurring with a number of XC domains (Fig. 3b),
is detected in a variety of CSS proteins (encoded by 23
genes) including ECM proteins (e.g., laminins, colla-
gens, and neurexins) and some cadherins. Other
heparin-binding class B domains include Fibrino-
gen_C(g), F5_F8_type_C, VEGF_C(g), PTN_MK_C,
APP_N, and APP_E2.

Class B XC domains in receptors and ion channels.
The Pfam PBP clan includes more than 20 Pfam
domains found in CSS proteins from various organ-
isms, such as bacterial periplasmic binding proteins.
Dmel has 77 genes encoding proteins with domains
from this clan, which are included in the XC domain
PBP(g). The majority of them (74) are multi-pass TM
proteins that function as ligand-gated ion channels.
These proteins possess Pfam domains Lig_chan-
Glu_bd and SBP_bac_3 of the PBP clan and the TM
domain Lig_chan. iGluRs mediate communication
between neurons at synapses, and their ligands
include neurotransmitters such as glutamate, AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid), NMDA (N-methyl-D-aspartate), and kainate
[397]. A subfamily of these proteins (the lonotropic
Receptors, IRs) are expanded in Dmel with more than
40 members. They play important roles as olfactory
receptors that detect environmental chemical signals
[398]. The other three genes (Tsf1-3) encode secreted
or GPl-anchored proteins with the Transferrin domain
of the Pfam PBP clan. They are iron-binding proteins
induced during the immune response. Sequestration
of iron is an important mechanism in fighting bacterial
infection of Dmel [399].

Another Pfam clan containing bacterial periplasmic
binding domains is Periplas_BP. Dmel has 28 genes
encoding proteins with the ANF_receptor domain [400]
that belongs to the Periplas_BP clan and is mostly
associated with cell surface receptors. Sixteen of them
co-occur with the PBP(g) domain in iGluRs. Five of
them are present in GPCRs (MGIuR, GABA-B-R1,
GABA-B-R2, GABA-B-R3, and Mit). MGIuR (metabo-
tropic glutamate receptor) binds the neurotransmitter
glutamate, and Mit (Mangetout) is its close homolog
that has lost the binding activity [401]. GABA-B-R1,
GABA-B-R2, and GABA-B-R3 are metabotropic GABA
(B) receptors [402]. Another six genes encode receptor
guanylyl cyclases with the ANF_receptor domain. Two
of them bind neuropeptides (the eclosion hormone and
NPLP1-VQQ), and the rest are orphan receptors [403].

Class B XC domains involved in odorant and pher-
omone binding. Chemoreception, the mechanism of


Image of Fig. 8

FlyXCDB database

3381

sensing environmental chemical signals, is crucial for
the survival of Dmel. It has a number of chemosensory
organs including two olfactory organs (antenna and
maxillary palp), taste pegs, and sensilla at various
locations such as labellum, legs, and wings [404].
Dmel has two major families of odorant binding and
chemosensory proteins, both of which adopt small
helical structures [405] (Fig. 8c and d). OBPs (odorant-
binding proteins) constitute a large family encoded by
more than 50 genes. They possess the Pfam
PBP_GOBP domain [406] (Fig. 8c) that binds hydro-
phobic odorants. All except one are predicted secreted
proteins (Obp50b is predicted to be a GPIl-anchored
protein). They carry the odorants and transport them to
odorant receptors in the dendrites olfactory receptor
neurons [407]. The chemosensory protein family
(CSP) have four members of secreted proteins with
the Pfam OS-D domain (Fig. 8d). Two proteins with this
domain are also involved in viral response and
metamorphosis [408]. Besides OBPs and CSPs,
some of the DUF1091 family proteins with the LIG(g)
domain could also contribute to male-specific sensing
of pheromones, as described above. In addition, the
gene ab (antennal protein 5) with the Pfam PBP
domain (not to be confused with the Pfam PBP clan),
expressed in a subset of olfactory hairs in antenna,
could be an odorant-binding protein.

Class B XC domains that bind lipids. A number of class
B XC domains (Table 3) are found to bind lipids, which
include a variety of endogenous and exogenous
molecules that are fatty acids or their derivatives.

Dmelhas 14 genes encoding the functionally diverse
CD36 proteins with a cysteine-rich XC domain (Fig. 8e)
in between two TM segments [409]. As scavenger
receptors, CD36 proteins are involved in recognition
and internalization of oxidized lipid particles, apoptotic
cells, and certain microbial pathogens, thus contribut-
ing to inflammatory responses, innate immunity, and
metabolism [410]. Two CD36 genes, crq (croquemort)
and dsb (debris buster), play important roles in
phagosome maturation for dendrite clearance [411].
Dmel ninaD is highly expressed in midgut and is
responsible for carotenoid intake [412]. Dmel Snmp1
(Sensory neuron membrane protein 1) is involved in
pheromone detection on dendrites of specialized
neurons in antenna [413].

The Lipocalin family of fatty acid binding proteins
(Fig. 8f) belongs to the large Pfam Calycin clan
that contains more than 30 Pfam domains [414].
Dmel has 11 genes encoding predicted secreted or
GPl-anchored proteins with such domains. Among
them, GLaz and NLaz are homologs of vertebrate
apolipoprotein D. They have been linked to stress
resistance and life span [415—417].

Three genes (Rfabg, cv-d, and Apolip) encode
proteins homologous to vertebrate vitellogenin, a lipid-
binding egg yolk protein. These proteins contain the

Vitellogenin_N and DUF1943 domains for lipid binding.
The Vitellogenin_N domain region has a [-barrel
domain and a helical repeat domain, while DUF1943
corresponds to a B-meander domain [418]. These
proteins also contain other domains such as DUF1081,
VWD, and C8. Rfabg and Apoltp are apolipoproteins of
the ApoB family. They are lipid carriers in hemolymph
and transport lipids between tissues [419]. The gene
cv-d encodes a vitellogenin-like lipoprotein that plays
an important role in BMP signaling [420].

The Pfam ApoO domain, found in vertebrate
apolipoprotein O [421], is present in a single Dmel
gene CG5903. The protein encoded by CG5903 could
bind lipids like its vertebrate homologs.

The Ins_allergen_rp domain is found in seven Dmel
genes. This domain was originally found in a cockroach
protein that is a human allergen [422]. Structure of
this domain revealed a helical fold that binds lipids and
other hydrophobic molecules [423]. The cellular
functions of Dmel genes with this domain are largely
unknown. One of them, jib (jetboil), was identified as a
thermal nociception gene [424]. Several genes have
enriched expression in certain tissues (CG4409 in the
nervous system, CG3906 and CG9021 in the digestive
system, and CG 13905 and CG14963in the Malpighian
tubules), suggesting that they are functionally diverse.

Several class B XC domains can interact with lipid
components from membrane or cell wall of pathogens.
These domains function as pattern recognition recep-
tors (CBM39) [425] and antimicrobial peptides such
as Attacin_N, Attacin_C(g), Knottin_1, and Cecropin
[426].

Class E XC domains of enzyme homologs

A total of 66 domains were classified as XC enzyme
homolog domains found in Dmel CSS proteins based
on literature analysis (Table 4). The majority of them
(48) are hydrolases (EC 3.-.-.-) that act upon peptide
bonds (EC 3.4.-.-, 20 domains), ester bonds (EC 3.1.-.-,
18 domains), sugars (EC 3.2.-.-, 6 domains), and amide
bonds otherthan peptide bonds (EC 3.5.-.-, 4 domains).
Compared to hydrolases, the other enzyme classes
are less represented in Drosophila XC domains, with
nine oxidoreductases (EC 1.-.-.-), six transferases
(EC 2.-.-.-), two lyases (EC 4.-.-.-), and one isomerase
(EC 5.-.-.-). No domains with ligase activity (EC 6.-.-.-)
were found to be extracellular.

Class E XC domains that are peptidase (EC 3.4.-.-)
homologs. Trypsin(g). Trypsin(g) is discovered in the
largest number of Dmel genes (259) among all XC
domains. Trypsin(g)-containing proteins carry out a
plethora of functions. The Jonah [427] members of
Trypsin(g)-containing genes such as Jon99Ci and
Jon44E, as well as many members from a trypsin
gene cluster [428] such as aTry and BTry, are highly
expressed in the digestive system, suggesting their role
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Table 4. Class E XC domains of enzyme homologs

Class E domain No. gene? ECP
1 Trypsin(g) 259(67) 3.4.21
2 Lipase 30(8) 3.1.1
3 Peptidase_M13 28(10) 3.4.24
4 Abhydrolase(g) 25(0) 3.1.1
5 COesterase 23(13) 3.1.1
6 Peptidase_M1 20(5) 3.4.11
7 Peptidase_M14 20(2) 3.4.17
8 Glyco_hydro_18 17(8) 3.2.1
9 Lysozyme(g) 17(8) 3.2.1
10 DUF229 16(3) 3.1
11 Alpha-amylase 14(1) 3.2.1
12 Amidase_2 13(8) 3.5.1
13 Astacin 13(0) 3.4.24
14 Asp 13(0) 3.4.23
15 Alk_phosphatase 13(1) 3.1.3
16 SEA(g) 11(10) 3.4.21
17 Peptidase_C1 10(2) 3.4.22
18 GPS 10(6) 3.4
19 Carb_anhydrase 10(4) 4.21
20 Endonuclease_NS 9(1) 3.1
21 Reprolysin(g) 9(1) 3.4.24
22 Metallophos 8(1) 3.1.33.14
23 An_peroxidase 8(0) 1111
24 PLA2(g) 7(0) 3.1.1
25 Hemocyanin_M 7(7) 11418
26 Lipo_10 6(1) 1.14.99
27 Peptidase_M2 6(3) 3.4.15
28 Polysacc_deac_1 6(2) 3.1.1
29 A_deaminase 6(1) 3544
30 PLC(g) 5(1) 3.1.4
31 Peptidase_S9 5(2) 3.4
32 Peptidase_S10 5(0) 3.4.16
33 GILT 5(4) 1.8
34 Peptidase_M28 4(1) 3.4
35 Peptidase_M19 4(1) 3.4.13
36 CN_hydrolase 4(0) 3.5
37 Cu-oxidase(g) 4(0) 1.1
38 G_glu_transpept 4(0) 2.3.3.2
39 Glyco_hydro_16 3(3) 321
40 SGL(g) 3(0) 3.1.1
41 Glyco_hydro_20 3(0) 3.2.1
42 Cu2_monoox(g) 2(0) 11417
43 DM13 3(?) 1.
44 Sod_Cu 3(2) 1.15.1.1
45 Peptidase_S8 3(0) 3.4.21
46 XendoU 2(0) 3.1
47 Peptidase_M10 2(0) 3.4.24
48 Lipase_GDSL 2(0) 3.1.1
49 Lysyl_oxidase 2(0) 1.4.3.13
50 Fam20C 2(0) 271141
51 LCAT 2(0) 2.3.1.43
52 Nicastrin 1(1) 3:4
53 Exo_endo_phos 1(0) 3.1
54 Ribonuclease_T2 1(0) 3.1.27.1
55 NHL 1(0) 4325
56 His_Phos_2 1(0) 3.1.3
57 Peptidase_M24 1(0) 3.4
58 Ceramidase_alk 1(0) 3.5.1.23
59 Pro_isomerase 1(0) 5.2.1.8
60 Peptidase_C26 1(0) 3.4.19.9
61 Methyltransf_FA 1(?) 2.1.1
62 AlG2(g) 1(0) 2324
63 NDK 1(0) 2.7.46
64 PAE 1(0) 3.1.1
65 Trehalase 1(0) 3.2.1.28
66 Sulfatase 1(0) 3.1.6

in breakdown of dietary proteins. Several Trypsin(g)
genes, such as ndl (nudel), gd (gastrulation-defective),
snk (snake), and ea (easter), are involved in a protease
cascade crucial in the early developmental process
[429]. Tequila, a human neurotrypsin ortholog, regu-
lates long term memory [430]. Still, many Trypsin(g)-
containing genes do not have known functions. Some
of them could have tissue-specific roles as suggested
by their expression patterns. For example, sphinx1,
sphinx2, aqrs, and CG17424 have restricted expres-
sion in the male accessory gland.

The majority of Trypsin(g) genes are predicted to be
secreted proteins and do not contain other domains. A
subset of Trypsin(g) domains are associated with the
class R CLIP regulatory domain. A small number of
genes, such as gd, contains an N-terminal domain of
unknown function (GD, a class R domain). Several
genes possess class P domains such as Ldl_recept_a,
CUB(g), and SRCR(g). Dmel Ndl, the first member of a
protease cascade that leads to the maturation of the
Toll-like receptor ligand, is a type Il TM protein with
Ldl_recept_a and SRCR(g) domains, an active Trypsin
(g9) domain, and an inactive Trypsin(g) domain (Pfam:
DUF1986). Sixty-seven of the 259 Trypsin-containing
genes, such as Agqrs, intr, and spheroide, could encode
inactive enzymes as suggested by the lacking of one or
more catalytic triad residues.

Peptidase_MA clan metalloprotease domains. Six
XC domains (Peptidase_M13, Peptidase_M1, Astacin,
Reprolysin, Peptidase_M2, and Petidase_M10) are
from the Pfam Peptidase_MA clan with the zincin-like
fold. These families are characterized by the HEXXH
sequence motif, where the glutamate is the catalytic
residue and the two histidines bind zinc.

Eighteen of the 28 Peptidase_M13 domains in
Dmel are predicted to be catalytically active. They
include several Neprilysin proteins that are important
for cleavage of extracellular signaling proteins [431].
The 10 non-peptidase members of Peptidase_M13
domains include several divergent domains that can
only be detected by HHsearch, and not by HMMER.
One of them is encoded by the gene goe (gone early)
that has been shown to attenuate Egfr signaling to
control the number of the primordial germ cells [432].

Twenty Dmel genes encode proteins with Peptidase_
M1 domain, five of which are predicted to be
catalytically inactive. Little is known about their
substrates and cellular functions.

All 13 Astacin-containing genes are predicted to
encode catalytically active enzymes based on conser-
vation of zinc-binding and catalytic residues. Eleven of
them encode single-domain proteins with differing
expression patterns. Some of them (e.g., CG7631

Notes to Table 4:

2 The number of inactive enzymes shown in parentheses.

P EC numbers crossed-out if none of the XC domains in Dmel
CSS proteins are catalytically active.
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and CG15255) could encode digestive enzymes with
high expression levels in midgut, while Semp1 has
restricted expression and functions in male accessory
gland. Two Astacin-containing genes (tld and tok)
possess similar modular domain architectures with
several CUB(g) and EGF(g) domains. Their products
are important for cleavage of Dpp antagonist Sog and
the prodomains of TGF- ligands [433].

Nine Reprilysin-containing genes encode multi-
domain proteins of the ADAM (A Disintegrin and
Metalloprotease) family. Among them, only mmd
appears to encode a catalytically inactive enzyme
domain.

Peptidase_M2 domain has petpidyl dipeptidase activ-
ity. Three of the six genes with Peptidase_M2 domain
encode active enzymes, including Ance (Angiotensin
converting enzyme) that is important for Dmel develop-
ment and reproduction [434].

Petidase_M10 domain is found in two matrix
metalloproteases (Mmp1 and Mmp2) that cleave
proteins in the ECM. They both have the PG_binding_1
domain and four Hemopexin domains (adopting a four-
bladed beta-propeller fold).

Other metalloprotease homolog domains. Five
other XC domains are metallopeptidase homologs—
Peptidase_M14, Peptidase_M28, and Nicastrin from the
Peptidase_MH clan, Peptidase_M19, and Peptidase_
M24.

The majority of Peptidase_M14 members (18 of 20)
are predicted to be catalytically active based on
preservation of zinc-binding and catalytic residues.
Some of them (e.g., CG17633 and CG12374) could be
the orthologs of mammalian pancreatic carboxypepti-
dases based on sequence similarity and their enriched
expression in digestive systems. The svr (silver) gene
encodes the orthologous protein of mammalian car-
boxypeptidase D [435], which primarily resides in the
trans-Golgi network and contributes to the maturation
of neuropeptide and hormones.

Four Peptidase_M28 members include QC and
IsoQC, which are glutaminyl-peptide cyclotransferases
(also called glutaminyl cyclases, EC 2.3.2.5) [436].
These enzymes generate N-terminal pyroglutamic acid
on peptide or protein substrates to help stabilize them
against N-terminal degradation.

The type | TM protein Nicastrin is a subunit of the
y-secretase complex that also includes the aspartic
TM protease Presenilin, Aph-1, and Pen-2 [437].
y-Secretase catalyzes intramembrane proteolysis of
TM proteins such as the amyloid precursor and Notch.
The catalytically inactive metallopeptidase domain of
Nicastrin could play a role in protein—protein interac-
tion. The vertebrate protein Nicalin, a paralog of
Nicastrin, forms a protein complex with Nomo and
Tmem147 (a paralog of Aph-1). Based on sequence
similarity searches, orthologs of Nicalin, Nomo, and
Tmem147 were also discovered in Dmel, encoded by
CG4972, CG1371, and CG8675, respectively. Unlike
the y-secretase complex that can locate on the cell

surface, the Nicalin-Nomo-Tmem147 complex mainly
resides in the ER [438].

The gene CG6225 encodes a protein with Pepti-
dase_M24 domain. It is likely an ortholog of human
membrane-bound Xaa-Pro aminopeptidase 2.

Autoproteolysis domains—SEA(g) and GPS. Two
XC domains, SEA(g) and GPS, possess autoproteo-
lytic activity.

The SEA(g) domain is present in a number of proteins
such as mucins, Notch, dystroglycan, a-sarcoglycan,
and receptor phosphatase I1A-2 [99]. Catalytically active
SEA(g) domains use the serine residue in the GS@@@
motif (¢: a hydrophobic residue) for autoproteolysis
[99]. All but one SEA(g) domains in Dmel have lost the
autocleavage activity, such as Notch and Scga. Notch
is still proteolytically processed by furin-like proteases
in a loop region at the same location of the auto-
cleavage motif in other SEA(g) domains. Notch SEA(g)
domain is represented as two Pfam domains (NOD and
NODP) separated at the proteolysis site.

The Pfam GPS domain corresponds to a segment in
a globular domain (GAIN) with mainly B-strands [439].
GPS domain was found in GPCRs and PKD (polycystic
kidney disease) proteins. The autocleavage motif (He
[TS]) in the GPS domain is preserved in the protein
products of four out of the 10 GPS-containing Dmel
genes.

Other XC peptidase domains. Other XC peptidase
domains include one aspartyl protease domain (Asp),
two cysteine protease domains (Peptidase_C1 and
Peptidase_C26), and three serine protease domains
(Peptidase_S9 and Peptidase_S10 with the o/
hydrolase fold, and Peptidase_S8).

One of the 13 Asp-containing genes is Pgcl
(Pepsinogen C-like). It exhibits high expression levels
in the digestive system, suggesting a role in nutrient
breakdown. It is also functionally important in the
development process that controls planar cell polarity
[440]. The CathD protein, an ortholog of mammalian
cathepsin D, is located in both extracellular space and
lysosome. Another Asp-containing gene (CG31928)
encodes a minor protein located in chorion [266].

Ten genes encode proteins with the Peptidase_C1
domain (papain-like peptidase). Like their mamma-
lian orthologs, some of them could locate at the
lysosome or get secreted. Two of the Peptidase_C1-
containing proteins are catalytically inactive due to
mutations of active site residues. One of them is
encoded by the Swim (Secreted Wg-interacting mole-
cule) gene, which unlike other Peptidase_C1-contain-
ing genes, also possesses the Somatomedin_B
domain.

Class E XC domains that are esterase (EC 3.1.-.-)
homologs. Class E XC domains with a/8 hydrolase
fold. Four XC enzyme domains (Lipase, Abhydrolase
(9), COesterase, and PAE) adopt a/f hydrolase fold
and perform the hydrolysis of carboxylic ester bonds
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(EC number: 3.1.1). Lipase, Abhydrolase(g), COester-
ase are among the most abundant XC enzyme
domains found in 30, 25, and 23 genes, respectively.
Catalytically active members perform hydrolysis on
various substrates such as triglyceride, acetylcholine,
and juvenile hormone. These functionally diverse
domains are also present in some intracellular
proteins. Lipase is the second most abundant class
E XC domain in Dmel. Eight out of the 30 Lipase-
containing genes could encode catalytically inactive
proteins due to alterations in the catalytic triad
residues. Among them are three major yolk proteins
(Yp1-3) that have functions of binding lipids [441, 442].
For Abhydrolase(g) domain, all 25 members possess
the catalytic triad residues, suggesting they are all
active enzymes. About half of the COesterase-
containing genes (13 out of 23) are predicted to
encode catalytically inactive proteins. They include
four neuroligin genes (NIg1—4), which encode type |
TM proteins that function as cell adhesion molecules
in central nervous system. Neuroligins interact with
neurexins in the connection between neurons and
play crucial roles in synaptic transmission [443].
Inactive COesterase domains are also present in
several other known cell adhesion molecules, such as
Neurotactin (a type Il TM protein), Gliotactin (a type |
TM protein), and Glutactin (a secreted protein). PAE
domain is present in the product of a single gene
Notum that cleaves GPI anchors. Other XC domains
with the o/f hydrolase fold include two serine
peptidase domains (Peptidase S9 and Peptidase
S10), as well as the LCAT (Lecithin:cholesterol
acyltransferase) domain.

PLA2(g), Polysacc deac 1, SGL(g), and Lipase_
GDSL. Four other XC domains (PLA2(g), Polysacc_
deac_1, SGL(g), and Lipase_GDSL) catalyze the
hydrolysis of carboxylic ester bonds (EC number:
3.1.1).

The XC domain PLA2(g) contains three Pfam
domains (Phospholip_A2_1, Phospholip_A2_2, and
PLA2G12) with the phospholipase A2 activity that
releases fatty acids from the second carbon group of
glycerol. Seven PLA2(g)-containing genes encode
secreted proteins predicted to be catalytically active
based on conservation of active site residues (one
histidine and two acidic residues).

Dmel Polysacc_deac_1-containing genes encode
proteins that are chitin deacetylases [444] or the
catalytically inactive homologs. These proteins
adopt the TIM-barrel fold, and catalytically active
members are metalloenzymes that bind one zinc
using two histidines and one aspatrtic acid [445]. Two
of the six Polysacc_deac_1-containing genes (verm
(vermiform) and Cda4) are predicted to encode
catalytically inactive proteins based on the missing
of these metal-binding residues. The genes serp
(serpentine) and verm, encoding two secreted ECM
proteins with LdI_recept_a and CBM_14 domains,
are important for maintaining the size of tracheal

tube and epicuticle structure in the developmental
process [446].

SGL(g) is an enzyme domain with a beta-propeller
fold. Several SGL(g)-containing proteins are present
in the Dmel proteome. One of them, Smp-30, does
not have a predicted signal peptide and should
locate intracellularly like its human ortholog. Another
one, Regucalcin, has two isoforms, one of which
possesses a predicted signal peptide consistent
with its extracellular localization. The metal binding
residues of both Dmel Smp-30 and Regucalcin are
conserved compared to the structure of human SMP-
30/REGUCALCIN [447], suggesting that Dmel SGL-
containing proteins are active glucolactonases. Two
additional genes encode SGL-like proteins that also
find hits to the Pfam domain Str_synth (strictosidine
synthase). However, they lack the catalytic glutamate
residue of strictosidine synthase. Consistent with
previous computational studies of SGL and Str_synth
domains [448], these proteins could instead perform a
reaction of SGL based on the conservation of metal-
binding residues.

Two genes (CG7365 and CG11029) encode pro-
teins with the Lipase_GDSL domain showing broad
substrate specificity [449], which could be digestive
enzymes as they have enriched expression in hindgut.

XC phosphoesterases. Eight enzyme domains
(Alk_phosphatase, Endonuclease NS, Metallophos,
PLC(g), XendoU, Exo_endo_phos, Ribonuclease_T2,
and His_Phos_2) are hydrolases of phosphoesters,
such as phosphomonoesterases, phosphodiester-
ases, and various nucleases.

Alk_phosphatase domain (EC 3.1.3.1) has three zinc
ions in the active site that are chelated by 10 residues.
These residues are conserved in the 12 of 13 Dmel
CSS gene products. Endonuclease_NS domain is
found in non-specific endonucleases that degrade both
single and double-stranded nucleic acids. Some genes
encoding these enzymes are highly expressed in the
digestive system, while one gene (CG12917) has
enriched expression in testis. One gene (Sid), mainly
expressed in fat body, is induced by stress response
and could contribute to pathogen clearance [450]. Dmel
Metallophos-containing genes encode several phos-
phoesterases such as purple acid phosphatase
(CG1637, with Pur_ac_phosph_N and Metallophos_C
domains), sphingomyelin phosphodiesterase (e.g.,
CG15534), and ecto-5"-nuclectidase (e.g., NT5E-2,
with a C-terminal 5_nucleotid_C domain). PLC(g) is
found in five genes—three with the GDPD (Glycer-
ophosphoryl diester phosphodiesterase) domain and
two with the PI-PLC-X (Phosphoinositide phospholi-
pase C) domain. XendoU (2 genes), Exo_endo_phos
(1 gene), Ribonuclease_T2 (1 gene), and His_Phos_2
(1 gene) are less abundant XC domains with phos-
phoesterase activity.

Sulfatase and DUF229. The Sulfatase domain
catalyzes the hydrolysis of sulfate esters (EC 3.1.6.-).
The Dmel gene Sulf1 with this domain encodes an
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enzyme that removes specific 6-O-sulfate groups from
heparan sulfate in the extracellular space, which is
functionally important for Wnt and Hedgehog signaling
[451, 452]. Like the Sulfatase domain, the putative XC
domain DUF229 belongs to the Pfam clan of Alk_
phosphatase (Alkaline phosphatase-like). Thirteen of
16 DUF229 genes could encode catalytically active
phosphatases based on conservation of three metal
binding residues (two aspartic acids and one histidine)
and one catalytic Ser/Thr residue [453].

Class E XC domains that are sugar hydrolase (EC
3.2.-.-) homologs. Six class E XC domains are found
in sugar hydrolases or their inactive homologs.
Glyco_hydro_18, Lysozyme(g), and Amylase are the
most abundant ones, each with more than 10 genes
found in the Dmel genome. The three less populated
XC domains of sugar hydrolases are Glyco_hydro_16
(three genes), Glyco_hydro_20 (three genes), and
Trehalase (one gene).

Glyco_hydro_18. A total of 17 Dmel genes encode
proteins with the Glyco_hydro_18 domain [454]. While
some of them are chitinases, others such as imaginal
disc growth factors (IDGFs) have likely lost enzymatic
activity due to the lack of active site residues (Asp and
Glu in the DxxDxDxE motif). The nonenzymatic
Glyco_hydro_18-containing proteins could maintain
their ability to bind carbohydrate molecules or could
have developed new functions in protein—protein
interactions [455]. Chitinases and IDGFs are required
for organization of ECM of cuticle [456], where chitin is
the major structural component.

Lysozyme(g). Lysozymes are a diverse group of
antibacterial peptidoglycan-hydrolyzing enzymes.
Dmel has both c-type (chicken-type or conventional-
type) lysozymes and i-type (invertebrate-type) lyso-
zymes [457]. They correspond to Pfam domains Lys
and Destabilase, respectively. Of the 12 Lys-containing
genes, LysB, LysD, LysE, LysS, and LysZ are mainly
expressed in the digestive system, while LysPis mainly
expressed in the salivary gland. The muramidase
activity of lysozymes relies on two acidic residues at the
active site. Some i-type lysozymes, such as the
destabilase from medicinal leech [458], also possess
isopeptidase activity, which is dependent on a catalytic
diad of serine and lysine residues at a structurally
different location than the muramidase active site [459].
The five i-type lysozymes of Dmel lack active site
residues of both muramidase and isopeptidase,
suggesting that they are catalytically inactive.

Alpha-amylase. A majority of the 14 genes with an
Alpha-amylase domain, such as Amy-p and Amy-d,
show high expression levels in the digestive system,
suggesting that they function as digestive enzymes.
Mal-B1 and Mal-A5 are mainly expressed in salivary
gland and fat body, respectively. All but one gene are
predicted to encode active enzymes as they possess
two conserved acidic residues in the active site. The

catalytically inactive protein is encoded by CD98hc
(CD98 heavy chain), where one of the acidic residue is
changed to lysine. This type Il TM protein, showing a
nonspecific tissue expression, is likely involved in
amino acid transport [460].

Glyco_hydro_16. Three GNBP (Gram-negative
bacteria binding protein) genes (GNBP1-3) possess
the Glyco_hydro_16 domain together with the CBM46
domain. GNBPs are important pattern recognition
molecules for LPS and 3-1,3-glucan in the Dmelinnate
immune response [137, 138]. The active site residues
of Glyco_hydro_16 domain (two acid residues) in
GNBPs are altered, suggesting loss of catalytic activity
[138].

Glyco_hydro_20. The three genes with the Glyco_
hydro_20 domain encode hexosaminidases, among
which fdlis involved in N-glycan processing [461].

Trehalase. Trehalase domain catalyzes the hydro-
lysis of trehelose to glucose. Trehelose is the major
sugar component of insect hemolymph. The two genes
encoding trehelose synthesis (Tps1) and degradation
(Treh, with the Trehalase domain) are important
regulators of body water homeostasis [462].

Class E XC domains that are amidase homologs
(EC 3.5.-.-). Four class E XC domains (Amidase_2,
A_deaminase, CN_hydrolase, and Ceramidase_alk)
are found in hydrolases of amide bonds other than
peptide bonds. Three of them (Amidase_2, A_deam-
inase, and Ceramidase_alk) are zinc-dependent
enzyme domains.

Amidase_2. Amidase_2 domain was found in 13
Dmel genes encoding peptidoglycan recognition pro-
teins (PGRPs). These proteins, discovered in both
invertebrates and vertebrates, are innate immunity
molecules for pattern recognition of pathogens [463].
Catalytically active Amidase_2 domains possess two
conserved histidines, one cysteine, and one tyrosine
residue for zinc-binding and catalysis. Only five of the
13 Amidase_2 genes (PGRP-SC1a, PGRP-SC1b,
PGRP-SC2, PGRP-LB, and PGRP-SB1) encode
proteins that preserve these residues. They could act
as immune effector proteins that hydrolyze the amide
bond between MurNAc and L-alanine in bacterial
peptidoglycans. Catalytically inactive PGRPs, capable
of binding peptidoglycans, activate signaling pathways
of immune response or induce proteolytic cascades
that generate antimicrobial peptides.

A_deaminase. Six Dmel genes with XC A_deami-
nase (adenosine deaminase) domains are named Adgf
(adenosine deaminase-related growth factor) [464].
Five of them, to the exclusion of Adgf-E, possess zinc
binding and catalytic residues. These proteins could
promote tissue proliferation by lowering the level of
extracellular adenosine that has a negative effect on
cell growth.

CN_hydrolase. Extracellular CN_hydrolase (Carbon-
nitrogen hydrolase) domain [465] is present in four
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Dmel genes. Three of them are predicted to encode
GPI-anchored proteins. One gene Bind (Biotinidase)
encodes a protein repsonsible for cleaving biocytin
(biotin-e-lysine) to regenerate free biotin [466]. These
genes could have a digestive role based on their
expression patterns. Like A_deaminase domain,
CN_hydrolase domain is also present in intracellular
proteins without predicted signal peptide and T™M
segments.

Ceramidase_alk. A single extracellular ceramidase
gene (CDase) possesses the Pfam Ceramidase_alk
(neutral/alkaline non-lysosomal ceramidase) domain
[467] that hydrolyzes ceramide to generate sphingo-
sine and fatty acid.

Class E XC domains that are oxidoreductase homologs
(EC 1.-.-.-). Eight XC domains (An_peroxidase,
Lipo_10, GILT, Cu-oxidase(g), Cu2_monoox(g), Lysy-
|_oxidase, Sod_Cu, and DM13) are in enzymes with
oxidoreductase activity that transfer electrons from
donor (reductant) to acceptor (oxidant). Hemocya-
nin_M presents an interesting case where active
enzymes are intracellular and catalytically inactive
members are extracellular.

An_peroxidase. The heme-containing An_peroxi-
dase domain acts on peroxide as an electron acceptor
(EC 1.11.-.-) and is found in eight Dmel CSS proteins.
Some An_peroxidase domains are found in chorion
proteins (e.g., Pxd and CG4009) and could contribute
to ECM cross linking and eggshell hardening [266]. Irc
(Immune-regulated catalase) is a key component
of host defense system and mediates homeostatic
redox balance [468]. In contrast to other An_perox-
idase-containing genes that do not have additional XC
domains, the gene Pxn (Peroxidasin) possesses
An_peroxidase together with VWC, Ig(g), and LRR(g)
domains and plays important roles in ECM formation
and immune response [89].

Lipo_10. The Lipo_10 domain (formerly named
Chitin_bind_3) has lytic polysaccharide monooxy-
genase activity that oxidizes polysaccharides such
as cellulose and chitin to facilitate their degradation
[469]. Catalytically active members possess two
histidines to bind copper in the active site [470]. Two
of the six Lipo_10-containing genes (CG4367 and
CG4362) are highly expressed in the digestive
system, suggesting a role in nutrient breakdown.
One divergent and possibly inactive Lipo_10 domain
was found in the nahoda gene with DOMON, EGF
(g), Trypan_PARP, and SEA(g) domains.

GILT. GILT (Gamma-interferon-inducible lysosom-
al thiol reductase) domain with the thioredoxin fold
was found in five Dmelgenes. GILT1 is predicted to be
a GPl-anchored protein and was found in cell
membrane [471]. GILT2 and GILT3 with signal
peptide predictions could locate in the lysosome
and/or get secreted like mammalian GILT proteins.
Two GILT genes CG9427 and CG41378 could

encode proteins with different subcellular localiza-
tions. CG9427 has two isoforms—one with a predict-
ed signal peptide and the other without. CG41378
isoforms could encode intracellular proteins as well as
type Il TM proteins with an N-terminal predicted TM
segment. GILT proteins likely function in Dmel innate
immune response [472].

Cu-oxidase(g). Four Dmel genes (Mco1, MCO3,
laccase2, and CG32557) encode proteins with XC
Cu-oxidase(g) domains. Structural analysis of a
homologous protein revealed that each protein has
three Cu-oxidase(g) domains (domains 1-3) with a 3-
barrel fold related to plastocyanin and azurin [473].
Domain 1 has a mononuclear copper chelated by two
histidines, a cysteine, and a methionine. In addition, a
trinuclear copper cluster is located in the interface
between domain 1 and domain 3 and coordinated by
eight histidines.

Cu2_monoox(g). Four Dmel genes encode proteins
with the Cu2_monoox(g) domains [474]. These pro-
teins contain two evolutionarily related jelly roll domains
that each bind a copper ion. Two of these proteins also
possess the DOMON domain that could bind heme.
Tbh (tyramine 8 hydroxylase) [475] is the rate-limiting
enzyme in the synthesis of octopamine, an invertebrate
neurotransmitter. Phm (peptidylglycine-a-hydroxylating
monooxygenase) catalyzes the hydroxylation of
C-terminal glycine residues in signaling peptides [476].
The other two members, CG5235 and OIf413, are
possible orthologs of mammalian protein monooxy-
genase DBH-like 1 (MOXD1), which has been shown
to reside in the ER [477].

Lysyl_oxidase. Two genes (lox and lox2) with
Lysyl_oxidase [478] domains exist in Dmel. They also
possess SRCR(g) domains. They perform oxidative
deamination of peptidyl lysine residues in collagen and
elastin precursors to generate alpha-aminoadipic-
delta-semialdehyde. Lysyl_oxidase domain binds cop-
per for catalysis. The structure of a human lysyl oxidase
homolog revealed that the Lysyl_oxidase domain
adopts an IG-fold with three histines (in the sequence
motif HxHxH) and a tyrosine as metal-binding residues
in the active site [479]. These residues are preversed in
Dmel Lox and Lox2.

Sod_Cu. Three genes (Sod3, CG5948, and
CG31028) encode proteins with the IG-fold XC domain
Sod_Cu, which is also present in two intracellular
proteins (encoded by Sod and Ccs). A catalytically
active Sod_Cu domain possesses a copper ion
coordinated by three histidines and a zinc ion
coordinated by three histidines and an aspartate [480]
(Fig. 4E). Sod3 has several isoforms encoding
predicted secreted or GPIl-anchored proteins with a
single active Sod_Cu domain that preserves all metal-
binding residues. CG5948and CG31028 could encode
proteins without catalytic activity as some of the metal-
binding residues are altered.

DM13. DM13 is an XC domain with putative
oxidoreductase activity [142]. It co-occurs with the
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heme-binding DOMON domain in three Dmel genes.
DM13 and DOMON could constitute an electron-
transfer system that oxidatively modifies animal cell
surface proteins [142]. The gene knk (knickkopf)
encodes a GPI-anchored protein functioning in chitin
organization in the cuticle and the tracheal system
[223].

Hemocyanin_M. This domain is found in three
prophenoloxidase genes (PPO1-3) without predicted
signal peptide or TM segment. These genes likely
encode intracellular active enzymes as they possess
the six histidines for di-copper binding. These residues
are not fully preserved in the seven secreted Hemo-
cyanin_M-containing proteins with predicted signal
peptides, suggesting that they are not capable of di-
copper binding and catalysis. Instead, some of them
function as storage proteins (Lsp1a, Lps1@, Lps1y, and
Lsp2) and their receptor (Fbp1) secreted by fat body
cells [481, 482].

Class E XC domains that are transferase homologs
(EC 2.-.-.-). G_glu_transpept, LCAT, and AlG2(g).
Three of the six XC transferase domains are acyl-
transferases [G_glu_transpept, LCAT, and AlG2(g)].
Four Dmel genes have predicted XC G_glu_tran-
spept (Gamma-glutamyltransferase) domains [483].
Gamma-glutamyltransferase breaks the gamma-
glutamyl group from a substrate such as glutathione
and transfers the glutamyl group to an acceptor such
as an amino acid. The acceptor could also be a
water molecule to generate glutamate (e.g., gluta-
thione hydrolase). Two Dmel genes with LCAT
(Lecithin—cholesterol acyltransferase) domains
[484] exist. They transfer an acyl group from lecithin
(phosphatidylcholine) to cholesterol to generate
cholesterol ester, which is incorporated into lipopro-
tein particles. LCAT enzymes thus play important
roles in lipoprotein metabolism. LCAT adopts the o/
hydrolase fold. The Pfam AIG2 clan has three
domains (ChaC, AIG2_2, and GGACT) functioning
as gamma-glutamyl cyclotransferases that are im-
portant in glutathione metabolism [485]. One Dmel
AlG2(g)-containing protein (CG4306) has a predict-
ed signal peptide and should be secreted, while
several other AIG2(g)-containing proteins without
predicted signal peptides are probably intracellular.

FAMZ20C, NDK, and Methyltransf_FA. Two phos-
photransferase domains are found in Dmel CSS
proteins. One is the FAM20C domain in a family of
protein kinases responsible for phosphorylation of
secreted proteins [486]. The other is the NDK
(nucleotide diphosphate kinase) domain found in
the product of the awd (abnormal wing discs) gene. It
regulates endocytosis of various surface proteins
and plays important roles in many developmental
processes [487]. We also identified one XC methyl-
transferase domain (Methyltransf_FA). This domain
generates methyl farnesoate (MF) from farnesoic acid
(FA) in the biosynthetic pathway of juvenile hormone

(JH) [488]. The structure and active site of Methyl-
transf_FA remain to be determined. In Dmel, the
Methyltransf_FA domain resides in a single gene NiR
that encodes a ligand-gated channel with the Neur_
chan_LBD domain.

Class E XC domains that are lyase (EC 4.-.-.-) and
isomerase (EC 5.-.-.-) homologs. XC lyase domains—
Carb_anhydrase and NHL. There are the only two XC
lyase domains. Carb_anhydrase (carbonic anhydrase,
or carbonate dehydratase, EC 4.2.1.1) converts
carbon dioxide and water to bicarbonate and protons,
and vice versa [489]. Catalytically active members of
this domain bind a zinc ion using three histidine
residues. Dmel has 10 genes encoding proteins with
XC Carb_anhydrase domains, four of which could be
catalytically inactive due to substitutions at the metal-
binding positions. The second lyase domain NHL, a
beta-propeller domain found in the gene Pal2 (Peptidyl-
a-hydroxyglycine-a-amidating lyase 2), is responsile for
C-terminal amidation of neuropeptides and peptide
hormones [490].

XC isomerase domain—Pro_isomerase. Pro_
isomerase (proline isomerase) is the only XC
isomerase domain in Dmel. While many Drosophila
XC enzyme domains are almost exclusively found in
extracellular space, some can occur both extracellu-
larly and intracellularly. Pro_isomerase is a versatile
domain in terms of subcellular localization [491], as it
is found in products of several genes with various
subcellular localizations such as extracellular space,
ER Iumen, splicesome, and nucleus.

Class R XC domains—enzyme regulatory and
inhibitory domains

This functional class includes 42 enzyme regulatory
domains and inhibitor domains (Table 5). Enzyme
regulatory domains were classified in this class based
on literature analysis and domain architecture analysis.
They often co-occur with the associated enzyme
domains in the same protein products, such as CLIP
[associated with Trypsin(g)] [492], Peptidase_M13_N
(associated with Peptidase_M13), PPP-I(g) (associated
with Peptidase_M14 and Peptidase_S8), ERAP1_C
(associated with Peptidase_M1), and Alpha-amylase_
C(g) (associated with Alpha-amylase). The most
abundant enzyme regulatory domain is CLIP, a small
cysteine-rich domain detected in 37 out of 259 Trypsin
(g)-containing genes. This number could be an
underestimate as some Trypsin(g)-containing proteins,
such as Mas, Sb, Spirit, and CG18557, could have
divergent CLIP domains not detected by the default
score cutoffs. CLIP domains are located N-terminally to
the Trypsin(g) domains. CLIP-containing serine prote-
ases are synthesized as zymogens and activated by
proteolytic cleavage in between the CLIP domain and
the enzyme domain in protease cascades.
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Another set of domains acting as enzyme inhibtors
was also classified in class R based on literature
analysis. These enzyme inhibitor domains, such as
Kunitz_BPTI [493], Kazal(g) [494], and Serpin [495],
generally do not co-occur with enzyme domains in
the same protein. For example, none of the 26 Serpin-
containing genes possesses other domains. Kunitz_
BPTI, the most abundant class R domain in 48 Dmel
genes, does not co-occur with other domains in most
genes containing them. It is present in a few multi-
domain genes with class P or other class R domains.
For example, several Kunitz_BPTIl-containing genes
such as fat-spondin also have TSP_1, Spondin_N, and
Reeler domains. One gene (CG5639) encoding a type |
TM protein possesses multiple enzyme inhibitor
domains including Kunitz_BPTI, Antastatin, Thyroglob-
ulin_1, Lustrin_cystein, and WAP. Kazal(g) is the
second most abundant class R domain identified in
43 Dmel genes. Like Kunitz_BPTI, most Kazal(g)-
containing genes encode single-domain proteins, while
a few of them also possess other enzyme inhibitor
domains such as Pacifastin_| and Thyroglobulin_1,
as well as class P domains such as EGF(g) and
SPARC_Ca_bdg.

Class U XC domains with unknown molecular function

Thirty-eight XC domains were classified in class U as
they have unknown molecular function. Some of them
have been experimentally shown to occur extracellu-
larly, while others were predicted to be extracellular
based on signal peptide and/or TM segment preditions.
Most of them (26 out of 38) are named DUF (Domain of
Unknown Function) (Table 6). About one third of the
these domains (13 out of 38) are cysteine-rich domains,
and eleven of them are domains with mostly low
complexity or disordered regions. This class also
includes several Pfam families corresponding to short
peptide motifs. Two of them, GYR and YLP, could be
involved in cuticle assembly and protein—protein
interactions [496]. Residues in PT (repeats of XPTX)
and Pentapeptide_2 (repeats of XNXGX) motifs could
be involved in post-translational modifications such as
glycosylation.

The most abundant class U domain is DM4_12,
found in 36 Dmel genes. The majority of them have not
been experimentally studied. The gene Desi (Desic-
cate) is expressed in the epidermis of Dmellarvae and
plays a role in resistance to desiccation stress [497]. It
is also expressed in the adult labellum and modulates
taste sensitivities of sensilla to promote water intake in
response to desiccation [498]. Another DM4_12-
containing gene geko is involved in olfactory re-
sponses to ethanol [499]. The second most abundant
class U domain is DUF1676, which is present in the
Osiris gene family [500]. The Osiris genes have been
associated with resistance to octanoic acid in Dro-
sophila sechellia [501]. They play important roles in
insect development, and are also involved in pheno-

Table 5. Class R XC enzyme regulatory and inhibitory
domains.

XC domain No. genes
1 Kunitz_BPTI 48
2 Kazal(g) 43
3 CLIP 37
4 Peptidase_M13_N 28
5 Serpin 26
6 PPP-I(g) 21
7 ERAP1_C 20
8 Alpha-amylase_C(g) 14
9 A1_Propeptide 12
10 TIL 12
11 Propeptide_C1(g) 11
12 Pep_M12B_propep 9
13 GD_N 8
14 Hemocyanin_N 7
15 Hemocyanin_C 7
16 Thiol-ester_cl 6
17 A_deaminase_N 6
18 WAP 6
19 Cystatin(g) 5
20 DPPIV_N 5
21 5_nucleotid_C 4
22 ADAM_CR 4
23 TIMP-like(g) 3
24 P_proprotein 3
25 ADAM17_MPD 3
26 Pacifastin_| 3
27 Hexosaminidase(g) 3
28 CarboxypepD_reg(g) 3
29 Thyroglobulin_1 3
30 CBM_20 3
31 PG_binding_1 2
32 PA 2
33 Hemopexin 2
34 Peptidase_M24_C 1
35 AMP_N-like(g) 1
36 Lustrin_cystein 1
37 Ceramidse_alk_C 1
38 Antistasin 1
39 DUF3740 1
40 DUF4976 1
41 Inhibitor_168 1
42 Metallophos_C 1

typic plasticity as well as stress and immune
responses [502-504]. Interestingly, DM4_12 and
DUF1676 co-occur in two Dmel genes (Osi17 and
Osi24), suggesting that they could have related
functions.

Besides DM4_12 and DUF1676, several class U
domains are also involved in stress or immune
response. The DIM domain is found in 14 Dmel
genes. They are predicted to be secreted or GPI-
anchored small proteins with two conserved cysteines.
DIM-containing proteins are induced by infection, and
they could be effectors (antimicrobial peptides) in
immune response [505,506]. The Pfam GRP domain
is found in six genes encoding proteins enriched with
glycine and tyrosine. One of them is Listericin, whose
expression is induced in response to infection by
the gram-positive bacterium Listeria monocytogenes.
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Listericin could encode a protein with antimicrobial
activity [507]. The Pfam domain Turandot is found
in eight Dmel genes that are involved in stress
response. They are induced by various stressful
conditions such as bacterial infection, heat, cold, and
mechanical stimulus [508].

Assignment of cell membrane topology (CMT)
categories to CSS proteins with Drosophila XC
domains

For 2509 Dmel genes encoding proteins with XC
domains, we manually assigned CMT categories to
their protein products by analysis of prediction results of
signal peptide, TM segment, and GPI signal sequence,
as well as domain contents and literature. Five CMT
categories include the following: E, secreted extracel-
lular protein; S, type | or type Ill TM protein with a single
TM and cytosolic C-terminus; T, type Il TM protein with
a single TM and cytosolic N-terminus; M, multi-pass TM
protein; and G, GPl-anchored protein. The number of
XC-domain-containing genes in each CMT category is
shown as a Venn diagram in Fig. 9a. Overlapping areas
correspond to genes with isoforms of different CMT
assignments. CMT category E (secreted) is the most
populated, as more than two third of the genes (1739
out of 2509) encoding predicted secreted proteins.
CMT categories S (type I/lll single-TM) and M (multi-
pass TM) have similar numbers of genes, while CMT
categories G (GPl-anchored) and T (type Il single-TM)
are less popular.

CMT category S is popular among several most
abundant class P (protein—protein interaction) XC
domains such as Ig(g), EGF(g), LRR(g), and fn3(g)
(Table 7), as they tend to occurin type | TM cell surface
receptors or adhesion molecules. The majority of
uPAR_Ly6_toxin(g)-containing proteins are assigned
CMT category G, while XC domains Tetraspanin and
ASC are exclusively found in multi-pass TM proteins
(CMT category M). The most populated CMT category
is E (secreted) for the majority of the abundant XC
domains in functional classes S (signaling molecules),
B (non-protein binding), E (enzyme homolog), R
(enzyme regulatory/inhibitory), and U (unknown mo-
lecular function) (Table 7). The exceptions are two
class B domains PBP(g) and Periplas_BP(g) and the
class U domain DUF1676, for which the most
populated CMT category is M.

Genes encoding proteins with different signal peptides,
CMT categories, and XC domain contents

Eukaryotic genome transcripts can be modulated
through events such as alternative splicing [509],
alternative promoter usage [510], alternative polyade-
nylation [511], and RNA editing [512]. The resulting
difference in transcripts could lead to different protein
products for a protein-coding gene. The repertoire of
the protein products can be further expanded by

Table 6. Class U putative XC domains of unknown
molecular function

XC domain No. genes
1 DM4_12 36
2 DUF1676 22
3 DUF725 14
4 DIM 14
5 YLP 13
6 GYR 13
7 L71 11
8 DUF745 11
9 DUF4794 11
10 MBF2 9
11 Turandot 8
12 GRP 6
13 DUF4766 6
14 DUF4773 5
15 ACP53EA 4
16 DUF4786 3
17 DUF4813 3
18 DUF4816 3
19 DUF4779 3
20 DUF4768 2
21 PT 2
22 DUF4789 2
23 DUF4758 2
24 DUF4803 2
25 DUF4744 1
26 DUF1180 1
27 DUF2054 1
28 DUF1619 1
29 DUF4774 1
30 DUF4787 1
31 Pentapeptide_2 1
32 DUF4735 1
33 DUF3105 1
34 OAF 1
35 DUF4512 1
36 DUF2489 1
37 DUF3472 1
38 DUF2368 1

translational events such as alternative translation
initiation [513] and stop codon readthrough [514], as
well as posttranslational events such as phosphoryla-
tion, glycosylation, and proteolysis [515].

Manual inspection of Dmel CSS proteins revealed
that alternative splicing could affect N-terminal signal
peptides. The gene Ama is an example where two
isoforms have signal peptides of different lengths. The
gene Pfth encodes three isoforms with signal peptides
differing in their N-termini. The isoform PE has an eight-
residue extension at the N-terminus compared to the
isoform PG, while the isoform PF has an additional 26
residues added to the N-terminus of PE. Both Sema2a
and NimC1 have two isoforms of different signal
peptides encoded by two non-overlapping exons. The
pip99A gene encodes one isoform (PF) that uses a
different signal peptide than three other isoforms (PA,
PB, and PC). This PF isoform contains an extra fn3(g)
domain compared to isoforms PA, PB, and PC. This
gene also encodes a putative intracellular isoform (PG)
without signal peptide and TM segment.
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Fig. 9. Statistics of CMT assignment. (a) CMT category
notations and the Venn diagram of the assignment of CMT
categories. Each circle corresponds to the set of Dmel genes
with product(s) of an assignment (S, T, E, M, and G), and the
number of genes is shown inside the circle. Genes with
products of more than one assignment are shown as
overlapping regions, and their numbers are shown outside
the circles. (b) lllustrations of unresolved assignments.
Hydrophobic segments are shown as gray boxes. A
hydrophobic segment could be part of a signal peptide (red
box), a TM segment (blue box), a GPI signal sequence
(orange box), or none of them.

Alternative splicing could also modulate the TM
domain and GPI signaling sequence. One example is
the sns gene that encodes three isoforms. Isoforms PA
and PC have a single, but different TM after the XC
domains, while the PB isoform contains both the TMs.
Another example of isoforms with different membrane
attachment is Fas2. lts isoforms PA, PD, PF, PG, and
PH are predicted to be type | TM proteins, while
isoforms PB and PC are predicted to be GPI-anchored
proteins. The gene beat-IlV has two isoforms. One
isoform (PB) has a C-terminal segment predicted by
PredGPI as a probable GPl-anchor sequence, while
the other isoform does not have this segment and could
be secreted instead.

Table 7. CMT assignment for popular XC domains in Fig. 2.

CMT category
XC domain E S T M G Un
Ig(g) 27 73 3 3 29 10
EGF(g) 35 46 2 4 2 2
LRR(g) 13 48 0 5 4
fn3(g) 8 45 0 1 8 3
Beta_propeller_XC(g) 18 21 5 O 2 1
uPAR_Ly6_toxin(g) 2 7 0o 0 29 1
Ldl_recept_a 11 20 4 2 0 1
Tetraspannin 0 0 0 38 0 0
LRRNT 4 25 0 3 0 2
CUB(g) 18 12 0 1 0 1
ASC 0 0O 0 31 o0 0
CAP 27 0 0 O 2 1
Cystine-knot(g) 24 1 0 o0 0 2
SVWC 14 0 0 O 0 0
Insulin(g) 7 0o 0 O0 0 0
wnt 7 0 0 O 0 0
Omega_toxin(g) 6 0 0 0 0 0
LIG(g) 119 0 O0 O 0 0
Chitin_bind_4 116 0 0 0 1 1
CBM_14_19(g) 10 0 0 O 0 0
PBP(g) 1 0 0 74 2 0
PBP_GOBP 50 0 0 0 1 0
Lectin_C(g) 38 4 0 o0 1 0
Ahal_BPI(g) 31 0 0 O 0 0
Periplas_BP(g) 1 5 0 22 0 0
DUF243 26 0 0 O 0 0
Trypsin(g) 246 0 4 O 7 2
Lipase 30 0 0 o0 0 0
Peptidase_M13 22 0 7 0 0 0
Abhydrolase(g) 24 0 1 0 0 0
COesterase 15 6 1 0 2 0
Kunitz_BPTI 45 2 0 O 1 0
Kazal(g) 40 0 0 o0 1 2
CLIP 37 0 0 O 0 0
Peptidase_M13_N 22 0 7 0 0 0
Serpin 26 0 0 0 0 0
DM4_12 32 0o 0 2 0 2
DUF1676 0 0 0 22 o 0
DUF725 14 0 0 O 0 0
DIM 13 0 0 O 1 0
YLP 13 0 0 O 0 0
GYR 13 0 0 O 0 0

The table is ordered by domain classes P (red), S (dark red), B
(cyan), E (magenta), R (orange), and U (blue). The most populated
CMT category for each XC domain is in bold and gray background.
"Un" stands for unresolved assignment.

The gene chp uses stop codon readthrough to create
protein products with potentially different CMT catego-
ries. Four isoforms (PA, PC, PE, and PF) of chp have
the same short hydrophobic segment at their C-termini,
suggesting that they are GPl-anchored, as reported by
experiments [516]. One isoform (PD) gets it C-terminus
extended by stop codon readthrough to include a
predicted TM segment (by both Phobius and TMHMM)
as well as 19 residues after it.

Domain contents can also be modulated by alterna-
tive splicing. For example, the gene Pxn (Peroxidasin)
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has two isoforms. One has the An_peroxidase domain
while the other does not have it. As another example,
the NetA isoform PA has a C-terminal NTR domain
which is missing in the PB isoform.

Assignment of unresolved CMT categories

One recurring difficulty in CMT assignment is the
C-terminal hydrophobic segment that can be pre-
dicted both as a GPI signal sequence and as a TM
segment. For some cases with contradictory predic-
tions, assignments were made based on experimental
evidence available for the Dmel protein or its orthologs
in other organisms. For example, the Con (Connectin)
gene products have a C-terminal segment with both TM
and GPI signal predictions. We assigned the CMT
category of G based on experimental studies [180].
Another example is the Cont (Contactin) gene, which
also encodes a protein with both TM and GPI signal
predictions and is assigned CMT category of G based
on experimental studies of the Dmel gene [517] and its
vertebrate ortholog [518]. In cases without experimen-
tal evidence, we assigned an unresolved class [GS]
(Fig. 9b). Fifteen genes were assigned the unresolved
CMT category of [GS], including four Ig(g)-domain
containing genes apr11, dpr20, beat-Va, and beat-VII.
For other genes, inconsistent prediction results among
Drosophila orthologs were observed for the C-terminal
hydrophobic segment that could be predicted to be a
TM segment, the GPI signal sequence, or neither. This
inconsistency could lead to unresolved assignments of
[SE] and [GE], in addition to [GS] (Fig. 9b). Future
experimental studies could help resolve some of these
cases.

Likewise, an N-terminal hydrophobic segment can
be contradictorily predicted to be part of a signal peptide
and a TM segment by different programs, or inconsis-
tently predicted to be part of a signal peptide ora TM
segment among orthologs. In absence of additional
predicted TM segments, this can result in unresolved
CMT assignment of [TE] (Fig. 9b). For example, the
protein product of the Dmel sog gene possesses an
N-terminal hydrophobic segment (amino acid residues
55 to 73) predicted to be a TM segment by Phobius and
TMHMM. It is also predicted to be part of a long signal
peptide by SignalP 4.0 (truncation cutoff: 200).
Moreover, the TM segment or signal peptide predic-
tions are not consistent among Drosophila orthologs.
The manual assignment of CMT category for the Sog
protein is [TE]. Uncertainty of N-terminal hydrophobic
segment predictions coupled with an additional C-
terminal predicted TM segment can lead to unresolved
CMT assignment of [SM] (Fig. 9B). One example is the
sev (sevenless) gene, which encodes an RTK. More
than 100 residues exist before the N-terminal hydro-
phobic segment, which is predicted to be a TM by
Phobius. In contrast, the mammalian orthologs of
Sevenless have a much shorter sequence before the
N-terminal hydrophobic segment and are predicted to

be type | TM proteins. No experimental evidence was
found for Dmel Sevenless regarding whether the its
N-terminal hydrophobic segment is cleaved by signal
peptidase or serves as a TM segment. lts CMT
category is thus assigned as [SM] since it contains a
predicted TM segment near the C-terminus.

Dmel CSS proteins with potentially incorrect gene
models

We observed a number of cases of potentially
incorrect gene models and protein products of Dmel
in FlyBase (version 2015_03) due to incomplete
N-terminus. Missing exons and wrong translation start
site could lead to shortened protein sequences at the
N-terminus and result in no predictions of signal
peptides for CSS proteins. One example is Beat-Vc.
While several close orthologs of Dmel Beat-Vc have
predicted signal peptides, it is missing for Dmel
Beat-Vc. A translation of its mRNA indeed recovered
the N-terminal sequence segment (MSLLRLLGALL-
LATFNG) highly similar to its orthologs in other
Drosophila species. This segment constitutes most of
the missing signal peptide (Table 8). We made potential
corrections for a total of 39 Dmel genes where the
missing signal peptide can be recovered for their
proteins (Table 8).

The FlyXCDB database

We developed FlyXCDB (http://prodata.swmed.edu/
FlyXCDB) that reports numerous computational pre-
dictions and serves as a resource to study XC domains
in Dmel CSS proteins. This database contains a main
information table for about 2,500 Dmel genes with XC
domains. The information in this table for any gene
includes CMT assignment for its product(s), the number
of orthologous Drosophila proteins with a link to
their alignment, summary scores of signal peptide/TM
segment/GPI signal sequence predictions (SP, SP200,
SP_PHO, ave_SP, TM_PHO, and ave_GPI, see
Materials and Methods for their definitions), XC
domains and other domains detected by HMMER
and HHsearch, and FlyBase (2015_03) Gene Ontology
cellular component terms. Each gene also has a link to
a dedicated page containing detailed information about
the predictions for its orthologous proteins. A separate
web page stores the information table for all Dmel
protein-coding genes, which is slower to load.

FlyXCDB also has a web page dedicated to XC
domain classification with a table that includes manu-
ally defined Drosophila XC domains classified into
six classes. For each XC domain, the table has its
classification code (P, S, B, E, R, or U), the number of
associated Dmel genes, and the Pfam domain(s)
contributing to the XC domain. The number of
associated Dmel genes is linked to a separate page
that contains the information table for genes associated
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Table 8. Cases of gene model corrections for possibly missing N-terminal segments.

Gene

Isoform(s)

Corrected N-terminus®

beat-Vc
ItgaPS5
Jon74E
Mal-B2
Spn28Db
upd2
CG10041
CG11570
CG11836
CG12662
CG13247
CG14495
CG14720
CG15358
CG17189
CG17279
CG30187
CG30270
CG30280
CG31465
CG31664
CG32413
CG32984
CG32985
CG33645
CG33768
CG34234
CG34303
CG34428
CG42685
CG42878
CG43294
CG4367
CG5267
CG5897
CG7653
CG7763
CG9168
CG9500

PA
PA
PA,PB
PC,PD
PA
PA
PA
PA

PI

PA
PA
PA,PB
PA
PB,PC
PA
PB,PC
PC,PD
PC
PB,PC
PA,PB,PC
PB,PC
PC

PA

PA

PB

PA

PA

PA

PA

PA

PA

PA

PA

PA

PB

PB
PA,PB
PA

PA

MSLLRLLGALLLATFNGMAPVPAEGLHLSNLSVPRIIDVAQKAKLFCSYAM
MHRLLFLIFLALKYQSNAMNEFSPLPNRVIDAPKHLKTRMIQVRSSYFGYSL
MOISTILVFLLILVQGRSISCLDMGHGIGGRIAGGELARANQFPYQVGLSI
MRAPLIQILLESLLNSGSIMAGLVKSDTEDFIDWWPHTVEYQIYPRSFKDS
MQGNNKIKYLVLLLIATSVLGKFKLNLLELVMDKAESNFIASPLCIEIGIS
MPAFTLNASQQSQSSRSSRSAHSSWSCHSRQVLLVIMILSVVMPFTKARHL
MCCWQSLCSIAWFAAMSAAQETLSDTPONSTPLLATTVSTTKVISFRPRYP
MRQGSVVIYLGLLAFIAIVDCQENNNLVSIVTDHSIQCPPFDDPNHNVMLP
MSLKYIIFFWMLTANYSSVLSLEYSKGFNESDAINTIHT [8] FLFDTIFRI
MGYYRNLLGFITLFGFLQLTKQHCYMMKLVGAKSWDTPSYGLKLNMFEKNN
MDMMTATWMLCLVLCSTAMATEEESGSGLFNVTGNPLDTEAAPKLPSEVQK
MEALRRFLRTETRCRLNGIHTLILCVLFLGFSVAGEMPDLFTPEPDLTIDE
MRLEVAIYAFLSCMHLCSADGHLKRLSRSLIFPPTSPTRVQFIGGIGIPVE
MOKLSIWLLLALFAWNAHAPSAAMPSVCLLQDAPQQCGEFCLTALSPMLDH
MLLIGLLMLLHAGLQGAQCVAFYTEKPSYIESCKIYEPEFTKCSTRSIQAF
MRLIVEVCCLWMAPSLGQLPPEIEKCRAGDSICIAETVTRILRLYPKGLPS
MOTRLAWIPVIFWFLKDVGASIFLDQICGINIALKITGGHNAAFQNSVWMA
MQLAKYSIFLFVLCGTLIPVEIVARSLEKKQPRGSVART [23] GGGIPEMP
MFPGVPVFSVCIALSVMIFCHAETLNLFGNLEAIYEQAENALSTLQESLLQ
MSRHLFHIFCILAITRPIPISCTEAKDQELSMSHKEASSWLRTQDDLVPKH
MNTRCTLLFTLATLLAFGKPAHAYKTYYLMGEEDKIHLD [32] VSDLLEMF
MLGRIALFLTIIYVVFKAMFLRWVIEKPPFKFDDDEEHFNATLAKLLKPRS
MMLKMKTFTSVSYKKCILCIFILFLLIVWKITSYGVNDV[14]NSSNCQMA
MARSISYSFKRLIVSFLAVTLICLWSMNSSRVDENFSARDSQEVEKLFYVE
MNFLLLFFSATLIFNSMRCEERNFRVYIKEVNITHLDTDLYEKFECKVYQV
MLKIVCVLMVIFVSQAVSSSVTLNRVQCEKNAKFFATLNVTSVNSTIYADI
MRRCKTIQMLFLCLMMRMRESHERPTPKNLLEQMLPADTFDVIRRIPRSDE
MFSVRVAFLCIFCFNIFGCIPVSKIPYIKSFGLKSIVIS[16]APELGKMK
MKFSIVFILVSCLLYQVMASLGSLFKHQRSKRAPIPWLIYPTTSPTRVQFI
MFLYFMTISMSLVLIMENSGTPLMSLLDGTFLEAYNRSTESPEGGPTSHPW
MOCRGLSLAVLCLLGYTRAMLHGPNYCTHGDLMVKCIPVCPKICADFLYRQ
MLNKLPLIVLLCAVFSGFCMAQTVQRWPFPNDCHRYYETRLLDCPPEFYWN
MNTYKFILFLSMGFLNRMGELEGHGMMLSPTGRSSRWRYDNSAPTNYDDNA
MMAWPKVYFVVQLIGILFQKHVLMAEDSAEDQITWPDDIAEPTLESELTWP
MRVPPCGFHLCVILAIVAEIRGFSMEDKCKLWAGTGYIGDPSDCQAWGYCQ
MFKCLLSERENCYKNVALYGLLLLLCLCQVACSAKTQLY [143]WIRNTMP
MOKSIIFLVLPLCLSSSYSAACEGVESDSQCAAYCYGVLNPCIASMGNLQR
MSLGRNVFLLCSIQFLLCKAKLSLHSHYPNVAKTLENKKFYVDSPSCKMPE
MRSVWIYVAFLGLSFYSTEAMDSESFQONDTAIRNKPELKSLYKLVLALLEE

2 Inferred missing N-terminal residues are shown in bold red letters. The number of omitted letters in long missing sequences is shown in
brackets. Predicted signal peptide and TM segment are underlined and double-underlined, respectively.

with that XC domain, in the same format as the main
gene information table of FlyXCDB. One example of
the gene information table is shown for the class B lipid-
binding XC domain Calycin(g) (Fig. 10). We detected
this domain in 11 genes potentially encoding Dmel
CSS proteins, including Glaz and Nlaz that have
been experimentally shown to encode secreted
proteins. Four genes (CG5399, CG3706, CG34256,
and CG43050) possess divergent Calycin(g) domains
only detected by HHsearch. They encode candidate
Dmel lipid-binding proteins that could be targets for
future experimental studies.

Materials and Methods

Defining orthologous protein groups for Dmel
protein-coding genes

For each of the protein-coding genes of Dmel
(FlyBase version FB2015_03), we aim to study if it
encodes CSS protein(s) and if any known XC domains
are present in its protein product(s) by analyzing
predictions of signal sequences and TM segments,
domain contents, gene ontology, and literature
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Dmel genes with XC domain - Calycin(g)

Number of genes: 11

[#[cMT [GeneID Name [#SEQ|ave SP| SP [SP200[SP_PHO TM_PHO [ave_GPI XC [OthersxC_HH
1 |cMT E|FBen0033799lcLaz |13 10923 [0.923]0.923 J0.923  o.000  Jo.ooo |CalveinfLipocalinil. e iy
o e Lipocalin 2:0.692]
2 [CMT E [FBgn0053126 NLaz (13 [0.974 [0.923(1.000 [1.000  [0.077  [0.000 |Calycin[Lipocalin 2:1] [N/A [N/A
3 [CMT E [FBgn0030334[Karl |12 [0.583 [0.500(0.750 [0.500  [0.333  [0.000 |Calycin[Lipocalin:0.833][N/A |N/A
4 [cMT_G|FBgn0264775(CG44013[5  [0.800 [0.800[0.800 [0.800  [0.600 [Calycin[Lipocalin:0.8] [N/A  [N/A
S [CMT_G|FBgn0264776/CG44014[12  |0.861 [0.833(1.000 [0.750  |0.833 Calycin[Lipocalin:0.667, ;- |n/a
= Lipocalin 2:0.167]
Calycin[Lipocalin:0.214,
6 |CMT_G|EBgn0051446|CG31446(14  [1.000 |1.000(1.000 [1.000  [0.857 8 yCInl LI NA |NA
= Lipocalin 2:0.643]
7 |CMT E |[FBen0051659/CG31659/14  (0.810 [0.786/0.857 (0786 (0071|0000 |caein(Triabin0.5. o, b,y
_ Lipocalin:0.429]
Calycin[Lipocalin_2,
3 |CMT_G|EBgn0038353|CG5399 |12 |0.917 [0.917(0.917 [0.917  [1.000 N/A N/A  [Lipocalin, Triabin,
= Nitrophorin, VDE,
ApoM]
P‘CMTJ ‘FBg110040342‘CG3706 12 ‘0.278 lvooo ‘0.167 ‘0667 ‘1.000 ‘04000 ’N/A ‘N/A ‘%y%gg]nc Svil,
o ——
10|CMT_E [FBgn0085285|CG3425615  (0.711 0.267/0.933 [0.933  [0.000  [0.100  [N/A na  |CalycinLipocalin 2,
= Triabin, VDE]
Calycin[Lipocalin_2,
11|CMT_E [FBgn0262352|CG43050|16  (0.625 [0.625/0.625 |0.625  [0.000  [0.031  N/A N/A  |Triabin, Nitrophorin,
VDE, ApoM]

Fig. 10. FlyXCDB gene information table for class B XC domain Calycin(g). The “CMT” column shows the assigned
CMT categories. The “GenelD” column has FlyBase gene ids linked to the gene pages in FlyBase. The “Name” column
has gene symbols linked to FlyXCDB pages with detailed information of predictions. The “#SEQ” column contains the
numbers of Drosophila nonredundant orthologs with links to their alignments. The columns of “ave_SP,” “SP,” “SP200,”
“SP_PHO,” “TM_PHO,” and “ave_GPI” store the prediction scores of signal peptide, TM segment, and GPI signal
sequence (see Materials and Methods). The “XC” column contains XC domains detected by HMMER and the detection
fractions among orthologs. Pfam domains belonging to the same XC domain are grouped in brackets with the XC
domain name before the brackets. The “Others” column contains other Pfam domains detected by HMMER. The “XC_HH”"
column contains XC domains detected by HHsearch. The “Others_HH” column (containing other domains detected by
HHsearch) and the “GO_CC” column (gene ontology cellular component terms) are not shown in this figure due to space

limit.

(Fig. 1A). To aid the prediction power, we applied a
comparative genomics approach to studying the
protein products of each Dmel gene as well as the
protein products of its orthologous genes in the 12
Drosophila species with sequenced whole genomes—
D. ananassae (abbreviation: Dana), D. erecta (Dere),
D. grimshawi (Dgri), D. melanogaster (Dmel), D.
mojavensis (Dmoj), D. persimilis (Dpen), D. pseudoobs-
cura (Dpse), D. sechellia (Dsec), D. simulans (Dsim),
D. yakuba (Dyak), D. virilis (Dvir), and D. willistoni
(Dwil). The orthologous relationships among the genes
of the 12 Drosophila genomes were predicted by
OrthoDB [519], with each gene represented by its
longest protein product. For any protein-coding gene
encoding multiple protein isoforms, we examined its
protein products and removed sequence redundancy
by keeping only non-identical protein products. The
orthologous protein group of a Dmel protein-coding
gene consists of its non-redundant protein products
and the non-redundant protein products of its ortholo-
gous genes from the 12 Drosophila genomes. For each
protein-coding Dmel gene, a multiple sequence align-
ment was obtained by MAFFT [520] for all members of
the orthologous protein group.

Predictions of signal peptide, TM segment, GPI
signal sequence, and Pfam domains

SignalP (version: 4.0) [521] and Phobius [522]
were used to predict N-terminal signal peptide for
secretory pathway targeting for all members in each
orthologous group. For SignalP, two separate
predictions were made with truncation cutoffs set to
70 (default setting) and 200 (a setting that allows
prediction of long signal peptide up to 200-amino-
acid residues). TM segments were predicted by
Phobius and TMHMM [523]. PredGPI [524] and
FragAnchor [525] were used to predict C-terminal
GPI signal sequences.

To aid in the discovery of Dmel CSS proteins and
the XC domains in them, we developed several
scores based on predictions of signal peptide, TM
segment, and GPI signal sequence. For any Dmel
gene, the SP score is the fraction of signal peptide
prediction by SignalP4.0 with default setting (trun-
cation cutoff: 70) for proteins in its orthologous group
(the number of predicted signal peptides divided by
the total number of proteins in the orthologous group
of that gene). The SP200 score is the fraction of signal
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peptide prediction by SignalP4.0 with a truncation cutoff
of 200 residues. The SP_PHO score is the fraction of
signal peptide prediction by Phobius. The ave_SP
score is the average of SP, SP200, and SP_PHO.
TM_PHO is the average number of predicted TMs by
Phobius. The ave_GPI score is the average fraction of
GPI signal sequences predicted by PredGDI and
fragAnchor. These scores (SP, SP200, SP_PHO,
ave_SP, TM_PHO, and ave_GPI) are reported in
gene information tables in FlyXCDB.

For protein domain detection, HMMER [526] was
used to search each protein in an orthologous group
against the Pfam database (version: 28) [527]. For any
detected Pfam domain type, HMMER reports a global,
full-length e-value based on combined similarity of
individual domains as well as domain-level e-values for
detected individual domain regions. By default, the
Pfam domain hit to a region was reported as a true
positive if all three conditions are satisfied: (1) the full-
length e-value is no worse than 0.01, (2) the domain-
level e-value is no worse than 0.1, and (3) the coverage
of the Pfam HMM model is no less than 0.5. One
exception is for hits with superior domain-level e-values
(1e—10 or better), for which the coverage requirement is
relaxed. In practice, we found that some domains with a
significant portion of compositional biased regions
(such as low complexity regions, coiled coil regions,
TM segments, and signal peptides) were detected
under these settings. We manually inspected these
spurious Pfam hits in potential extracellular regions and
set the domain-level e-value cutoff to 1e—4 for these
compositionally biased Pfam domains. HMMER hits of
different homologous Pfam domains were often
reported in the same region. In these situations, the
best hit in the region is kept. To do this, we applied a
domain hit filtering procedure. Any domain hit is filtered
out if there is another domain hit with a better e-value
and covering at least 70% of the region. HHsearch
[528] was applied to each non-redundant protein of
Dmel against the Pfam database for prediction of
divergent domains. By default, true positives were
considered for hits with probability scores no less than
95 and the domain coverages no less than 0.5.
HHsearch was also used against the PDB database
for identification of homologs with structures.

Obtaining an initial set of candidate Pfam
XC domains

The SMART database [36] (version 7.0) has a set of
SMART domains defined as extracellular. For most of
them, we mapped SMART-defined XC domains to
Pfam [35] (version 28) domains from the links provided
by the SMART database. In cases where the links to
Pfam domains are missing, we performed HMMER
searches against the Pfam database using the SMART
domain sequences as queries to help identify the
corresponding Pfam domains. This procedure created

an initial set of candidate Pfam domains. Some of these
domains were later removed by manual analysis
if one of the following conditions applied: (1) The
Pfam domain was not detected in Drosophila proteins
(e.g., B_lectin, Autotransporter, and C1q). (2) The Pfam
domain was only identified in Drosophila intracellular
proteins (e.g., AIP3 and Peptidase_C2). (3) The Pfam
domain is mostly made up of TM segments and
does not have an extracellular independent folding unit
(e.g., 7TM_GPCR_Srsx).

Analysis of candidate Dmel genes encoding
CSS proteins to expand the set of XC domains

We added more Pfam domains to the XC domain set
based on analysis of HMMER and HHsearch results of
proteins from candidate Drosophila CSS genes. The
set of candidate Dmel CSS genes (genes potentially
encoding CSS proteins) consisted of Dmel genes
satisfying one of these conditions: (1) the ave_SP score
was no less than 0.4. (2). The TM_PHO score was no
less than 0.5. (3) The ave_GPI score was no less than
0.4. (4) One or more proteins in the orthologous
group of a Dmel gene had a predicted XC domain
initially mapped from the SMART database XC domain
set. Additional Drosophila XC domains were assigned
by manual analysis of these candidate Dmel CSS
genes, with the help of FlyBase (version 2015_03) gene
ontology terms of cellular component (ftp:/ftp.flybase.
net/releases/FB2015_03/precomputed_files/
ontologies/go-basic.obo.gz) as well as literature mining.

Classification of Drosophila XC domains

Drosophila XC domains were manually classified
into six classes mainly according to their molecular
functions. We relied on manual literature mining and
structure analysis in assigning the classes. Class P XC
domains are those likely involved in protein—protein
interactions, which are crucial for cell adhesion,
receptor-protein ligand interactions, and establishment
of ECM. Assignments of some domains in this class,
such as lg(g), fn3(g), EGF(g), and LRR(g), were based
on experimental studies supporting their roles in
protein—protein interactions [42,43]. Protein—protein inter-
actions involving some domains were additionally sup-
ported by three-dimensional structures, such as Cadherin
(9) [93]. Some XC domains, such as Vitelline_membr
and and Chorion_3 [260,262], were assigned class P
as they were found in major protein components of
ECMs. Class S domains, defined as those mainly
found in XC signaling molecules, are also involved in
protein—protein interactions. We made a separate class
for them as they are involved in interactions with cell
surface receptors in signaling pathways. Domains in
this class, together with signaling molecules without
known domains (such as a number of neuropeptides),
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are described in section Class S XC domains mainly
found in extracellular signaling molecules of Results
and Discussion. Literature and structural analyses
were used in assigning class B (likely involved in
binding non-protein molecules and groups) and class E
(enzyme homologs) domains. Class R domains are
those that act as enzyme inhibitors or potentially serve
as as enzyme regulatory domains. Enzyme inhibitor
domains, such as Serpin and Kazal(g), were assigned
class R based on literature. Enzyme regulatory domains
were assigned class R based on literature analysis as
well as domain architecture analysis, as they often co-
occur with enzyme domains. The rest of the XC
domains, without known molecular function, were
assigned class U.

Enzyme domain EC number and active site
analysis

For each enzyme domain, we assigned the EC
(Enzyme Commission) number based on information
from the Pfam database and literature analysis. For a
majority of the enzyme domains, catalytically important
residues were defined as those involved in catalysis
as well as metal binding residues in the active site, if
available. Definitions of catalytically important residues
were conducted manually by inspecting structures
of the enzyme domains and literature mining, and
the positions of these residues were assigned to a
known structure of the enzyme domain. Dmel gene
products with the XC enzyme domain were then aligned
to the sequence of the structure homolog. If any isoform
of a gene contains an intact set of catalytically important
residues, the gene is considered to encode catalytically
active enzymes. Otherwise, the gene is considered
to encode catalytically inactive enzyme domain. The
numbers of genes encoding catalytically active en-
zymes are undetermined for two enzyme domains
without known structures and experimental knowledge
of their active sites (DM13 and Methyltransf_FA).

CMT category assignment

The previously defined prediction scores (SP,
SP200, SP_PHO, ave_SP, TM_PHO, and ave_GPI)
were useful in aiding manual assignment of CMT
categories to Dmel gene products. For example,
secreted proteins often have the ave_SP score near
1 and the TM_PHO score near zero, and type | TM
proteins often have both the ave_SP score and
the TM_PHO score near 1. However, we still mainly
relied on manaul analysis for CMT assignment, due to
difficulties caused by potentially incorrect predictions,
inconsistent predictions among Drosophila orthologs,
occurrence of multiple isoforms in a gene, and
endomembrane (such as ER and Golgi) proteins with
signal peptide/TM segment predictions.
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