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Abstract

Background: The molecular components in synapses that are essential to the life cycle of synaptic
vesicles are well characterized. Nonetheless, many aspects of synaptic processes, in particular how
they relate to complex behaviour, remain elusive. The genomes of flies, mosquitoes, the honeybee
and the beetle are now fully sequenced and span an evolutionary breadth of about 350 million years;
this provides a unique opportunity to conduct a comparative genomics study of the synapse.

Results: We compiled a list of 120 gene prototypes that comprise the core of presynaptic
structures in insects. Insects lack several scaffolding proteins in the active zone, such as bassoon
and piccollo, and the most abundant protein in the mammalian synaptic vesicle, namely
synaptophysin. The pattern of evolution of synaptic protein complexes is analyzed. According to
this analysis, the components of presynaptic complexes as well as proteins that take part in
organelle biogenesis are tightly coordinated. Most synaptic proteins are involved in rich protein
interaction networks. Overall, the number of interacting proteins and the degrees of sequence
conservation between human and insects are closely correlated. Such a correlation holds for
exocytotic but not for endocytotic proteins.

Conclusion: This comparative study of human with insects sheds light on the composition and
assembly of protein complexes in the synapse. Specifically, the nature of the protein interaction
graphs differentiate exocytotic from endocytotic proteins and suggest unique evolutionary
constraints for each set. General principles in the design of proteins of the presynaptic site can be
inferred from a comparative study of human and insect genomes.

Background of several genomes from insects, representing an evolution-
The completion of the Drosophila malengaster genome in ary distance of 250 to 300 million years, provided a unique
the year 2000 provided the first glimpse at the make-up of = opportunity to evaluate the foundation of a functional syn-
animals with a complex nervous system [1,2]. The availability = apse [3]. With many additional animal genomes now
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available, including those of primates, marsupials, fish and
birds, a molecular correlation between genes and brain com-
plexity is being actively sought [4,5].

Drosophila has been used for decades as a model in which to
study synapse formation, embryogenesis, development, and
neurogenesis [6]. A combination of biochemical, cell biologic,
genetic, morphologic, and electrophysiologic studies have
unravelled the molecular mechanisms of synaptic vesicle exo-
cytosis and endocytosis in the fly [7,8] and compared these
with the corresponding mechanisms in vertebrates [9]. In all
neurons, communication across the synapse is mediated by
neurotransmitter release from synaptic vesicles. Because the
entire process may take only a fraction of a millisecond (in
fast releasing synapses), additional processes ensure the
priming, targeting, and docking of synaptic vesicles at the
active zone [10].

Only the basic mechanism of vesicle fusion is shared between
yeast and human [11]. Specifically, the minimal set of SNARE
(Soluble NSF Attachment protein [SNAP] REceptor) func-
tions is a unified mode of vesicle trafficking. The proper tar-
geting and docking of synaptic vesicles is mediated by a
cognate interaction between vesicular SNAREs (v-SNAREs)
and target membrane SNAREs (t-SNAREs). The genuine syn-
aptic vesicle protein associated membrane protein (VAMP;
also called synaptobrevin) acts as v-SNARE, whereas the pre-
synaptic membrane proteins syntaxin and SNAP-25 (SNAP of
25 kDa) are t-SNAREs. The multimeric ATPase NSF (N-ethyl-
maleimide sensitive fusion ATPase) is later recruited to the
SNARE complex by SNAPs [12] and acts to break the
extremely stable SNARE complex, thus reactivating the indi-
vidual SNARESs for future fusion events. Unlike yeast secre-
tion and vesicle trafficking, synaptic vesicle fusion in the
presynaptic structure requires a large body of regulators to
ensure the spatial and temporal resolution of neurotransmit-
ter release [13].

Regulators of the SNAREs are numerous, and many of them
are conserved throughout evolution. Examples are the Rabs
and their direct regulators [14]. Specifically, Rab3, Rabs,
Rab27, and Rabi1 regulate vesicle transport, docking, and
exocytosis of synaptic vesicles [15]. Many of the other Rabs
function in membrane trafficking in general and are strongly
conserved [16,17].

Recently, the composition and the stoichiometry of proteins
and lipids of synaptic and transport vesicles from rat brain
were presented [18]. Based on Mass spectrometry (MS) pro-
teomics technology, about 80 proteins were identified. The
synaptic role of many of these proteins was already estab-
lished, mainly based on the genetics of model organisms such
as Drosophila melanogaster and Caenorhabtidis elegans [2].
Schematically, the proteins of the synaptic vesicles are associ-
ated with the following functional groups: organizers and
cytoskeletal scaffold proteins; transporters and channels;
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sensors and signal transduction proteins; priming, docking,
and fusion apparatus [19,20]; endocytotic and recycling
machinery [7,21-23]; and linkers between the presynaptic
and postsynaptic membranes [2].

In addition, scaffolding proteins are critically important dur-
ing the development and shaping of new synapses [24]. These
proteins are a combination of adhesion, cytoskeleton, and sig-
naling proteins. The specificity of neurons in the central nerv-
ous system (CNS) is primarily defined by the composition of
receptors, transporters, and ion channels in the presynaptic
and postsynaptic density (PSD) structures [25]. In addition to
their role in neuronal transmission through ion channels,
PSD proteins are essential in establishing a protein network
that bridges the cytoskeleton to the extracellular matrix [2].

Herein, we focus on the basic function of the synapse, and
specifically the trafficking, exocytosis, and endocytosis of syn-
aptic vesicles, and analyze it in molecular terms. We compiled
a list of 120 gene prototypes, called 'PS120', which comprises
the core set of proteins associated with synaptic vesicles and
presynaptic structures. This list includes components of the
SNARE complex and their regulators, as well as components
of the trafficking and organization apparatus of the active
zone. In comparison with humans, there are many fewer par-
alogous genes in the four insects whose genome sequence has
been completed (namely fly, mosquito, honeybee, and bee-
tle). This comparative view is instrumental for in silico
genome annotations but it also exposes instances in which a
specific gene or a regulation network is lost. We show that the
number of protein-protein interactions in which a protein
participates and the degree of sequence conservation from
insects to human are positively correlated. The architectures
of proteins responsible for processes in the synapse such as
exocytosis and endocytosis differ markedly. We show that a
systematic comparative genomics view of the fly, honeybee,
mosquito, and beetle proteomes reveals general principles in
the design of presynaptic structures.

Results

Evolutionary relationships among insects

Insects are an ancient group of animals, the first of which
probably appeared 360 to 400 million years ago. Analyses of
insect genomes and proteomes provide a unique opportunity
to compare evolution between the model organism D. mela-
nogaster and numerous additional insect genomes. The
insects whose genomes were sequenced ensure coverage of a
valuable phylogenetic breadth, spanning the fruit fly (D. mel-
anogaster(, the honey bee (Apis mellifera), the red flour bee-
tle (Tribolium castaneum), the mosquitoes (Anopheles
gambiae and Aedes aegypti), the silk worm (Bombyx mori)
and the wasp (Nasonia vitripennis). All together, about
330,000 protein sequences from insects are currently availa-
ble in public protein databases, which already include 12
additional Drosophila genomes. A current list of insect
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Presynaptic protein prototypes

Number Gene Name S M
| ADD2 f-Adducin D
2 AMPH Amphiphysin | D
3 AP2A| AP-2 a-adaptin A
4 AP3DI AP-3 §-adaptor A
5 APBAI| Mintl| C
6 APBA2 Adapter protein XI I3 B *
7 ARFI ARF | A
8 ARF6 ARF 6 A
9 ARFGEF2 ARF-GEF 2 B *
10 ARFIP2 Arfaptin B
I ATP6VOC ATPase |6 kDa A
12 BAIAP3 Bail -associated 3 D *
13 BETI Bet | homolog B
14 BINI Bridging integrator | D
15 BLOCISI Lysosome BLOCI B *
16 BSN Bassoon E *
17 CACNAIA CaVva.l B
18 CADPS Caps C *
19 CALM2 Calmodulin A
20 CASK Lin-2 homolog B
21 CLTC Clathrin heavy chain A
22 CNO Cappuccino D *
23 CNTNAPI Neurexin 4 D
24 CPLX2 Complexin 2 C
25 DLGI SAP 97 B
26 DNAJC5 HSP40 homologue B
27 DNMI Dynamin | A
28 DOC2B Double C2 Cc
29 EHDI Testilin A
30 EPNI Epsin-| C
31 EPS15 EGF substrate 15 D
32 ERCI Rabé interact CAST D
33 EXOC6 Exocyst 6 (@
34 EXPH5 Slp homolog E *
35 FLJ20366 Syntabulin E *
36 SNAP29 SNAP 29 D
37 GAP43 GAP 43 E *
38 GDI2 Rab GDI 2 B
39 GMRP P-selectin D
40 GOPC CFTR-associated ligand C *
41 GOSR2 Membrin C
42 HGS Hepatocyte TK subs C
43 ITSN2 Intersectin D
44 KIFIA Kinesin family | B
45 LAMPI Lysosomal | D
46 LIN7A Mals-| A
47 LPHNI a-Latrotoxin receptor D *
48 MSS4 Rabif C *
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Presynaptic protein prototypes

49 MUTED
50 MYRIP
51 NET2

52 NLGN2
53 NRXNI
54 NSF

55 PACSINI
56 PCLO
57 PICALM
58 PIK4CA
59 PIP5KIC
60 PLDN

6l PPFIA3
62 PSCDI
63 PSCD2
64 RAB27A
65 RAB3A
66 RAB3GAP
67 RAB3ILI
68 RAB6IPI
69 RABACI
70 RABGAPI
71 RALA
72 RAPGEF4
73 SEC22B
74 RILP

75 RIMBP2
76 RIMSI
77 RPH3A
78 SALF

79 SCAMPI
80 SCIN

8l SEPTS
82 SH3GLI
83 SIPAILI
84 SLCI7A7
85 SNAP25
86 SNAP9I
87 SNAPA
88 SNAPAP
89 SNIP

90 SNPH

9l SNX9
92 STXIA
93 STXBPI
94 STXBP5
95 STXBPé6
96 SV2A

97 SYBLI
98 SYN

Muted
Rab-Myosin 7A
Tetraspanin-12
Neuroligin-2
Neurexin |
NEM-sensitive fusion
PKC and CK substrate
Piccolo

Pl-binding clathrin
P 14-kinase a
PI-4P 5-kinase ly
Pallidin

Liprin o 3
Cytohesin- |
Arno 2

Rab27A

Rab3A

Rab3 GTPase
Rabin 3

Rabé interacting |
YIP3 homolog
Rab GTPase

Ral

Rap GEF 4
Sec22-like
Rab-interact
RimS binding
Rims

Rabphilin 3A
Stoned B
SCAMP37
Scinderin

Septin 5
Endophilin
Signal-proliferation |
VgluT|

SNAP-25

AP180

SNAP

Snapin

Snip

Syntaphilin
Sorting nexin
Syntaxin

n-Sec

Tomosyn

Amisyn

SV glycoprotein |
Synaptobrevin-like
Synapsin

N ®QogmMAO®>» 0OMOON®O®PNONPNMNONODOM®E®EMNP>POONONOD0>»®®P»®P®IEP®PNNDIOND®OONOMO
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Presynaptic protein prototypes

99 SYNGRI Synaptogyrin

100 SYNJI Synaptojanin

101 SYNPR Synaptoporin

102 SYP Synaptophysin
103 SYTI Synaptotagmin
104 SYTS Synaptotagmin
105 SYT9 Synaptotagmin
106 SYTL4 Granulophilin
107 SYTLS Synaptotagmin-like 5
108 TMEMI 63 synaptic vesicle3|
109 TRAPPCI Bet5 homolog
110 TRAPPC4 Sybindin

11 TXLNA a-Taxilin

112 UNCI3B Munc-13

113 UNCI3D Unc-13 homolog
114 VAMP2 VAMP

115 VAPA VAP33

116 VATI VAT-I

117 VPSI18 Vacuolar sorting 18
118 VPS33B Vps-33B

119 VTIIB Viil

120 YWHAQ 14-3-3 protein

OO0 O0OO0O0O>»0O®AONO®BOMQOUOO®®EMmMMmAOQO

>

The 120 presynaptic representatives from human (PS120) are indicated by their official gene names. Sequence conservation between human and
insect proteomes is indicated by A to E. Sequence similarity index (S) is divided into five levels marked: A = >75%, B = >65%, C = >50%, D = >35%,
and E = <34%. In the 'M' columns, an asterisk indicates that the gene is absent from the public protein databases. Detailed information on PS120 is

provided in Additional data files 2a,2b.

genome projects is accessible in Additional data file 1. In the
present study we refer only to representative genomes that
are substantially divergent and include the beetle, honeybee,
mosquito, and fly (with D. melanogaster being the reference).
We focus on establishing a functional synapse whose molecu-
lar assembly governs learning and memory as well as the
complex behavior of the organism.

A catalog of presynaptic gene representatives from
human and insects

We compiled an extended catalog of mammalian presynaptic
proteins based on the detailed anatomy of the synaptic vesicle
[18], data from functional annotations by Gene Ontology
(GO) [26], and a manual collection of genes of presynaptic
function [27]. This collection is compared with insect pro-
teomes. A summary of the sequence conservation of each
gene (a total of 120 representative genes) with the insect pro-
teome is shown in Table 1. Analyzing this catalog (PS120 -
presynaptic 120 genes) revealed that 50% are well conserved
and have a sequence similarity in excess of 65% for most of
the sequence. Among them, 60% are at a similarity level in
excess of 75% for most of the sequence. Thus, the majority of
proteins that participate in human presynaptic structures are
extremely well conserved.

Most of the PS120 proteins belong to gene families, with some
of the families being very large. For example, synaptotagmins
and Rabs have numerous alternative spliced variants in addi-
tion to their large number of genes (17 and 60, respectively).
For most instances, the size of the gene family in insects is
smaller and on average is only 40% when compared with
human. To exemplify this observation, we investigate the syn-
taxin family. There are 12 genes in human (and additional
variants) that can be divided into subfamilies. The human
subfamily of syntaxin 1, which functions as the t-SNARE in
synaptic vesicle fusion (including Stx1, Stx2, Stx3, Stx4, and
Stx11), is represented by only two genes in the fly (namely
dStx1 and dStx4) [1] and in the other insects. However, in
general, there are more gene variants that result from alterna-
tively splicing events in the fly genome relative to the other
insects.

A search of insect homologs for the PS120 clearly shows that
even within the most conserved set between human and
insects (60 genes), there are 12 genes for which there is no
clear homolog in the current protein databases in at least one
of the insect representatives (honeybee, beetle, mosquito, and
fly). The same applies to about 30 additional proteins from
the remainder of the PS120 gene list. Additional information
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on protein partners and protein length, and detailed informa-
tion on the levels of sequence conservation is provided in
Additional data files 2.

Recovering missed annotation genes by comparative
genomics

The completion of genomes for at least four insect represent-
atives and the additional information from partially assem-
bled genomes (Additional data file 1) makes it possible to
revisit some of the apparently missed genes (Table 1 and
Additional data file 2). Evidently, comparing related genomes
enhances the quality of in silico genome annotations [28]. A
search in the public non-redundant database revealed that
about one-third of the PS120 homologous sequences were
missing in at least one of the insect representatives (Table 1).
Moreover, for a small number of genes, no homologs were
detected in any of the insects. In cases in which significant
sequence similarity in all four insect representatives is
absent, we strongly argue that these genes are genuinely
absent in insects. This is supported by a lack of significant
similarity in additional fly genomes, and in the silkworm and
the wasp genomes (Additional data file 3).

Additional data file 3 provides information on apparently
missing genes that are not apparent from protein databases
(see Materials and methods, below). For 70% significant sim-
ilarity in the genome-assembled sequences was identified.
This high similarity is often supported by the existence of an
expressed mRNA. For a few genes, only limited evidence on
transcription levels exists. More importantly, for 11 genes no
homologs were detected in insects by searching protein data
against translated insect genomes. Among these genes are
growth-associated protein (GAP)-43, which is implicated in
cytoskeleton and protein kinase C signaling during synapse
establishment [29], and two large proteins that shape the
cytoskeletal mesh at the active zone: bassoon (about 3,900
amino acids) and piccolo (about 5,100 amino acids) [30]. In
addition, the SNARE regulator complexin 4, the syntaxin-
tubulin binding protein syntabulin (FLJ20366), and SNAP-
25-interacting protein are not detected in insects. Although

Genome Biology 2008, Volume 9, Issue 2, Article R27

most proteins of the synaptic vesicle membranes are strongly
conserved, we were unable to detect SV31 (also called
TMEM163; a genuine protein of the synaptic vesicle (SV)
membranes) [31] or synaptophysin (one of the most abun-
dant proteins in mammalian synaptic vesicles). Furthermore,
no sequence similarity was noted for the syntaxin regulators
amisyn (STXBP6) [32] and syntaphilin [33]. Syntaphilin,
which has been implicated in regulation of exocytosis and
endocytosis [34], is conserved from human to pufferfish and
zebrafish but was lost in the branch of the frogs and insects. A
borderline similarity to dynactin and a-liprin suggests that
the function in cytoskeletal remodeling and in cell-matrix
interactions may be taken over by other proteins. Interest-
ingly, many of the genes that are not conserved from human
to insects are functionally related to active zone architecture
and specifically to the underlying cytoskeleton mesh of the

synapse.

Insights into the most conserved proteins of the
exocytosis core complex

In the PS120 gene list, rather close conservation is evident
between insect and human genes (measured by a similarity
>75% throughout the sequence) for 16 genes. This small set
includes the v-SNARE VAMP2, the t-SNARE syntaxin 1A, and
a few small GTP proteins (Ral, Rab3A, ARF1, and ARF6). In
addition, this set includes essential components of the endo-
cytic machinery (dynamin 1, AP2, AP3, EHD1, and clathrin)
and proteins that activate transduction pathways (calmodulin
and 14-3-3). That the function of these gene products is indis-
pensable was expected, but proteins that coordinate synaptic
vesicles with the active zone are also included in this selected
list, namely cytohesin-1 [35] and Mals-1 [36]. Both of these
proteins share a function in determining the size of the read-
ily releasable pool of synaptic vesicles and are critical for
replenishing this pool.

In an attempt to gain new information on the structure and
function of presynaptic proteins, we applied a comparative
view and conducted multiple sequence alignment (MSA)
analysis of human and insects for representatives of the exo-

Figure | (see following page)

Multiple sequence alignments using for VAMP and synaptotagmin. The multiple alignment sequence (MSA) is performed using ClustalW. A graded blue
color indicates the level of conservation among the representative sequences. Horizontal line in the protein accessions separates insect (top) and
vertebrate (bottom) sequences. (@) Vehicle-associated membrane protein (VAMP; | | sequences). The transmembrane domain is marked by a red frame.
Proline rich domain in the amino-terminal of mammalian VAMP-2 is framed in gray and was implicated in synaptophysin regulation. Red arrows denote the
identified tetanus toxin (X) and botulinum toxin (B, D, F, G) cleavage sites. The star indicates an essential biogenesis targeting signal. Stripped box indicates
the calcium-calmodulin binding domain in mammalian VAMPs. A conserved low complexity region that is shared among all insects is enriched with
stretches of Ala, Gly and Pro, and is marked by a green frame. Proteins (top to bottom): similar to CG17248 (iso A), honeybee; CG 17248 (iso A), beetle;
similar to VAMP, mosquito, CG 17248 (iso A), honeybee; CG 17248 (iso D), fruit fly; CG 17248 (iso B), fruit fly; CG17248 (iso A), fruit fly; N-Syb, fruit fly,
VAMP-2, human; VAMP-2, opossum; VAMP-1, human. (b) Synaptotagmin (nine sequences). Calcium sensor for neurotransmitter release that is
characterized by two C2 domains (marked in green frames) and an amino-terminal transmembrane domain (marked in an orange frame). Several
interaction binding sites were located on synaptotagmin: tubulin (red stripped frame); calcium channels through syntaxin (gray stripped frame); and
targeting signal to neurons that overlaps with the neurexin binding (blue stripped frame). Proteins (top to bottom): synaptotagmin, moth; CG3139 (iso A),
beetle; synaptotagmin, mosquito; CG3139 (iso A), honeybee; CG3139 (iso C), fruit fly; CG3139 (iso A), fruit fly; CG3139 (iso A), fly obscura;

synaptotagmin |, human; synaptotagmin |, opossum.
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cytotic machinery, VAMP-2, and synaptotagmin 1 (Figure 1).
VAMP-2 is a short, evolutionary conserved protein of 120 to
220 amino acids with a SNARE-interacting domain and a sin-
gle transmembrane domain (TMD) that crosses the synaptic
vesicle membrane. Short signatures in VAMP's sequence that
serve as recognition sites for tetanus and botulinum toxins
[37] and the amino acids that are critical for VAMP targeting
[38] are conserved from human to insects (Figure 1a). The
sequence difference in the MSA is restricted to VAMP2 pro-
tein tails. A short proline-rich region that is responsible for
VAMP2 interaction with synaptophysin [39] is not conserved.
This is in accordance with the lack of synaptophysin in insect
synaptic vesicles [40] (Table 1). On the other hand, a short
region facing the synaptic vesicle lumen is highly conserved
among all insects. Interestingly, there are two VAMP variants
in honeybee that differ only in their luminal domain, enforc-
ing a functional difference between these two variants (Figure
1). The possibility that a functional binding domain is located
in the luminal domain is consistent with findings for other
synaptic vesicle proteins, including synaptotagmin [41] and
SV2 [42].

MSA of highly conserved sequences from human to insects
was also performed for synaptotagmin (Figure 1b). Synapto-
tagmins belong to a large and diverse gene family that coordi-
nate multiple signals with trafficking and with membrane
fusion [5,43,44]. In the mammalian synapse, synaptotagmin
1 (and 2) is a genuine synaptic vesicle protein that serves as
the calcium sensor and interacts with SNAREs as well as with
the calcium channel [45]. In addition, synaptotagmin is a
linker to the endocytotic adaptor protein AP2 [46]. The over-
all similarity of synaptotagmin between mammals and insects
is high throughout the cytoplasmic region, but this similarity
does not extend to the luminal region. In the cytoplasmic
region, the domain that was postulated to interact with AP2
and with neurexin is strongly conserved, suggesting that not
only is the main function of the protein conserved but also is
its engagement in a rich protein interaction network.

Because endocytosis and membrane recycling are integral
processes in presynaptic function, we compared stoned B
(STNB) between human and insects [46] (Additional data file
4). Stoned genes (in insects StnA and StnB) are part of the
protein lattice network that is involved in clathrin-mediated
endocytosis at synapses. The conservation level of human
stoned B (called SALF) is rather low (<50% sequence similar-
ity). Several short signatures along the proteins act in the
binding of AP2 subunits (for example, AP50 for StnB and a-
adaptin for StnA). The number and the positions of these
short signatures are not conserved in vertebrates and insects
(Additional data file 4). In addition to the binding of AP2 by
StnB, it binds to synaptotagmin 1 within the 300 amino acids
in the carboxyl-terminal in the fly and human homologs.
Stoned proteins may support synaptotagmin 1 recycling by
mediating the association with the AP2 complex. Based on
the MSA analysis, additional strongly conserved sequences
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are suggested (syntaxin; Additional data file 5). These
sequences are probably essential in interactions between yet
undefined partners that are common to mammals and
insects. Most MSAs of PS120 show that the level of conserva-
tion is much higher among the insect sequences as compared
with human or other organisms. We emphasize that MSA
from insects to human for strongly conserved proteins (syn-
aptotagmin, syntaxin 1A, and VAMP2) and for much less con-
served genes (stoned B, SCAMP1, and synapsin 1) is
instrumental in detecting overlooked sequences that may be
important for protein interactions, protein modifications,
and regulatory functions. The MSA for syntaxin 1 and syn-
apsin 1 is included in Additional data file 5.

Sequence conservation among the subunits of the
exocyst complex

We tested whether the comparative genomics perspective is
informative in studying the evolution of physical and func-
tional complexes in exocytosis and trafficking. To this end, we
tested the conservation levels for the various components of
the exocyst.

The exocyst is a large complex that was initially identified at
the tip of the yeast bud. It participates in tethering vesicles to
the plasma membrane. It coordinates exocytosis with small
G-protein signalling molecules such as Ral-A, Arf6, and
Rab11[47]. The exocyst is composed of eight subunits that are
denoted EXOC1 to EXOCS8 (Figure 2a) and are homologs of
the yeast Sec3, Secs, Sec6, Sec8, Sec10, Seci5, Exo70, and
Ex084 genes [48]. The level of conservation of the various
subunits between human and fly range from 30% to 50%
sequence identity (50% to 70% sequence similarity; Figure 2).
The homologous relationship is evident and is supported by
alignments that cover the entire protein length. However,
among the insects, the mutual sequence conservation for
EXOCS is rather low (Figure 2a), because the honeybee and
beetle homologs for EXOC8 are further diverged; hence, an
apparent homology could not be assigned. Because the func-
tion of the exocyst relies on coordination of its subunits, we
anticipated that EXOC8 would be missed during the task of
genome annotation. This is further supported by the observa-
tion that several interacting proteins of the exocyst such as
Ral-A [47] and septin 5 [49] are strongly conserved in all
insects (Figure 2b). A search for sequence similarity in the
honeybee and beetle genomes identified a supported mRNA
for EXOC8 in honeybee and an apparently unprocessed
sequence in the beetle genome (for details, see Additional
data file 3). We conclude that physical complexes co-evolved
because of similar evolutionary constraints.

Evolutionary constrains on the subunits of the COP
complex and the lysosome biogenesis complex
Coatomer protein (COP)-1 vesicles are principally involved in
transport of cargo between the endoplasmic reticulum (ER)
and early Golgi [50,51]. Specifically, they mediate both the
anterograde flow of cargo through the Golgi to the cell surface
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Figure 2

Exocyst protein interaction network in human and insects. (a) The subunits of mammalian exocyst (EXOCI to EXOCS8) and their yeast homologs (in
parenthesis) are indicated. The percent of identity (I) and similarity (S) for human and the fly is shown. For mosquito, honeybee and beetle, the percentage
identity and similarity (within each cell on top and bottom, respectively) relative to the D. malenogaster sequence are shown. Protein length is within 5%
deviation between insect to their cognate human homolog. Dark blue background indicates similarity level above 75%, light blue indicates similarity above
65%, and white marks indicate similarity level below 64%. Gray background indicates that a homolog is missing. (b) Protein-protein interaction graph
according to STRING tool (see Materials and methods). A tight interaction network extends from the exocyst to other partners (circled in blue) of small

GTPase, RalA, and septin. aa, amino acids.
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and the retrograde retrieval of recycling proteins from late to
early Golgi compartments. COP-1 is composed of 7 genes (a,
B,B", 7,8, ¢, and ¢ subunits, additional genes resulting from
duplication events, y2 and {2) that are different in sequence
and length. For example, whereas COPA (human homolog of
o) is composed of 1,200 amino acid, COPZ (human homolog
of ) consists of only 200 amino acids. Figure 3a shows the
sequence identity of COP-1 components relative to human,
for all four insect representatives. As may be observed, in
eight of the nine genes the degree of conservation between
human and insects varies little across insect species. An
exception is COPE (¢COP-1), which, in addition to being the
least conserved in the fly and mosquito, exhibits a large vari-
ation in the levels of conservation among insects. The honey-
bee COPE is significantly more conserved than that of the fly,
mosquito or beetle homologs. We anticipate that COPE may
display a different pace of evolutionary change that may be a
result of its specific role in the COP-1 complex. Indeed, a role
for this component in stabilizing rather than in the assembly
of the COP-1 complex has been proposed [52].

The synapse is a compact structure with multiple organelles,
including transport vesicles, early and late endosomes, lyso-
somes, and peroxisomes. Indeed, many of the PS120 repre-
sentatives function in vesicle trafficking and sorting. Snapin
(SNAPAP) is among the genes that are missing in some but
not all insects. Snapin was initially identified as a SNAP-25
binding protein and a regulator of the interaction of synapto-
tagmin with the SNAREs [53]. The relevance of snapin in
neurotransmitter release regulation was questioned [54], and
instead it was postulated to be part of the biogenesis of lyso-
some-related organelles complex (BLOC) [55,56]. We com-
pared the conservation of the subunits of BLOC-1 in human
and insect (Figure 3b). The BLOC-1 complex is composed of
eight short proteins (12 to 15 kDa) that are rich in helical
structures. The composition of BLOCs is based on biochemi-
cal purifications and on localization studies [57], but the func-
tion of the individual subunits of BLOC-1 remains elusive.

A human homolog of snapin (SNAPAP; Table 1) is detected in
honeybee, fly, and mosquito, but cannot be detected in the
beetle genome (see Additional data files 2 and 3). BLOC1S2
and cappuccino are also missing in the beetle proteome,
whereas BLOC1S3 is missing in all insects (Figure 3b). A
detailed pair-wise interaction analysis showed that BLOC1S3
is peripheral and its interaction with other BLOC-1 subunits
is only through BLOC1S2 [57]. Another component of BLOC-
1 is dysbindin (DTNBP1). DTNBP1 is weakly conserved in
insects (identity 26% to 28% from human to fly and beetle),
and the fact that it is missing in both mosquitoes (Anopheles
and Aedes) indicates that this is probably not due to annota-
tion mistakes (Figure 3b). Interestingly, defects in DTNBP1
and other BLOC-1 components are linked to severe patholo-
gies in humans [58]. Our findings are consistent with the
notion that BLOC-1 is functional despite some missing com-
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ponents and suggest that there is some level of redundancy
among BLOC-1 subunits in insects.

Coordination in sequence conservation in biogenesis
and trafficking protein complexes along the
phylogenetic tree

The analysis of BLOC-1, COP-1, and the exocyst complexes
(Figures 2 and 3) implies that the conservation levels for most
subunits are similar within each complex and functional
group. To test the generality of this observation along the evo-
lutionary tree, we quantified the level of sequence identity in
proteins that function in trafficking complexes and organelle
biogenesis. The pair-wise sequence identity serves to reflect
the conservation index. We tested the following organisms
relative to human: mouse (Mus musculus), chicken (Gallus
gallus) bony fish (Zebrafish; Danio rerio), frog (Xenopus lae-
vis) and fly (D. malanogaster). Figure 4 shows the conserva-
tion relative to human proteins (measured as the percentage
identity) for vesicle trafficking and organelle biogenesis com-
plexes. We tested the presynaptic site protein complexes
(exocyst and COP-1) and organelle biogenesis sets (BLOC-1
and peroxin biogenesis [PEX] genes, which participate in per-
oxisome biogenesis) and complexes from the postsynaptic
site: the dystrophin glycoprotein complex (DGC), a complex
that serves as a link between the cytoskeleton and the extra-
cellular matrix in skeletal muscle cells [59]; and the active sig-
naling complex of the metabotropic glutamate receptor
(mGC), which includes glutamate receptors and their part-
ners, such as cytoskeletal and post-translational modification
enzymes.

In general, for the four sets of presynaptic sites, all tested spe-
cies maintain a conservation index in a rather tight range, in
which each complex exhibits a unique profile along the evolu-
tionary tree. Specifically, the conservation of fly to human is
in accordance with a high degree of coordination among these
four complexes. The exocyst and COP-1 are the least diverged
whereas the organelle biogenesis complexes (PEX and BLOC-
1) exhibit a more active evolutionary divergence for at least
some of their components (Figure 4). Although the compo-
nents of COP-1 and BLOC-1 physically interact, the PEXs
(peroxisome-related proteins) are a dynamic group of pro-
teins with 14 gene products that function in executing the per-
oxisomal life cycle [60,61]. Each PEX protein is unique in
length, structure, and function. The evolutionary conserva-
tion pattern is preserved across the five species included in
this analysis, throughout the various components of the com-
plexes. Presumably, the shared functions of the different
components lead to their co-evolution.

To explore whether the coordination within complexes and
functional groups along the evolutionary tree holds for other
physical or functional complexes, we examined the DGC [59]
and the active signaling complex of the mGC from the posts-
ynaptic membrane [62]. Among the various proteins of these
postsynaptic complexes, each species exhibits a different level
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Figure 3

COP and BLOC interaction networks. (a) Sequence identity between human and insects of coatomer protein (COP)-1 proteins. The nine subunits of
coatomer COP-1 are listed. The level of identity (%) between human and each of the four insect sequences is shown. The blue bars are color coded for
the insect representatives as indicated. Note that for all proteins except CopE, the conservation level relative to the human ortholog is not different
across the insects. Missing bars are due to missed annotations (as in Table | and Additional data file 3). (b) Biogenesis of lysosome-related organelles
complex (BLOC)-1 in insects. The graph is based on confirmed interactions according to STRING scoring (see Materials and methods) for the eight
subunits of mammalian BLOC-I. The identified homology to the fly (F), beetle (B), honeybee (H), and mosquito (M) are marked. Empty frame indicates no
identified homologs in insects; small case letter indicates high sequence similarity that is only valid for a partial sequence. The interaction graph is based on
identifying pair-wise interactions in BLOC-I. Information on individual subunits is available in Additional data file 2.
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Figure 4 (see previous page)

Evolution conservation among components of synaptic complexes. Conservation is measured by sequence identity (y-axis [%]) between human and five
species: mouse (Mus musculus; dark blue), chicken (Gallus gallus; green) frog (Xenopus laevis; gray), zebrafish (Danio rerio; orange), and fly (Drosophila
melanogaster; light blue). Data are sorted according to human-fly conservation. The conservation of each component in the complexes is shown. Shown
are findings regarding the synaptic complexes that are associated with functional organization of the postsynaptic membrane: exocyst (EXOGC; eight
proteins; see Figure 2a), coatomer protein (COP)-| (nine proteins; see Figure 3a), biogenesis of lysosome-related organelles complex (BLOC)-| (eight
proteins; Figure 2b); peroxisome biogenesis (PEX; 14 proteins); dystrophin glycoprotein complex (DGC; || proteins); and metabotropic glutamate
receptor (nGC; |2 proteins). Note that the conservation range for fly proteins of the DGC and mGC spreads on a broad range, and for these complexes

the conservation along the evolution tree is poorly coordinated.

of conservation relative to human. For example, DGC, the
frog DMD (dystrophin), and UTRN (utrophin) [63] are
almost identical to human, whereas SGCB and SGCD (B-sar-
coglycan and &-sarcoglycan) are poorly conserved. On the
other hand, in zebrafish utrophin is poorly conserved whereas
B-sarcoglycan and 8-sarcoglycan are more similar to human.
A similar uncoordinated profile for conservation was shown
for the mGC. We propose that for biogenesis, exocytosis, and
trafficking complexes of the presynaptic sites (but not for
postsynaptic signaling complexes), evolutionary constraints
have led to co-evolution of the components.

Presynaptic proteins participate in interconnected
protein interaction graphs

Sequential protein interactions are fundamental to the lifecy-
cle of the synaptic vesicle and to trafficking and organelle bio-
genesis in synapses. This leads to proteins that are engaged in
multiple protein interactions. For example, more than 60
different interactions have been reported for syntaxin 1 and
tens of interactions for synaptotagmin. Although some find-
ings may result from spurious interactions, many have been
experimentally confirmed and others are yet to be discovered.
We illustrate this via VAMP2 as a prototype for an extremely
conserved protein from human to insects. Figure 5 shows a
graph centered on human VAMP2 along with 20 of its high-
fidelity interacting proteins. Nineteen of these (excluding
only synaptophysin) are conserved in all insects, and conser-
vation for most of them (18/19) is very high (network conser-
vation is 0.86). Another extreme case is that of the Rab3A
protein (Figure 5b). Although the valence of Rab3A is very
high (19), the properties of the two graphs are substantially
different (Figure 5). Few Rab3A partners are missing in all
insects and additional ones are missing in some insects, lead-
ing to a low conservation (network conservation 0.3).

The fraction of connecting edges in the graph relative to the
maximal possible edges is a measure of the connectivity
among interacting proteins. Density values for the interacting
proteins of VAMP2 and RAB3A are 16.8% and 6.4%, respec-
tively. Figure 5 illustrates proteins of the presynaptic appara-
tus that differ substantially in their valence, network
conservation score, and density value.

We illustrate the properties of protein-protein interaction
graphs for several representative proteins from the PS120 set
(Figure 6; gene names are according to official symbols; see
Additional data file 2). The protein interaction networks are

supported by evidence from the literature, experimental data,
and strong homology. Only high confidence interactions are
shown (see Materials and methods, below). These proteins
are as follows: VAMPS8, a synaptic vesicle and exocytosis
related protein; neurexin-1 (NRXN1), which acts in synap-
togenesis and in the pre-post synaptic junctions; synapto-
janin 1 (SYNJ1) and dynamin 1 (DNMz1), which are
endocytotic proteins that function in synaptic vesicle recovery
and in clathrin-based endocytosis, respectively; and Rim-1
(RIMS) and Cast (ERC2), which are two active zone
organizers.

The protein valence (defined as the number of direct edges
from the vertex representing the protein) ranges from seven
for ERC2 to 23 for DNM1. The graphs of RIMS, ERC2, and
NRXN1 have relatively low connectivity. Specifically, in the
NRXN1 graph there are only 14 edges, and for RIMS (with a
valence of 15) just 29 connecting edges are observed. The den-
sity of the different graphs and their network conservation
scores are marked (Figure 6). Note that for some of the inter-
acting proteins no insect homologs are known (marked by a
yellow circle; Figure 6). The low connectivity graphs are char-
acteristic for additional proteins of the active zone and for
some master regulators such as RAB3A (Figure 5) and LIN7A
(Additional data file 6). DMN1, which is one of the central
proteins of endocytosis, exhibits a mixed property in the pro-
tein interaction graph. Most edges are of low connectivity, but
about one-third of the edges are highly connected. DMN1 and
SYNJ1 valence is rather high (23 and 20, respectively) with
only an intermediate network conservation score of 0.42 and
0.43, respectively. Note that for exocytosis proteins (namely
VAMP2 and VAMPS), both the network conservation score
and the density values are higher (Figures 5 and 6).

The interaction graphs for VAMP2 (Figure 5), VAMPS8 (Fig-
ure 6), a-SNAP (SNAPA) and synaptotagmin 1 (SYT1; Addi-
tional data file 6), syntaxin 1 (STX1), and SNAP25 (not
shown) are characterized by relatively high conservation and
by high density values. The properties of the graphs for DNM1
and SYNJ1 are valid for numerous endocytotic proteins,
including AP2A (Additional data file 6), clathrin, and
amphiphysin (not shown).

Valence of proteins in the interaction graphs and
sequence conservation levels are positively correlated
Almost all proteins in the PS120 gene list are engaged in mul-
tiple protein interactions (Additional data file 2). Interactions
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Figure 5

Interaction graphs of VAMP2 and RAB3A and their insects homologues. Human vesicle-associated membrane protein (VAMP)2 and RAB3A are shown as
interacting graphs with their high confidence partners according to STRING tool (see Materials and methods). Proteins with close homologs in insects,
sharing greater than 75% sequence similarity with a human homolog, are indicated by dark blue; proteins sharing 65% to 74% sequence similarity are
indicated by light blue circles (Table 1). Proteins for which homologs are absent in insects are marked by yellow circles, and proteins whose sequences
were absent because of missing annotations are marked with gray circles. For details, see Table | and Additional data files 2 and 3. Each of the central
proteins (in red frame) is shown along its 'network conservation score' (Con Net), which measures the fraction of highly conserved proteins (>65%
sequence similarity from insect to human) relative to all proteins in the graph. A quantitative measure for the density of protein-protein interactions in the
graph is added (see Materials and methods, below). Note that the graph of VAMP2 is characterized by a high 'network conservation score' and larger
'interaction density' value relative to RAB3A.
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between proteins in the synapse occur throughout the proc-
esses of endocytosis, membrane fusion, protein recruitment,
transport of vesicles, and organelle biogenesis. We tested
whether conservation (as reflected by percentage sequence
identity from insects to human) and the valence of all proteins
are correlated. We considered only interactions with high
confidence (see Materials and methods, below) and tested the
two quantitative measures. Figure 7a shows the sequence
similarity of all PS120 proteins as a function of the valence of
human proteins. It is evident that the two quantities are pos-
itively correlated. Among the PS120 proteins, some exhibit
extremely high numbers of interacting proteins (up to 50), as
evident for signal transduction proteins, whereas others have
no interacting partners. The latter could also be due to lack of
current knowledge. Detailed information on PS120 protein
conservation and valence is available in Additional data file 7.
Note that correlation between conservation and protein
valence is strongly associated with sequences that share
greater than 50% identity (Figure 7). The positive correlation
between conservation and protein valence is based on the full
PS120 list. A similar analysis of components of functional
complexes in trafficking (COP-1 and PEX; Figure 7b) is in
accordance with the overall trend observed for PS120. (Note
that these additional 25 proteins of COP-1 and PEX are not
included in PS120.) We conclude that despite a relatively nar-
row range of sequence conservation among the components
of each complex (Figures 2 and 3), a greater conservation
score between insect and human is correlated with higher
valence.

The next question that was addressed is whether the subsets
of proteins that function primarily in endocytosis and in exo-
cytosis exhibit different properties of sequence conservation
and protein valence. To this end, we compiled two nonover-
lapping subsets for endocytosis and exocytosis (24 proteins
each; see Materials and methods, below). These two lists
excluded proteins that are bona fide participants of both
processes (for instance, DOC2, UNC13, PSCD1, and RIMS) or
are connected to cytoskeleton modulation (such as ADD2,
bassoon, CADPS, DLG1, KIF1A, and MYRIP). In the set of
exocytotic and endocytotic proteins, the average protein
valences are 10 and 7.9, respectively (P value for being identi-
cal = 0.423; Additional data file 8). However, for the
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exocytotic set the average valence for proteins with low con-
servation (<50% sequence identity) is 4.5, and 13.9 for those
that share greater than 50% sequence identity. This result is
significant (P = 0.034). In the endocytotic set, the valences of
low and highly conserved proteins (<50% and >50% identity)
were not significantly different (P = 0.605) and measured to
be 7.2 and 8.6, respectively (Additional data file 7).

Endocytotic proteins are long and composed of several
repeated domains

We observed that the protein interaction graphs differ sub-
stantially with regard to their properties between essential
proteins of the exocytotic and endocytotic sets (Additional
data file 8). Specifically, several of the endocytotic proteins
interact with proteins that are less conserved between insects
and human (Figure 6). We tested the underlying molecular
architecture of exocytotic and endocytotic proteins. Figure 8
shows a set of 15 proteins from each of the exocytotic and
endocytotic sets. On average the endocytotic proteins are
longer: 850 and 340 amino acids for the endocytotic and exo-
cytotic proteins, respectively.

Additional features that were tested include the fraction of
low complexity and coiled coil regions. It was shown that in
both protein sets approximately 10% of the sequences are
occupied by low complexity regions. However, coiled coil
domains are detected mostly in endocytotic proteins. The
most obvious difference is in the architecture of the exocytotic
and endocytotic proteins, in that most endocytotic proteins
are multi-domain proteins, some of them repeating several
times within a protein and across the protein set. Examples
are clathrin (CLTC; clathrin domains repeat seven times) and
intersectin (ITSN2; with multiple SH3 domains). (For
consistency, we applied the domain assignment according to
Pfam [64].) Such features are rare among the exocytotic pro-
tein set (Figure 8). Some highly represented domains in the
endocytotic protein set are short (Figure 8). These domains
coordinate interactions with either short signatures (SH3),
lipid moieties (PX and PH), or signaling ions (EF-hand).
These are abundant domains that appear thousands of times
in the animal kingdom and are used in a variety of cellular
contexts, including outside the synapse.

Figure 6 (see following page)

Presynaptic proteins participate in interconnected protein-protein graphs. The protein-interacting graphs are extracted from STRING tool and supported
by the literature, experimental data, and strong homology inference. Only high confidence interactions are shown (see Materials and methods). The
central protein in each graph (marked with a red frame) is a representative for (a) synaptojanin | (SYNJI; a key signaling protein in endocytosis), (b)
NRXNI (in presynaptic membrane interaction and synaptogenesis), (c¢) ERC2 (an active zone organizer), (d) RIMS (a genuine component of the active
zone), and (e) vehicle-associated membrane protein (VAMP)8 (a component of the exocytosis). Protein names are according to the official gene symbols
(as in Table | and Additional data file 2). Protein valences (the number of direct edges from the vertex) are marked in parenthesis. Note that the graphs
for RIMS, ERC2, and NRXNI are of a relatively low connectivity. Protein vertices are colored according to the conservation index; proteins with a
sequence similarity above 65% relative to a human homolog are framed in black, otherwise they are marked in light blue. Proteins that were missing in one
or more of the insect representatives are framed in orange. Proteins that do not have insect homologs (as in Table | and Additional data file 2) are marked
by a yellow circle. A quantitative measure for the density of protein-protein interactions in the graph is added as well as the network conservation score

(Con).
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Figure 7

Valence of proteins in the interaction graphs and sequence conservation levels are positively correlated. (a) Genes from the presynaptic 120 genes
(PS120) list were measured for their sequence conservation (percentage sequence identity between insects and human) and for the valance of each
protein. The number of proteins for each sequence identity range is indicated in parenthesis. The number of protein partners for each PS120 is provided
in Additional data file 5. Note that a positive correlation between the protein conservation index and the protein valance is evident only at highly
conserved sequences (>50% identity). (b) Data from protein complexes (coatomer protein [COP]-1 and peroxin biogenesis [PEX]) follow a similar trend
as the PS120. Proteins of each complex were divided into groups according to their sequence identity level (low [L], medium [M], and high [H]). The
number of proteins in each group is indicated in parenthesis. PEX (16 proteins, including the 14 core PEX proteins; Figure 4) are weakly conserved
between human and insects, while COP-1 (nine proteins; Figure 3a) exhibit a stronger conservation index. Note that the PEX and COP-| proteins are not
included in the PS120 set.
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The abundance of short domains with a broad specificity is
rare in the exocytotic context. The domains marked as v-
SNARE and t-SNARE, Synaptobrevin and Sec1 (Figure 8) are
engaged in protein-protein interactions. Specificity is often
achieved through elongated interfaces in helical regions [65].
An exception is the C2 domain, which appears in synaptotag-
min. Although synaptotagmin is a genuine protein of exocyto-
sis, it has some resemblance in its architecture to endocytotic
proteins. Specifically, the C2 domain is broadly used in sign-
aling proteins that are regulated by calcium in a context of
membrane interactions. Many C2-containing proteins in the
synapse are actually linkers of exocytosis and endocytosis
[66], including BAIAP3, SYTL4, RIMS, and MUNC13
(Additional data file 2 [part b]). Roles of synaptotagmin and
synaptotagmin-like proteins as linkers between exocytosis
and endocytosis [46] and the cytoskeleton [67] have been
proposed.

Discussion

Comparative analysis of insect genomes focuses on evolution-
ary events on a scale of hundreds of millions of years. The
numerous fly-related genomes (as in the case of Drosophila
pseudoobscura) provide a snapshot of the evolutionary proc-
esses that occurred over tens of millions of years [3]. In this
study we show that the rich source of data from insect pro-
teomes is instrumental in deriving insights into the design
principles of presynaptic function. It is demonstrated that
comparative proteome analysis of insects to mammals pro-
vides new information on individual proteins (Figure 1); co-
evolution of protein complexes that are involved in trafficking
and organelle biogenesis (Figures 2 to 4), and the evolution-
ary constraints on proteins that are engaged in multiple inter-
actions (Figures 5 to 7). This analysis takes advantage of the
rich cellular and molecular data in the context of the CNS [68]
from model organisms such as the worm, fly, and mouse

[69,70].

Membranous synaptic vesicle protein composition
from human and insects is different

Mammalian synaptic vesicles were characterized by three
major proteins [71]: SV2, synaptotagmin, and synaptophysin.
Many of the synaptic vesicle membranous proteins appeared
to be regulators of SNARESs and thus control neurotransmit-
ter release. Examples are the transporter-like SV2, which
controls synaptoagmin 1 [72], and synaptophysin, which
controls VAMP-2 [73]. Based on a recent study on the compo-
sition of a generic mammalian synaptic vesicle [18], it was cal-
culated that VAMP2 and synaptophysin are at a 2:1 molar
ratio and both are the most abundant proteins of the synaptic
vesicle membrane. In synaptophysin knockout mice, no
changes in synapse function and brain morphology have been
detected, but VAMP2 concentration on the synaptic vesicle
membrane was shown to be markedly altered [74]. Along this
line, the absence of synaptophysin gene in insects is intrigu-
ing (Table 1). Synaptophysin is part of a small family of four-
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transmembrane proteins that includs synaptogyrin, panto-
physin, and synaptoporin, all of which are missing in insects.
A genomic search revealed a weak similarity to synaptogyrin
in honeybee supported by a transcript (XR_015081.1; hypo-
thetical LOC552402 having mRNA of 704 nucleotides) and a
weak homology in beetle for Synaptoporin (XM_967892.1;
similar to synaptoporin, LOC661749). Despite its abundance
in mammalian synaptic vesicles, Synaptophysin and the other
members of the four-transmembrane protein set must be dis-
pensable for the functionality of synaptic vesicles. This is in
agreement with the findings of a recent study on C. elegans
[75], in which complete removal of the synaptophysin gene
family resulted in normal synaptic properties,
synaptogenesis, and neuronal architecture. It is plausible that
in insects VAMP accessibility is regulated by an alternative
regulator. The extension of VAMP's luminal domain in
insects is consistent with the possibility that such a domain is
used for regulation (Figure 1). Candidates for insect synaptic
vesicle proteins that face the lumen are synaptotagmin and
Sva.

Synaptotagmin (Syt), the calcium sensor for neurotransmit-
ter release in synapses, functions in the coupling of synaptic
vesicle fusion to recycling. In mammals, synaptotagmin
belongs to a large gene family of 16 genes. Among them, syn-
aptotagmins 1 and 2 are exclusively functional in the synaptic
vesicle lifecycle. In the fly genome, there are six representa-
tives (close homologs of Syti, Syt4, Syts, Syty, Sytg, and
Syt12), four in mosquito (A. aegypti and A. gambiae), and
four in the honeybee (close homologs of mammalian Syti,
Syt4, Syts, and Syt7). Interestingly, several synaptotagmin-
like proteins and alternatively spliced transcripts are detected
in the fly. Among these are close homologs of Syt1 (CG31309,
isoform D) and Syt7 (CG2381, isoform F); both variants lack
the amino-terminal domain, including the transmembrane.
These variants, although soluble, fully maintain their poten-
tial to bind endogenous synaptic regulators and to act as cal-
cium sensors.

Although insects have only six genes, as opposed to 17 synap-
totagmin genes in human, this is not the case for SV2, which
is a transporter-like gene family of the synaptic vesicle mem-
brane [76,77] that was implicated in modulating synaptotog-
min [72]. The SV2 family is actually expanded in insects. At
least three genes and three variants are evident in each of the
insect representatives, suggesting the importance of multiple
genes (Additional data file 9). Many expressed sequence tags
and mRNA for SV2 homologs were detected from the fly head
(not shown). This apparent high expression supports the
notion that regulation of synaptotagmin might be executed by
the rich collection of SV2 gene products. It is not known
whether the different SV2 variants are all expressed in the
same synaptic vesicle or whether they describe several sub-
types. In general, the sequences of the variants and genes
among insects are quite divergent. The expansion of the SV2
family in insects is shown in Additional data file 9.
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Exocytotic and endocytotic proteins exhibit different domain architectures. Molecular architecture of exocytotic and endocytotic proteins (15

representatives each; top and bottom frames, respectively). The complete lists and additional structural information is accessible in Additional data file 8.
The proteins are drawn to scale, and the domain architectures are based on Pfam protein family. Domains are indicated by their colors. Detailed

information on the properties of the domains is available in Additional data file 2 [part b].
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Among the proteins that are missing in some of the tested
insects is the Rab3 and its regulators. Rab function is control-
led by a large group of regulators that affect interaction with
the cytoskeleton, activation and inactivation of the GTP state,
interaction with the membrane, and more [78]. For example,
RAB3IL1, which is the GEF (guanine nucleotide exchange fac-
tor) for Rab3A, is missing in both flies and mosquitoes, but a
close homolog is found in honeybee and beetle genomes.
RAB3IL1 associates with inositol 6-phosphate kinase and
provides another tier of Rab3 regulation in synaptic vesicle
exocytosis. On the other hand, Rab3 GTPase-activating pro-
tein (Rab3GAP), which is responsible for switching between
the active and inactive form [79,80], is missing from the hon-
eybee genome. There is support for the indispensability of
RAB3GAP in mammalian synapses in the literature; a muta-
tion in the gene causes a severe brain developmental defect
[81].

Surprisingly, many of the genes that are missing in one or
more of the insects are linked to Rab3 regulation (Figure 5).
We postulate that once some regulators are lost or impaired
in their function, no positive selection is imposed on the other
regulators. The result might be a rapid divergence beyond the
level of detection by sequence similarity.

Comparative genomics perspective on functional
complexes

Comparative genomics approaches are powerful tools for
gaining insights into evolution [82]. We suggest that these
approaches be expanded to investigate functional groups and
protein complexes (Figures 2 and 3). Some functional com-
plexes bear more constraints than others (Figure 4). For
example, in the fly exocyst components are within the 20% to
40% conservation index, and for COP-1 the range is from 40%
to 80%. In these two complexes, the frog and zebrafish main-
tain about 80% conservation index throughout and thus are
less informative. On the other hand, inspecting the conserva-
tion index of BLOCS1S3 shows that in all tested organisms
(mouse, chicken, frog, zebrafish, and fly) it is the most
diverged relative to the other components, and thus its spe-
cialized role in the BLOC-1 can be postulated.

We showed that within the COP-1 complex, only the ¢-COP in
insects exhibits a specialized evolutionary profile (Figure 3).
This is in accordance with the observation from the mamma-
lian COP-1 assembly [83]. It was demonstrated that e-COP is
the last subunit to be added during the assembly, and conse-
quently the assembly of any other component is not depend-
ent on its presence. Furthermore, in yeast e-COP (called
Sec28p) is shown to interact with a-COP genes. Unlike other
COP genes, however, it is nonessential for cell viability. It was
proposed that e-COP is not necessary for the in vivo assembly
of COP-1 coatomer but for stabilizing a-COP [52].

The co-evolution in components of the same complex is not a
general trend in the synapse. The DGC is part of the overall
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architecture of the nerve-muscle postsynaptic site. Indeed,
the DGC in the skeletal muscle membranes shows that the
components evolve in an uncoordinated mode across individ-
ual species. More than ten proteins strongly interact to form
the DGC functional complex. The importance of this complex
in mammals is evident because mutations in many of the
genes account for the pathologies of muscular dystrophies
[59,84]. There are numerous complexes of the postsynaptic
sites that in the CNS are localized to the PSD. These com-
plexes show a similar trend to DGC, including mGC (Figure
4), the NMDA-MaGuk-associated (NRC/MASC) and the
AMPA receptor (ARC) complexes [62] (not shown). We
attribute this to the functional composition of the PSD com-
plexes. The individual components are a combination of
cytoskeleton, scaffolding, signaling enzymes, receptors, chan-
nels, and adaptor proteins. The assembly of such complexes
is a result of the multiple PDZ and a few adaptors [85]. We
attribute the evolutionary differences in coordination (Figure
4) in the presynaptic and PSD complexes to the fact that the
latter include a plethora of components, many of which are
not exclusive to the synapse. We argue that a careful compar-
ative analysis of functional complexes identified distinctive
design principles for the complex in trafficking and biogen-
esis versus postsynaptic complexes. The architectural proper-
ties of the PSD resemble adhesion molecules and their
evolutionary constraints [86].

Architectural design principles in exocytosis and
endocytosis

The PS120 represents the core of the presynaptic gene list.
The two subsets could (somewhat artificially) be divided into
the exocytotic and endocytotic proteins. It is clear that the two
processes are tightly connected in time and space [23,87].
Nevertheless, fundamental differences could be assigned to
each of the subsets in terms of protein length, conservation
level and protein valence, abundance of coiled coil regions,
membranous interactions, and so on. We argue that most of
these features underlie the design principles for the func-
tional distinction between these two processes.

Based on protein-protein interaction graphs, a positive corre-
lation between the presynaptic protein conservation score
and their valence was demonstrated (Figure 7). Although the
average protein valence is high (7.9 to 10 interacting proteins
on average), it is not significantly different for the set of exo-
cytotic and endocytotic proteins. The trend seen in Figure 7 is
reflected mostly by the exocytotic but not the endocytotic pro-
teins (Additional data files 7 and 8).

In the animal kingdom, the exocytic event is rapid (ranging
from milliseconds to seconds), accurate, and triggered by a
combination of depolarization and calcium signals that lead
to synaptic vesicle fusion. On the other hand, the endocytotic
machinery is slower and more diverged. For example, after a
massive synaptic vesicle exocytosis from the Torpedo electric
organ, the synaptic vesicles are recovered within 18 hours
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[88], and after repeated stimuli in the mouse brain the
replenishment of synaptic vesicle pools is completed within
10 to 20 minutes and the recovery of a single synaptic vesicle
is over within a few seconds [89]. We suggest that the modes
for synaptic vesicle recovery are subject to large variations,
and in evolutionary terms the high connectivity for the
involved proteins has remained despite substantial sequence
divergence. This observation is not restricted to insect endo-
cytotic proteins. A recent study on the properties of endocy-
totic proteins [90] indicated that the high connectivity in
protein-protein interaction reflects the spatial and temporal
constraints of the process. Furthermore, endocytosis is not
restricted to presynaptic function and the proteins often act
in many cellular contexts, often by interacting with nonsyn-
aptic protein partners.

Many of the endocytotic proteins have pleiotropic functions
that are of varying importance in different species. This prop-
erty differs from most exocytotic proteins. For example, in the
mouse, amphiphysin (AMPH; Figure 8) regulates but it is not
essential for synaptic vesicle recycling. In the fly,
amphiphysin is responsible for the organization and structure
of the muscle postsynaptic membrane and is not involved in
synaptic vesicle recycling [91]. Thus, even amphiphysin,
which is one of the hallmarks of the synaptic vesicle recycling
apparatus, appears to be replaceable and prone to rapid
changes in its sequence. We assume that this pleiotropicity
functions in the endocytotic set of proteins (also applied to
PSD proteins and adhesion proteins; not shown), underlying
their relatively rapid evolution.

In addition to the protein valence and conservation argu-
ment, the protein structure and domain composition of endo-
cytotic and exocytotic proteins are substantially different
(Figure 8). What are the principles that led to the substantial
difference in the exocytotic and endocytotic proteins that is
maintained throughout the evolutionary tree? The abun-
dance of repeated domains in endocytotic proteins (Figure 8)
underlies the need to recruit multiple partners in parallel and
to create a physical mesh of proteins. A partition of endocy-
totic proteins by the properties of their interaction graphs was
presented [90]. Because numerous proteins and interacting
domains were structurally resolved within the context of exo-
cytotic [92] and endocytotic proteins, we currently seek a
framework that combines analytical measurements of synap-
tic protein evolution and their structural features.

On a functional rather than structural level, the processes of
endocytosis and exocytosis rely on multiple preparatory steps
[23]. We attribute the difference between the processes
mainly to these steps. In exocytosis, a sequential exchange of
protein-protein interactions leads to priming and SNARE
complex formation [19]. During the preparatory steps for
endocytosis, an intimate interaction with the lipid properties
must occur. The properties that are needed for recognizing
lipids dominate the domain architecture of most endocytotic
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proteins. These proteins include the adaptors, sensors for
phosphatidylinositol 4,5-bisphosphate, domains that induce
membrane curvature and others (for details, see Additional
data file 2). Among the domains that are enriched in endocy-
totic proteins (Figure 8 and Additional data file 8) are PX and
PH, which bind phosphoinositides with different specificity;
SH3, which binds to a short proline-rich signature; ENTH
(epsin amino-terminal homology) domain, which forms a
binding pocket for inositol triphosphate ligand; and BAR
(Bin-Amphiphysin-Rvs) domain, which participates in mem-
brane curvature; among others. Most exocytotic domains
such as v-SNARE and t-SNARE still bind to different part-
ners, but the binding is different in that it is sequential and
exclusive, and it covers a large extended protein-protein
interface segment [65]. An extreme example is the four-helix
buddle SNARE complex [93].

Many of the exocytotic proteins but not the endocytotic pro-
teins contain one or more TMDs (Additional data file 8). This
leads to two important outcomes for the exocytotic proteins:
the location of membranous proteins to the appropriate site
in the synapse is already dictated through the secretory path-
way by the sorting machinery; and most of these proteins
carry post-translational modifications that were acquired
during their maturation in the endoplasmic reticulum and
Golgi. Exceptions are proteins such as Rab3A and SNAP-25
that, although lacking a TMD, are modified to ensure their
covalent membrane association. Clearly, in cases in which a
modification is associated with a protein function, this leads
to additional evolutionary constraints on the modification
sites. For example, synaptotagmin undergoes both N-glyco-
sylation and O-glycosylation. The N-glycosylation was shown
to be essential for redirecting synaptotagmin to the synaptic
vesicle membranes [94], whereas the O-glycosylation is
enhanced and triggered by VAMP-dependent interaction.
Indeed, for synaptotagmin both sites are fully conserved
along a broad evolutionary distance [67]. At present, experi-
mental data on the functional importance of conservation of
post-translational modifications from insect to human and
along the evolutionary tree are lacking for large number of
presynaptic proteins.

Several endocytotic proteins (but notably not the exocytotic
proteins) include regions that are defined as coiled-coil
domains (Additional data file 2 [part b]). Surprisingly, many
of the architectural principles of endocytotic proteins are
shared with the complexes of the PSD. This unified principle
ensures multiple and rich connections to the cytoskeleton (in
the case of PSD) and the lipids (in the case of endocytosis). As
aresult of their structural architecture, the PSD core proteins
are subjected to rapid divergence, leading to a faded signal in
the sequences from human to insects. We propose that this
same principle is valid for the lack of bassoon and piccolo in
insects genomes.
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Conclusion

Analysis of key presynaptic proteins from numerous insect
proteomes yields insights into evolutionary processes that
occurred more than 350 million years ago. We demonstrated
how an approach based on comparative genomics reveals
erroneous and missing annotations. This methodology also
reveals instances of gene gain and loss in insect genomes. We
conclude that strong evolutionary constraints have led to the
co-evolution of protein complexes that are involved in traf-
ficking and organelle biogenesis. Furthermore, presynaptic
proteins that participate in multiple protein interactions in
exocytosis exhibit high sequence conservation. The analogous
statement does not apply, however, to endocytosis. Finally,
we discuss the relationship between connectivity and
sequence conservation in these two protein sets. We explain
these differences in terms of the particular architectural
design of these proteins, which is adapted for specific phases
in the synaptic vesicle's lifecycle.

Materials and methods

Compiling the presynaptic PS120 collection

The list of proteins known as PS120 is a compilation of human
genes that are related to the function of the synaptic vesicle
life cycle. The proteins are indexed by their human official
gene symbol. The conversion of the official gene symbol to
protein accessions (from UniProt or National Center for Bio-
technology Information [NCBI] protein collection) is per-
formed using Protein Information Resource retrieval system
[95]. This protein list provides a partial but overlapping union
of collections from several resources: Mass spectrometry
(MS) proteomics analysis from biochemical purified synaptic
vesicles [18]; biochemical and genetic studies and literature
[9,96]; SynDB collection, which includes synaptic process
genes and their orthologs in multiple species, including
human and fruit fly [97]; GO assignments [26] for the terms
'asymmetric synapse', 'exocytosis', 'synaptic vesicle', 'endocy-
tosis', '‘pre-synapse'; and the presynaptic gene index of mam-
malian genes [27]. The list was compiled manually to avoid
redundancy.

The PS120 is an apparently complete collection of represent-
atives of proteins that participate in vesicle trafficking, synap-
tic vesicle lifecycle, and presynaptic organization. Note that
the 150 set of presynaptic genes accounts for 45 genes that are
included in our PS120, but the additional 75 proteins were not
represented in the report by Hadley and coworkers [27]. For
example, there the 17 synaptotagmins and 15 syntaxins [27]
that are represented by three synaptotagmins (synaptotag-
min 1, 5, and 9) and one syntaxin (syntaxin 1A) in the PS120.
From the approximately 60 Rab proteins known in human,
only a small number of representatives that are directly
involved in synaptic vesicle function is listed (Rab27 and
Rab3g). In addition, protein variants are not listed; for
instance, only Rab3A (but not Rab3B, Rab3C, and Rab3D) is
listed. We excluded proteins that function in signal
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transduction, including kinases and phosphatases. Specifi-
cally, the ten calcium calmodulin protein kinases that are
included in the 150 gene collection [27] are excluded. We also
excluded proteins that function in cell adhesion [98,99]; syn-
apse maintenance and development, including growth factors
and extracellular matrix; presynaptic channels and G-pro-
tein-coupled receptors [100]; and neurotransmitter trans-
porters and multiple uptake mechanisms [101].

Identifying orthologs in insects

Orthologs for each of the human PS120 list with insects were
defined by the top reciprocal hit using BLAST2 [102]. BLAST
searches were restricted to the nonredundant insect database
from NCBI [103] and to the UniProt protein database [104].
The insect representatives that were used throughout are the
fruit fly D. melanogaster, the honey bee (A. mellifera), red
flour beetle (T. castaneum), and one of the two mosquitoes
(A. gambiae and A. aegypti). The identification was com-
pared with the preprocessed list of Ensembl database [105].
Detecting homologs in a genomic scale followed the proce-
dure described in the ProtoBee database [106], in which
annotations are assigned through hierarchical classification.
Sporadic poor alignments and large deviation in protein
length were used as evidence of false homology assignments.
In instances in which an orthologous relation could not be
validated, a direct search in Genome Sequences Centers and
in specialized insect database was performed. The tBLASTn
[103] was applied using a protein sequence against the
translated nucleotide database in all six frames. Top hits were
manually tested to separate spurious similarity for missed
annotated genes. We applied the following to detect remote
homologs and to resolve borderline similarity level: Vector-
Base, which focuses on A. gambiae, A. aegypti, Ixodes scapu-
laris, Culex pipiens, and Pediculus humanus [107]; FlyBase,
which focuses on a comparative view for a dozen Drosophila
species. [108]; Baylor Genome Center (for Honeybee and
Beetle genomes) and other genome centers (see list in Addi-
tional data file 1); and position-specific iterative BLAST [102].

The percentage identity and similarity were used as compar-
ative measures. Conservation score was determined based on
the fraction of proteins in the graph with at least 65%
sequence identity between a human protein and its closest
insect protein, and the total numbers of proteins in the graph.
BLAST identity and similarity levels were recorded and both
measures are strongly correlated (R2= 0.9315). For simplicity
we used the identity measure (expressed as a percentage)
unless stated otherwise. ClustalW [109] was used to produce
MSAs. ClustalW MSA was used for neighbor-joining phylog-
eny reconstruction.

Protein-protein interaction graphs

Networks of protein-protein interactions are based on the
STRING web tool [110]. The database of STRING unifies most
types of protein-protein associations, including direct and
indirect associations. Most high quality experimental data
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covers model organisms. In some instances inference of
known interactions from model organisms to other species
based on orthology of the respective protein was considered.
The numerical confidence score used was >0.9. The score was
based on homology, experimental data, and text mining. The
high confidence (>0.9) ensured that many of the interacting
partners were supported by independent evidence types. We
used a threshold for up to 50 interacting proteins and a score
of >0.9 throughout. The maximal number of interacting was
limited to 50 (only for calmodulin and 14-3-3 was this
number below the reported interactions).

Density value was calculated from the ratio of the high-qual-
ity edges in a graph (following removal of the central protein
and its direct edges) and the maximal edges possible. In a
graph with n vertices, the maximal number of edges is n (n -

1)/2.

Functional assignments

The nonoverlapping sets of endocytosis and endocytosis sets
(24 proteins each) are based on GO annotations [26] and
assignments in SynDB [97]. Because coverage of GO annota-
tions for the PS120 is limited, we added proteins from the
manual assignment of SynDB [97]. The endocytotic set is
mostly based on 'endocytosis' and 'recycling’, and for the exo-
cytotic set we merged 'trafficking' and 'exocytosis'. We deleted
proteins that are genuine linkers of the two processes from
these lists.

Statistical significance (P value) of the properties of nonover-
lapping sets of endocytosis and endocytosis sets was calcu-
lated by a standard Student's t-test, with the null hypothesis
that the means of two independent sets are equal.

Sequence features and domains

Pfam (version 22, 9300 protein families) [64] was used for
domain assignment. TMHMM2 was used to predict the loca-
tion and topology of transmembrane helices [111]. Coiled coils
are detected using the method of COILS [112]. Low complex-
ity regions are predicted using the SEG program and acti-
vated by the ProteinPredict meta-server [113].

Abbreviations

BAR (Bin-Amphiphysin-Rvs); BLOC, biogenesis of lysosome-
related organelles complex; CNS, central nervous system;
COP, coatomer protein; DGC, dystrophin glycoprotein
complex; GO, Gene Ontology; mGC, metabotropic glutamate
receptor; MSA, multiple alignment sequence; PEX, peroxin
biogenesis; PS120, presynaptic 120 genes; PSD, postsynaptic
density; SNAP, Soluble NSF attachment protein; SNARE,
SNAP-receptor; SV, synaptic vesicle; TMD, transmembrane
domain; t-SNARE, target membrane SNARE; v-SNARE, ves-
icle SNARE; VAMP, vesicle-associated membrane protein.

Genome Biology 2008, Volume 9, Issue 2, Article R27

Authors' contributions

CY and NM contributed equality to the data acquisition, anal-
ysis, and interpretation of data. ML contributed to the design
of the analyses and to the drafting of the manuscript. All
authors have read and approved the manuscript.

Additional data files

The following additional data are available with the online
version of this paper. Additional data file 1 lists the proteomes
from multiple insect species and their evolutionary related-
ness. Additional data file 2 lists the set of 120 presynaptic
protein prototypes in human relative to their insect
homologs. Part a provides a detailed information on gene
names, synonyms, major partner proteins, and conservation
levels from human to insect homologs. Part b is a comple-
mentary table based on the UniProtKB database [104].

Additional data file 3 lists the 44 genes that had no clear
homologs in certain insects. Additional data file 4 is a Clus-
talW based MSA of stoned B and SCAMP. Additional data file
51is a ClustalW-based MSA of the SNARE syntaxin 1 and syn-
apsin. Additional data file 6 shows representative graphs of
interactions for six proteins, based on the STRING tool [110].
Additional data file 7 provides a detailed table of the PS120
gene set, including the level of sequence identity and similar-
ity (as a percentage between human and insects), and the pro-
tein valence according to the STRING tool. Additional data
file 8 presents a detailed table of gene functions in
endocytosis and exocytosis (24 genes each). Additional data
file 9 is the ClustalW-based MSA of the family of SV2 in
insects and a tree-like representation based on distances from
the MSA.

Acknowledgements

We are grateful to Menachem Fromer for critical reading, advice, and sup-
port. NM received a fellowship from the SCCB, the Sudarsky Center for
Comeputational Biology. This study was supported by the EU DIAMONDS
consortium of the Framework 6 and the Israeli Horvitz Foundation.

References

I. Littleton JT: A genomic analysis of membrane trafficking and
neurotransmitter release in Drosophila. | Cell Biol 2000,
150:F77-F82.

2. Broadie KS, Richmond JE: Establishing and sculpting the synapse
in Drosophila and C. elegans. Curr Opin Neurobiol 2002,
12:491-498.

3. Kulathinal R}, Hartl DL: The latest buzz in comparative
genomics. Genome Biol 2005, 6:201.

4. Wurm Y, Wang J, Keller L: Behavioral genomics: A, bee, C, G,
T. Curr Biol 2007, 17:R51-R53.

5. Brachya G, Yanay C, Linial M: Synaptic proteins as multi-sensor
devices of neurotransmission. BMC Neurosci 2006:54.

6.  Yoshihara M, Ensminger AW, Littleton JT: Neurobiology and the
Drosophila genome. Funct Integr Genomics 2001, 1:235-240.

7.  Richmond JE, Broadie KS: The synaptic vesicle cycle: exocytosis
and endocytosis in Drosophila and C. elegans. Curr Opin
Neurobiol 2002, 12:499-507.

8. Zhang B: Genetic and molecular analysis of synaptic vesicle
recycling in Drosophila. | Neurocytol 2003, 32:567-589.

9.  Linial M, Parnas D: Deciphering neuronal secretion: tools of the

Genome Biology 2008, 9:R27

Yanay et al. R27.23


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10908590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12367627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17240327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17240327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11793242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12367628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15034254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8652611

http://genomebiology.com/2008/9/2/R27

20.
21.
22.

23.
24.
25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

trade. Biochim Biophys Acta 1996, 1286:117-152.

Jahn R: Principles of exocytosis and membrane fusion. Ann N
Y Acad Sci 2004, 1014:170-178.

Ferro-Novick S, Jahn R: Vesicle fusion from yeast to man. Nature
1994, 370:191-193.

Montecucco C, Schiavo G, Pantano S: SNARE complexes and
neuroexocytosis: how many, how close? Trends Biochem Sci
2005, 30:367-372.

Schwarz TL: Genetic analysis of neurotransmitter release at
the synapse. Curr Opin Neurobiol 1994, 4:633-639.

Fischer von Mollard G, Stahl B, Li C, Sudhof TC, Jahn R: Rab pro-
teins in regulated exocytosis. Trends Biochem Sci 1994,
19:164-168.

Izumi T, Gomi H, Kasai K, Mizutani S, Torii S: The roles of Rab27
and its effectors in the regulated secretory pathways. Cell
Struct Funct 2003, 28:465-474.

Wu YW, Tan KT, Waldmann H, Goody RS, Alexandrov K: Interac-
tion analysis of prenylated Rab GTPase with Rab escort pro-
tein and GDP dissociation inhibitor explains the need for
both regulators. Proc Natl Acad Sci USA 2007, 104:12294-12299.
Stenmark H, Olkkonen VM: The Rab GTPase family. Genome Biol
2001, 2:. REVIEWS3007

Takamori S, Holt M, Stenius K, Lemke EA, Grgnborg M, Riedel D,
Urlaub H, Schenck S, Briigger B, Ringler P, Miiller SA, Rammner B,
Griter F, Hub JS, De Groot BL, Mieskes G, Moriyama Y, Klingauf |,
Grubmiiller H, Heuser |, Wieland F, Jahn R: Molecular anatomy of
a trafficking organelle. Cell 2006, 127:831-846.

Martin TF: Prime movers of synaptic vesicle exocytosis. Neu-
ron 2002, 34:9-12.

Schweizer FE, Ryan TA: The synaptic vesicle: cycle of exocytosis
and endocytosis. Curr Opin Neurobiol 2006, 16:298-304.
Cremona O, De Camilli P: Synaptic vesicle endocytosis.
Opin Neurobiol 1997, 7:323-330.

Harris TW, Schuske K, Jorgensen EM: Studies of synaptic vesicle
endocytosis in the nematode C. elegans. Traffic 2001,
2:597-605.

Ryan TA: A pre-synaptic to-do list for coupling exocytosis to
endocytosis. Curr Opin Cell Biol 2006, 18:416-421.

Akins MR, Biederer T: Cell-cell interactions in synaptogenesis.
Curr Opin Neurobiol 2006, 16:83-89.

Ataman B, Budnik V, Thomas U: Scaffolding proteins at the Dro-
sophila neuromuscular junction. Int Rev Neurobiol 2006,
75:181-216.

Camon E, Magrane M, Barrell D, Lee V, Dimmer E, Maslen J, Binns D,
Harte N, Lopez R, Apweiler R: The Gene Ontology Annotation
(GOA) database: sharing knowledge in Uniprot with Gene
Ontology. Nucleic Acids Res 2004, 32:D262-D266.

Hadley D, Murphy T, Valladares O, Hannenhalli S, Ungar L, Kim |,
Bucan M: Patterns of sequence conservation in presynaptic
neural genes. Genome Biol 2006, 7:R105.

Sinha S, Schroeder MD, Unnerstall U, Gaul U, Siggia ED: Cross-spe-
cies comparison significantly improves genome-wide predic-
tion of cis-regulatory modules in Drosophila. BMC Bioinformatics
2004, 5:129.

Caprini M, Gomis A, Cabedo H, Planells-Cases R, Belmonte C, Viana
F, Ferrer-Montiel A: GAP43 stimulates inositol trisphosphate-
mediated calcium release in response to hypotonicity. Embo
J 2003, 22:3004-3014.

Bresler T, Shapira M, Boeckers T, Dresbach T, Futter M, Garner CC,
Rosenblum K, Gundelfinger ED, Ziv NE: Postsynaptic density
assembly is fundamentally different from presynaptic active
zone assembly. | Neurosci 2004, 24:1507-1520.

Burre ], Zimmermann H, Volknandt W: Identification and charac-
terization of SV31, a novel synaptic vesicle membrane pro-
tein and potential transporter. | Neurochem 2007, 103:276-287.
Constable JR, Graham ME, Morgan A, Burgoyne RD: Amisyn regu-
lates exocytosis and fusion pore stability by both syntaxin-
dependent and syntaxin-independent mechanisms. | Biol
Chem 2005, 280:31615-31623.

Lao G, Scheuss V, Gerwin CM, Su Q, Mochida S, Rettig J, Sheng ZH:
Syntaphilin: a syntaxin-l clamp that controls SNARE
assembly. Neuron 2000, 25:191-201.

Das S, Gerwin C, Sheng ZH: Syntaphilin binds to dynamin-1 and
inhibits dynamin-dependent endocytosis. | Biol Chem 2003,
278:41221-41226.

Ogasawara M, Kim SC, Adamik R, Togawa A, Ferrans V|, Takeda K,
Kirby M, Moss ], Vaughan M: Similarities in function and gene
structure of cytohesin-4 and cytohesin-1, guanine nucleo-

Curr

Genome Biology 2008,

36.

37.
38.

39.

40.

41.

42.

43.
44,
45.

46.

47.
48.
49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.
60.

6l.

62.

Volume 9, Issue 2, Article R27

tide-exchange proteins for ADP-ribosylation factors. | Biol
Chem 2000, 275:3221-3230.

Olsen O, Moore KA, Nicoll RA, Bredt DS: Synaptic transmission
regulated by a presynaptic MALS/Liprin-alpha protein
complex. Curr Opin Cell Biol 2006, 18:223-227.

Montecucco C, Schiavo G: Mechanism of action of tetanus and
botulinum neurotoxins. Mol Microbiol 1994, 13:1-8.

Grote E, Hao JC, Bennett MK, Kelly RB: A targeting signal in
VAMP regulating transport to synaptic vesicles. Cell 1995,
81:581-589.

Bonanomi D, Rusconi L, Colombo CA, Benfenati F, Valtorta F: Syn-
aptophysin | selectively specifies the exocytic pathway of syn-
aptobrevin 2/VAMP2. Biochem | 2007, 404:525-534.

Hubner K, Windoffer R, Hutter H, Leube RE: Tetraspan vesicle
membrane proteins: synthesis, subcellular localization, and
functional properties. Int Rev Cytol 2002, 214:103-159.

Jin R, Rummel A, Binz T, Brunger AT: Botulinum neurotoxin B
recognizes its protein receptor with high affinity and
specificity. Nature 2006, 444:1092-1095.

Dong M, Yeh F, Tepp WH, Dean C, Johnson EA, Janz R, Chapman ER:
SV2 is the protein receptor for botulinum neurotoxin A. Sci-
ence 2006, 312:592-596.

Bai J, Chapman ER: The C2 domains of synaptotagmin: part-
ners in exocytosis. Trends Biochem Sci 2004, 29:143-151.
Tokuoka H, Goda Y: Synaptotagmin in Ca2*-dependent exocy-
tosis: dynamic action in a flash. Neuron 2003, 38:521-524.
Littleton JT, Bellen H): Synaptotagmin controls and modulates
synaptic-vesicle fusion in a Ca2*-dependent manner. Trends
Neurosci 1995, 18:177-183.

Fergestad T, Broadie K: Interaction of stoned and synaptotag-
min in synaptic vesicle endocytosis. | Neurosci 2001,
21:1218-1227.

Wang L, Li G, Sugita S: RalA-exocyst interaction mediates GTP-
dependent exocytosis. | Biol Chem 2004, 279:19875-19881.
Lipschutz JH, Mostov KE: Exocytosis: the many masters of the
exocyst. Curr Biol 2002, 12:R212-214.

Martin-Cuadrado AB, Morrell JL, Konomi M, An H, Petit C, Osumi M,
Balasubramanian M, Gould KL, Del Rey F, de Aldana CR: Role of
septins and the exocyst complex in the function of hydrolytic
enzymes responsible for fission yeast cell separation. Mol Biol
Cell 2005, 16:4867-4881.

McMahon HT, Mills IG: COP and clathrin-coated vesicle bud-
ding: different pathways, common approaches. Curr Opin Cell
Biol 2004, 16:379-391.

Duden R: ER-to-Golgi transport: COP | and COP Il function
[review]. Mol Membr Biol 2003, 20:197-207.

Duden R, Kajikawa L, Wuestehube L, Schekman R: epsilon-COP is
a structural component of coatomer that functions to stabi-
lize alpha-COP. Embo J 1998, 17:985-995.

llardi JM, Mochida S, Sheng ZH: Snapin: a SNARE-associated pro-
tein implicated in synaptic transmission. Nat Neurosci 1999,
2:119-124.

Vites O, Rhee JS, Schwarz M, Rosenmund C, Jahn R: Reinvestiga-
tion of the role of snapin in neurotransmitter release. | Biol
Chem 2004, 279:26251-26256.

Setty SR, Tenza D, Truschel ST, Chou E, Sviderskaya EV, Theos AC,
Lamoreux ML, Di Pietro SM, Starcevic M, Bennett DC, Dell'Angelica
EC, Raposo G, Marks MS: BLOC-1 is required for cargo-specific
sorting from vacuolar early endosomes toward lysosome-
related organelles. Mol Biol Cell 2007, 18:768-780.
Falcon-Perez JM, Starcevic M, Gautam R, Dell'Angelica EC: BLOC-1,
a novel complex containing the pallidin and muted proteins
involved in the biogenesis of melanosomes and platelet-
dense granules. | Biol Chem 2002, 277:28191-28199.

Dell'Angelica EC: The building BLOC(k)s of lysosomes and
related organelles. Curr Opin Cell Biol 2004, 16:458-464.

DeRosse P, Funke B, Burdick KE, Lencz T, Ekholm |M, Kane M,
Kucherlapati R, Malhotra AK: Dysbindin genotype and negative
symptoms in schizophrenia. Am | Psychiatry 2006, 163:532-534.
Worton R: Muscular dystrophies: diseases of the dystrophin-
glycoprotein complex. Science 1995, 270:755-756.

Lay D, Gorgas K, Just WW: Peroxisome biogenesis: where Arf
and coatomer might be involved. Biochim Biophys Acta 2006,
1763:1678-1687.

Aitchison JD, Nuttley WM, Szilard RK, Brade AM, Glover |R,
Rachubinski RA: Peroxisome biogenesis in yeast. Mol Microbiol
1992, 6:3455-3460.

Boeckers TM: The postsynaptic density. Cell Tissue Res 2006,

Genome Biology 2008, 9:R27

Yanay et al. R27.24


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8652611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8028665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15935678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15935678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7849518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7849518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8016866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8016866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14745138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14745138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17640890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17640890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17640890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11387043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17110340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17110340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16707259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16707259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9232811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11555413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16806881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16806881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16427268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17137929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17096848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17096848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15357878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17623043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17623043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17623043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16033762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16033762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16033762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10707983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10707983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10707983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12896979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12896979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7527117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7527117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7758112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7758112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17331077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17331077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17331077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11893164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11893164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11893164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17167421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17167421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17167421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15003272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15003272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12765604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12765604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7778189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11160392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11160392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14978027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14978027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11909549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11909549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16079182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16079182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16079182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15261670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15261670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12893528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12893528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9463377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9463377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9463377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10195194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10195194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15084593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15084593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17182842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17182842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17182842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12019270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12019270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12019270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15261680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15261680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16513878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16513878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7481760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7481760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17023067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17023067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1474890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16865346

http://genomebiology.com/2008/9/2/R27

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.
77.

78.
79.

80.

8l.

82.

83.
84.

85.

326:409-422.

Rafael JA, Brown SC: Dystrophin and utrophin: genetic analyses
of their role in skeletal muscle. Microsc Res Tech 2000,
48:155-166.

Finn RD, Mistry ], Schuster-Bockler B, Griffiths-Jones S, Hollich V,
Lassmann T, Moxon S, Marshall M, Khanna A, Durbin R, Eddy SR, Son-
nhammer EL, Bateman A: Pfam: clans, web tools and services.
Nucleic Acids Res 2006, 34:D247-251.

Fridmann-Sirkis Y, Kent HM, Lewis MJ, Evans PR, Pelham HR: Struc-
tural analysis of the interaction between the SNARE Tigl
and Vps51. Traffic 2006, 7:182-190.

Littleton JT: Mixing and matching during synaptic vesicle
endocytosis. Neuron 2006, 51:149-151.

Fukuda M, Kuroda TS: Slac2-c (synaptotagmin-like protein
homologue lacking C2 domains-c), a novel linker protein
that interacts with Rab27, myosin Va/Vlla, and actin. | Biol
Chem 2002, 277:43096-43103.

Mineta K, Nakazawa M, Cebria F, lIkeo K, Agata K, Gojobori T: Ori-
gin and evolutionary process of the CNS elucidated by com-
parative genomics analysis of planarian ESTs. Proc Natl Acad
Sci USA 2003, 100:7666-7671.

Li L, Chin LS: The molecular machinery of synaptic vesicle
exocytosis. Cell Mol Life Sci 2003, 60:942-960.

Rubin GM, Yandell MD, Wortman JR, Gabor Miklos GL, Nelson CR,
Hariharan IK, Fortini ME, Li PW, Apweiler R, Fleischmann W, Cherry
JM, Henikoff S, Skupski MP, Misra S, Ashburner M, Birney E, Boguski
MS, Brody T, Brokstein P, Celniker SE, Chervitz SA, Coates D,
Cravchik A, Gabrielian A, Galle RF, Gelbart WM, George RA, Gold-
stein LS, Gong F, Guan P, et al.: Comparative genomics of the
eukaryotes. Science 2000, 287:2204-2215.

Floor E, Feist BE: Most synaptic vesicles isolated from rat brain
carry three membrane proteins, SV2, synaptophysin, and
p65. | Neurochem 1989, 52:1433-1437.

Pyle RA, Schivell AE, Hidaka H, Bajjalieh SM: Phosphorylation of
synaptic vesicle protein 2 modulates binding to
synaptotagmin. | Biol Chem 2000, 275:17195-17200.

Pennuto M, Bonanomi D, Benfenati F, Valtorta F: Synaptophysin |
controls the targeting of VAMP2/synaptobrevin Il to synap-
tic vesicles. Mol Biol Cell 2003, 14:4909-4919.

McMahon HT, Bolshakov VY, Janz R, Hammer RE, Siegelbaum SA,
Sudhof TC: Synaptophysin, a major synaptic vesicle protein, is
not essential for neurotransmitter release. Proc Natl Acad Sci
USA 1996, 93:4760-4764.

Abraham C, Hutter H, Palfreyman MT, Spatkowski G, Weimer RM,
Windoffer R, Jorgensen EM, Leube RE: Synaptic tetraspan vesicle
membrane proteins are conserved but not needed for synap-
togenesis and neuronal function in Caenorhabditis elegans.
Proc Natl Acad Sci USA 2006, 103:8227-8232.

Xu T, Bajjalieh SM: SV2 modulates the size of the readily releas-
able pool of secretory vesicles. Nat Cell Biol 2001, 3:691-698.
Feany MB, Lee S, Edwards RH, Buckley KM: The synaptic vesicle
protein SV2 is a novel type of transmembrane transporter.
Cell 1992, 70:861-867.

Lin RC, Scheller RH: Mechanisms of synaptic vesicle exocytosis.
Annu Rev Cell Dev Biol 2000, 16:19-49.

Iwasaki K, Toyonaga R: The Rab3 GDP/GTP exchange factor
homolog AEX-3 has a dual function in synaptic transmission.
Embo | 2000, 19:4806-4816.

Sakane A, Manabe S, Ishizaki H, Tanaka-Okamoto M, Kiyokage E,
Toida K, Yoshida T, Miyoshi |, Kamiya H, Takai Y, Sasaki T: Rab3
GTPase-activating protein regulates synaptic transmission
and plasticity through the inactivation of Rab3. Proc Natl Acad
Sci USA 2006, 103:10029-10034.

Aligianis IA, Morgan NV, Mione M, Johnson CA, Rosser E, Hennekam
RC, Adams G, Trembath RC, Pilz DT, Stoodley N, Moore AT, Wilson
S, Maher ER: Mutation in Rab3 GTPase-activating protein
(RAB3GAP) noncatalytic subunit in a kindred with Martsolf
syndrome. Am | Hum Genet 2006, 78:702-707.

Yao Z, Barrick |, Weinberg Z, Neph S, Breaker R, Tompa M, Ruzzo
WL: A computational pipeline for high-throughput discovery
of cis-regulatory noncoding RNA in prokaryotes. PLoS Comput
Biol 2007, 3:el26.

Lowe M, Kreis TE: In vivo assembly of coatomer, the COP-I
coat precursor. | Biol Chem 1996, 271:30725-30730.

Ohlendieck K: Characterisation of the dystrophin-related pro-
tein utrophin in highly purified skeletal muscle sarcolemma
vesicles. Biochim Biophys Acta 1996, 1283:215-222.

Kim E, Sheng M: PDZ domain proteins of synapses. Nat Rev

Genome Biology 2008,

86.
87.

88.

89.

90.

9lI.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

Volume 9, Issue 2, Article R27

Neurosci 2004, 5:771-781.

Zaidel-Bar R, Itzkovitz S, Ma'ayan A, lyengar R, Geiger B: Functional
atlas of the integrin adhesome. Nat Cell Biol 2007, 9:858-867.
Kuromi H, Kidokoro Y: Exocytosis and endocytosis of synaptic
vesicles and functional roles of vesicle pools: lessons from the
Drosophila neuromuscular junction. Neuroscientist 2005,
11:138-147.

Bonzelius F, Zimmermann H: Recycled synaptic vesicles contain
vesicle but not plasma membrane marker, newly synthe-
sized acetylcholine, and a sample of extracellular medium. |
Neurochem 1990, 55:1266-1273.

Li Z, Burrone J, Tyler W), Hartman KN, Albeanu DF, Murthy VN:
Synaptic vesicle recycling studied in transgenic mice
expressing synaptopHluorin. Proc Natl Acad Sci USA 2005,
102:6131-6136.

Schmid EM, McMahon HT: Integrating molecular and network
biology to decode endocytosis. Nature 2007, 448:883-888.
Zhang B, Zelhof AC: Amphiphysins: raising the BAR for
synaptic vesicle recycling and membrane dynamics. Bin-
Amphiphysin-Rvsp. Traffic 2002, 3:452-460.

Ybe JA, Wakeham DE, Brodsky FM, Hwang PK: Molecular struc-
tures of proteins involved in vesicle fusion. Traffic 2000,
1:474-479.

Graham ME, Washbourne P, Wilson MC, Burgoyne RD: SNAP-25
with mutations in the zero layer supports normal mem-
brane fusion kinetics. | Cell Sci 2001, 114:4397-4405.

Hanz S, Fainzilber M: Integration of retrograde axonal and
nuclear transport mechanisms in neurons: implications for
therapeutics. Neuroscientist 2004, 10:404-408.

Barker WC, Garavelli JS, Huang H, McGarvey PB, Orcutt BC, Srini-
vasarao GY, Xiao C, Yeh LS, Ledley RS, Janda JF, Pfeiffer F, Mewes
HW, Tsugita A, Wu C: The protein information resource (PIR).
Nucleic Acids Res 2000, 28:41-44.

Sudhof TC: The synaptic vesicle cycle: a cascade of protein-
protein interactions. Nature 1995, 375:645-653.

Zhang W, Zhang Y, Zheng H, Zhang C, Xiong W, Olyarchuk |G,
Walker M, Xu W, Zhao M, Zhao S, Zhou Z, Wei L: SynDB: a Syn-
apse protein DataBase based on synapse ontology. Nucleic
Acids Res 2007, 35:D737-741.

Murase S, Schuman EM: The role of cell adhesion molecules in
synaptic plasticity and memory. Curr Opin Cell Biol 1999,
11:549-553.

Brose N: Synaptic cell adhesion proteins and synaptogenesis
in the mammalian central nervous system. Naturwissenschaften
1999, 86:516-524.

El Far O, Betz H: G-protein-coupled receptors for neurotrans-
mitter amino acids: C-terminal tails, crowded signalosomes.
Biochem | 2002, 365:329-336.

Fykse EM, Fonnum F: Amino acid neurotransmission: dynamics
of vesicular uptake. Neurochem Res 1996, 21:1053-1060.

Altschul SF, Madden TL, Schaffer AA, Zhang ], Zhang Z, Miller W, Lip-
man DJ: Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Research 1997,
25:3389-3402.

Wheeler DL, Church DM, Federhen S, Lash AE, Madden TL, Pontius
JU, Schuler GD, Schriml LM, Sequeira E, Tatusova TA, Wagner L:
Database resources of the National Center for
Biotechnology. Nucleic Acids Res 2003, 31:28-33.

Leinonen R, Nardone F, Zhu W, Apweiler R: UniSave: the Uni-
ProtKB sequence/annotation version database. Bioinformatics
2006, 22:1284-1285.

Hubbard TJ, Aken BL, Beal K, Ballester B, Caccamo M, Chen Y, Clarke
L, Coates G, Cunningham F, Cutts T, Down T, Dyer SC, Fitzgerald S,
Fernandez-Banet J, Graf S, Haider S, Hammond M, Herrero J, Holland
R, Howe K, Howe K, Johnson N, Kahari A, Keefe D, Kokocinski F,
Kulesha E, Lawson D, Longden |, Melsopp C, Megy K, et al.: Ensembl
2007. Nucleic Acids Res 2007, 35:D610-617.

Kaplan N, Linial M: ProtoBee: hierarchical classification and
annotation of the honey bee proteome. Genome Res 2006,
16:1431-1438.

Lawson D, Arensburger P, Atkinson P, Besansky NJ, Bruggner RV,
Butler R, Campbell KS, Christophides GK, Christley S, Dialynas E,
Emmert D, Hammond M, Hill CA, Kennedy RC, Lobo NF, MacCallum
MR, Madey G, Megy K, Redmond S, Russo S, Severson DW, Stinson
EO, Topalis P, Zdobnov EM, Birney E, Gelbart WM, Kafatos FC, Louis
C, Collins FH: VectorBase: a home for invertebrate vectors of
human pathogens. Nucleic Acids Res 2007, 35:D503-D505.
Crosby MA, Goodman JL, Strelets VB, Zhang P, Gelbart WM: Fly-

Genome Biology 2008, 9:R27

Yanay et al. R27.25


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10679963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10679963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16420526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16420526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16420526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16846848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16846848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12221080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12221080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12221080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12802012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12802012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12802012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12827282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12827282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2496198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2496198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2496198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8643476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8643476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16698939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16698939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11483953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11483953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1355409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1355409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11031229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16532399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16532399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16532399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17616982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17616982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8940050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8940050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8809102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8809102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8809102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15378037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17671451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17671451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15746382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2398359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2398359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2398359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17713526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17713526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12047553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12047553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12047553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11208133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11208133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15359007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15359007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15359007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10592177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7791897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7791897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17098931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17098931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10508654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10508654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10551945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10551945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12006104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12006104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8897468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8897468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12519941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12519941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16551660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16551660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17065614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17065614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17145709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17145709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17099233

http://genomebiology.com/2008/9/2/R27

109.

110.

112.
113.
114.

Base: genomes by the dozen. Nucleic Acids Res 2007,
35:D486-D491.

Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG,
Thompson |D: Multiple sequence alignment with the Clustal
series of programs. Nucleic Acids Res 2003, 31:3497-3500.

von Mering C, Jensen L), Kuhn M, Chaffron S, Doerks T, Kruger B,
Snel B, Bork P: STRING 7: recent developments in the integra-
tion and prediction of protein interactions. Nucleic Acids Res
2007, 35:D358-362.

Kall L, Krogh A, Sonnhammer EL: A combined transmembrane
topology and signal peptide prediction method. | Mol Biol
2004, 338:1027-1036.

Lupas A: Predicting coiled-coil regions in proteins. Curr Opin
Struct Biol 1997, 7:388-393.

Rost B, Liu J, Nair R, Wrzeszczynski KO, Ofran Y: Automatic pre-
diction of protein function. Cell Mol Life Sci 2003, 60:2637-2650.
Cummings L, Riley L, Black L, Souvorov A, Resenchuk S, Don-
doshansky |, Tatusova T: Genomic BLAST: custom-defined vir-
tual databases for complete and unfinished genomes. FEMS
Microbiol Lett 2002, 216:133-138.

Genome Biology 2008,

Genome Biology 2008, 9:R27

Volume 9, Issue 2, Article R27

Yanay et al. R27.26


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17099233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17098935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17098935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15111065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15111065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9204281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14685688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14685688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12435493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12435493

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Evolutionary relationships among insects
	A catalog of presynaptic gene representatives from human and insects
	Recovering missed annotation genes by comparative genomics
	Insights into the most conserved proteins of the exocytosis core complex
	Sequence conservation among the subunits of the exocyst complex
	Evolutionary constrains on the subunits of the COP complex and the lysosome biogenesis complex
	Coordination in sequence conservation in biogenesis and trafficking protein complexes along the phylogenetic tree
	Presynaptic proteins participate in interconnected protein interaction graphs
	Valence of proteins in the interaction graphs and sequence conservation levels are positively correlated
	Endocytotic proteins are long and composed of several repeated domains

	Discussion
	Membranous synaptic vesicle protein composition from human and insects is different
	Comparative genomics perspective on functional complexes
	Architectural design principles in exocytosis and endocytosis

	Conclusion
	Materials and methods
	Compiling the presynaptic PS120 collection
	Identifying orthologs in insects
	Protein-protein interaction graphs
	Functional assignments
	Sequence features and domains

	Abbreviations
	Authors' contributions
	Additional data files
	Acknowledgements
	References

