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Chemical synapses are highly specialized cell-cell contacts for communication between
neurons in the CNS characterized by complex and dynamic protein networks at both synap-
tic membranes. The cytomatrix at the active zone (CAZ) organizes the apparatus for the
regulated release of transmitters from the presynapse. At the postsynaptic side, the post-
synaptic density constitutes the machinery for detection, integration, and transduction of
the transmitter signal. Both pre- and postsynaptic protein networks represent the molec-
ular substrates for synaptic plasticity. Their function can be altered both by regulating their
composition and by post-translational modification of their components. For a comprehen-
sive understanding of synaptic networks the entire ensemble of synaptic proteins has to be
considered. To support this, we established a comprehensive database for synaptic junction
proteins (SynProt database) primarily based on proteomics data obtained from biochemi-
cal preparations of detergent-resistant synaptic junctions. The database currently contains
2,788 non-redundant entries of rat, mouse, and some human proteins, which mainly have
been manually extracted from 12 proteomic studies and annotated for synaptic subcellular
localization. Each dataset is completed with manually added information including protein
classifiers as well as automatically retrieved and updated information from public databases
(UniProt and PubMed). We intend that the database will be used to support modeling of
synaptic protein networks and rational experimental design.

Keywords: chemical synapse, postsynaptic density, synaptic junction, cytomatrix at the active zone, proteomics,

rat, mouse, human

INTRODUCTION

Mammalian brain development culminates in the integration of
billions of neurons and astrocytes into a functional network cour-
tesy of trillions of specialized contact sites, the synapses. These
highly specialized membrane microdomains — or synaptic junc-
tions —are assumed to be the subcellular substrate for higher order
functions such as learning and memory. Sherrington and Foster
coined the term “synapse” in 1897 (Gray, 1987), and although
physiological evidence on the existence of chemical synapses accu-
mulated in the following decades, it took until the middle of
the twentieth century to confirm the presence of such struc-
tures by means of electron microscopy (Palay and Palade, 1955;
de Robertis, 1965). Among the different kinds of synapses the
chemical, glutamatergic synapse between a presynaptic axon and
a postsynaptic dendrite is the most predominant type in the mam-
malian brain. It is a highly asymmetrical structure encompassing
a presynaptic terminal and a postsynaptic compartment, and is
surrounded by the extracellular matrix and glial cells. The axonal,
presynaptic side contains the machineries for neurotransmitter

exocytosis and vesicle recycling, and harbors a distinct submem-
braneous structure, the cytomatrix at the active zone (CAZ) — also
termed presynaptic grid, presynaptic dense projection, or presy-
naptic particle web (for a review and further literature see Schoch
and Gundelfinger, 2006) — where neurotransmitter release takes
place.

The electron-dense postsynaptic density (PSD) is the most
striking structural element on the postsynaptic side, and was first
described as the “subsynaptic membrane” by Eccles (1957), “post-
synaptic thickening” by Gray (1959) and de Robertis (1959), or
as the “subsynaptic web, a web of filaments (or canaliculi)” by
de Robertis et al. (1961). The term currently most frequently
used, “postsynaptic density”/“PSD” was introduced by Akert et al.
(1969). Cotman and Taylor presented in the early 1970s (Cotman
and Taylor, 1972, 1974; Cotman et al., 1974) a first protocol for
the isolation of the synaptic junctions along with an enrichment
of the PSD, and provided a structural description of this biochem-
ical fraction. In combination with electron microscopy, several
protocols for biochemical enrichment and detailed purification
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and extraction of synaptic structures from different species and
brain regions were developed through the early 1980s (Gray and
Whittaker, 1962; Cotman and Taylor, 1974; Matus and Walters,
1975; Cohen et al., 1977; Matus et al., 1981). An additional pro-
cedure was reported recently by Suzuki (2011). In the following
years a number of major PSD components were identified from
these preparations (e.g., Carlin et al., 1980; Kennedy et al., 1983;
Siekevitz, 1985; Cho et al., 1992; Walsh and Kuruc, 1992; Kist-
ner et al., 1993; for review see Kennedy, 1993, 1997; Ziff, 1997).
The degree of enrichment and the purity of isolated synaptic
junctions varies, depending on the protocol. In contrast to more
“crude” preparations such as synaptosomes (Gray and Whittaker,
1962; Cohen et al., 1977; Matus et al., 1981; Suzuki and Tanaka,
1984), synaptodendrosomes (Steward et al., 1988), or synaptoneu-
rosomes (Hollingsworth et al., 1985), which contain a considerable
amount of dendritic and presynaptic material, the enrichment
for the morphologically distinct, disk-like PSD structure neces-
sitates additional detergent extractions, and ultracentrifugation
steps (Gray and Whittaker, 1962; Cohen et al., 1977; Matus et al.,
1981; Suzuki and Tanaka, 1984). However, we want to emphasize
here that all so-called “PSD preparations” can indeed only enrich
for the morphological structure of the PSD and are not pure frac-
tions of this disk-like, 30-50 nm thick postsynaptic membrane
and scaffolding entity. As discussed below all of these prepara-
tions contain proteins of all compartments contributing to the
synaptic junction including the PSD, the presynaptic CAZ, the

synaptic extracellular matrix (perisynaptic extracellular matrix
and synaptic cleft), and astroglial endfeet contacting synapses.
Hence, we refer to the proteins found within this fraction as the
detergent-resistant synaptic junction proteins to avoid confusions
about either a true, i.e., morphological residence within the mor-
phological structure of the PSD (referred to as “established” PSD
proteins, i.e., enriched in the detergent-resistant synaptic junc-
tion fraction AND verified by immunogold EM for localization in
the PSD) or any physico-chemical or interaction-based presence
within the fraction of detergent-resistant synaptic junction pro-
teins. The more or less misleading, historically used term “PSD
protein fraction” or “PSD preparation” is not used here. See also,
term definitions in the glossary, Table 1.

The identification of the large number of molecular PSD con-
stituents started to boom with the advent of modern biochemistry
and molecular biology technologies at the end of the 1980s. The
Kennedy laboratory combined state-of-the-art protein sequencing
with a subsequent molecular cloning strategy to identify compo-
nents of the detergent-resistant synaptic junction fraction. Among
those candidates was one of the most prominent proteins of the
PSD, PSD-95 (Cho et al., 1992; Hunt et al., 1996). At the same time
Garner, Gundelfinger and colleagues isolated over 200 cDNAs for
specific synaptic proteins by expression screening of a rat cDNA
library with the help of antisera raised against a rat brain synaptic
protein preparation (Kistner et al., 1993; Miiller et al., 1995; Sei-
denbecher etal., 1995; Langnaese et al., 1996). Among these cDNA

Table 1 | Glossary of subsynaptic structures and protein fractions.

Synaptic structure or preparation Description

Selected literature

Postsynaptic density (PSD)

Presynaptic cytomatrix at the active
zone (CAZ)

Glial endfeet

Synaptic extracellular matrix (ECM)

Synaptic junctional protein fraction

Established PSD proteins

The PSD was originally defined at the ultrastructural level as the electron-dense material
associated with the postsynaptic membrane. The PSD is particularly prominent at
excitatory asymmetric (type |) synapses. Core PSD proteins and their associated
partners are major components of = synaptic junctional protein preparations

The cytomatrix assembled at the presynaptic active zone of neurotransmitter

release — also named presynaptic grid, presynaptic dense projection, or presynaptic
particle web is the electron-dense counterpart of the PSD-associated with the
cytoplasmic face of the presynaptic membrane. Essential scaffolding components of
the CAZ co-purify with = synaptic junctional protein preparations

Endfeet of astrocytes are also very tightly associated with synaptic junctions leading to
the concept of the tripartite synapse. Consequently, astrocytic proteins are also found
in = synaptic junctional protein preparations

ECM components tightly associated with the synapse also do co-fractionate with =
synaptic junctional protein preparations. Components of the perisynaptic ECM and the
ECM within the synaptic cleft are supposed to vary

Detergent-resistant biochemical protein preparation enriched for PSD components.
Historically this fraction was called “PSD preparation” or “PSD protein fraction.”
However, as discussed in this article it contains in addition to PSD core and
PSD-associated proteins a variety of proteins of the = CAZ, of the = synaptic ECM, of
= glial endfeet as well as protein components of which is unclear whether they are
tightly associated with synaptic junctions or co-partition with this protein fraction
because of their similar biochemical characteristics or the “stickiness” that causes
them to associate with synaptic junctions after tissue homogenization

Proteins that have been localized to the postsynaptic density in situ using specific
antibodies and immunogold localization in the electron microscope

Gray (1959), Peters
et al. (1991), ziff
(1997)

Peters et al. (1991),
Garner et al. (2000),
Phillips et al. (2001)

Araque et al. (1999),
Faissner et al. (2010)

Zuber et al. (2005),
Faissner et al. (2010),
Dityatev et al. (2010)
Carlin et al. (1980),
Kennedy (1997), Li
et al. (2004)

cf. Table 4
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clones were PSD-95/SAP90 (Cho et al., 1992; Kistner et al., 1993),
ProSAP1/Shank2 (Boeckers et al., 1999; Naisbitt et al., 1999), the
Calcium-binding protein Caldendrin (Seidenbecher et al., 1998),
but also the presynaptic proteins Bassoon and Piccolo (Cases-
Langhoff et al., 1996; tom Dieck et al., 1998), and the extracellular
matrix protein Brevican (Seidenbecher et al., 1995). In the follow-
ing years, interaction studies revealed that the PSD hosts a tightly
organized and controlled protein network for signal transduction.
The laboratory of Kennedy and Seeburg for instance showed the
association of PSD-95 with the C-terminus of the NMDA receptor
(Kornau et al., 1995) and subsequent work led to the identification
the subunit NR2B of the NMDAR complex (Moon et al., 1994), of
Densin (Apperson et al., 1996), and of synGAP (Chen et al., 1998)
showing the diversity of this fraction.

Only a few years later, Sheng and colleagues started a series
of high-throughput yeast two-hybrid (Young, 1998) experiments
to search for interaction partners for prominent PSD proteins
such as PSD-95/SAP90 and the NMDA receptor, identifying the
GKAP/SAPAP (Kim et al., 1997), and Shank (Naisbitt et al., 1999)
protein families and Yotiao (Lin et al., 1998). Moreover, the yeast
two-hybrid system proved to be an invaluable tool to look for
additional information about a particular synaptic protein if this
protein’s function is unclear as in the case of CASK/Lin-2 or
Caldendrin. CASK/Lin-2 was shown to bind to the cell surface
heparan sulfate proteoglycan Syndecan-2 in mammalian brain
(Hsueh et al., 1998); whereas Caldendrin was found to be an
interaction partner for the synapse-nucleus shuttle protein Jacob
(Dieterich et al., 2008). From these experiments it became unam-
biguously clear that, in addition to acting as a scaffold for signaling
enzymes at the postsynaptic membrane, the PSD tethers the recep-
tive apparatus to signaling components in the extracellular space,
and links it to signaling networks that extend from the synapse to
the nucleus.

Simultaneously with antibody and yeast two-hybrid-based
library screens, developments in the area of high-throughput
mass spectrometry and associated genome and proteome projects
allowed a faster identification and characterization of newly dis-
covered synaptic components at the end of the 1990s. Therefore,
large-scale studies for synaptic proteins started in 2000 (Walikonis
et al., 2000), and recent subproteomic efforts, in particular neu-
roproteomics, are contributing to a large extend to complete our
knowledge of the molecular composition of chemical synapses.
These proteomic efforts have given an insight into the complexity
of synaptic junctions and associated cellular components (Waliko-
nis et al., 2000; Husi and Grant, 2001; Yamauchi, 2002; Jordan
etal., 2004; Li et al., 2004; Peng et al., 2004; Yoshimura et al., 2004;
Collins et al., 2005). More recent studies have begun to address the
crucial question of the abundance of each protein in the detergent-
resistant synaptic junction fraction and their stoichiometrical ratio
(Peng et al., 2004) and in future the interactions of these pro-
teins within the PSD and associated subcellular compartments
(Li et al.,, 2010). All of these proteomic analyses have produced a
vast collection of proteins that comprise several hundred to over
a thousand individual proteins (Sheng and Hoogenraad, 2007;
Shinohara, 2012).

However, there is no specialized and comprehensive collec-
tion of these data as of now. The portal for synaptic protein

databases (SynProt) was initially developed to store and orga-
nize proteomic information on the postsynaptic, presynaptic and
surrounding extracellular and astrocytic endfeet compartments
that was retrieved from individual research articles. Now the Syn-
Prot database hosts the experimental results obtained from 12
independent proteomic studies of the detergent-resistant synap-
tic junction fraction. In addition, other well-known PSD proteins,
or associated proteins, that have not been identified by proteomic
analyses have been included. We distinguish the following proteins
in SynProt: (i) proteins residing directly in the PSD (established
PSD proteins such as PSD-95), (ii) proteins which are associated
with the PSD by means of functional interaction with PSD pro-
teins (such as Cortactin; Racz and Weinberg, 2004), (iii) proteins
that are associated with either the presynaptic compartment, the
synaptic extracellular matrix or astroglial endfeet contacting or
tethered to the postsynaptic membrane, and (iv) co-fractionating
proteins that behave like PSD proteins due to similar physico-
chemical properties during the fractionation procedure. Note,
that mainly established PSD proteins are annotated as such in
SynProt with the corresponding immunogold citation (work in
progress). The primary goal of the SynProt database is to extract,
integrate, and classify the wealth of proteomic information into
a user friendly environment. Although specific protein databases
such as UniProtKB and KEGG often contain information regard-
ing proteins including their subcellular localization and molec-
ular function, the SynProt database was created to complement
the existing databases and to include only proteins validated by
scientists.

MATERIALS AND METHODS

DATA SOURCES

The following proteomic profiling studies were used to generate
SynProt: Jordan et al. (2004), Li et al. (2004, 2005), Peng et al.
(2004), Phillips et al. (2004), Yoshimura et al. (2004), Collins et al.
(2005, 2006), Trinidad et al. (2005, 2006), Cheng et al. (2006),
Dosemeci et al. (2006). In addition, we manually added proteins
taken from Langnaese et al. (1996), Husi et al. (2000) as well as
other well-known constituents of the PSD.

DATA PROCESSING AND QUALITY CONTROL
Data on detergent-resistant synaptic junction proteins identified
via proteomic screening or alternative approaches (see Table 2)
were manually combined into a mySQL-based database due to the
different data formats in the publications. Initial data obtained
from large-scale proteomic screens included name and/or syn-
onym if stated in the proteomics-paper, UniProt or NCBI iden-
tifier, species information on the proteins, and the reference(s)
to the proteomic paper identifying the candidate protein as
itself. A special web-front end was created to put data from the
tables within these papers into the database, which allows mak-
ing changes simultaneously on multiple datasets. This frontend
is not part of the public version of the web-interface of the
SynProt database, because its primary goal was quick manual
curation.

We removed any duplicates of proteins identified in more
than one study using in-house developed Perl scripts. In addi-
tion to proteins identified in the 12 proteomic approaches, we
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Table 2 | Contributions of the selected 12 proteomic publications to
the SynProt database.

Paper Methods Proteins contributed
to database

Li etal. (2004) MALDITOF/TOF; ICAT 162

Cheng et al. (2006) ICAT, LC-MS/MS 287

Phillips et al. (2004) MudPIT 25
Dosemeci et al. (2006) MudPIT 17

Collins et al. (2005) IMAC; LC-MS/MS 213
Yoshimura et al. (2004) MudPIT 448

Jordan et al. (2004) LC-MS/MS 937

Peng et al. (2004) LC-MS/MS 353

Li et al. (2005) MALDITOF/TOF; ICAT; 124

LC-MS/MS

Trinidad et al. (2005) SCX Chromatography; 41

IMAC; LC-MS/MS
LC-MS/MS

Collins et al. (2006) 1,118

Trinidad et al. (2006) SCX Chromatography; 1,233
IMAC; LC-MS/MS
Homologous proteins  Retrieved from 2,772

Swiss-Prot by homology
Yeast two-hybrid screens, 49
antibody-based cDNA

library screens, ...

Manually added

The second column shows the used proteomic methods, the last column depicts
the number of proteins, which contributed to the database. About 1,168 pro-
teins were found in more than one study. The entire database (entries from
proteomics studies, manually added and retrieved from Swiss-Prot) contains
5,560 proteins: 2,067 records from mouse, 1,359 records from rat, and 2,134
records are assigned to human.

included proteins that were previously identified and verified as
established PSD proteins by antibody-based investigations such
as immunogold electron microscopy. Established PSD proteins
are indicated in the field “ultrastructural localization.” Moreover,
protein data entries were complemented by automatically retriev-
ing the following additional information on candidate proteins
from UniProt (UniProt-Consortium, 2010; Magrane and Con-
sortium, 2011)!: protein sequence, molecular weight, gene name,
UniProt accession identifier, primary references, and comments
(e.g., function, subcellular localization, tissue specificity, or sim-
ilarity) if available using additional in-house built Perl scripts.
Further, we manually assigned one or more functional categories
to each protein and manually curated all data sets once more to
eliminate mistakes. The functional categories include 32 different
classifications; the complete list is given in Table 3. Finally, homol-
ogous proteins of the three species mouse, rat, and human are
included in SynProt for all proteins retrieved via the approaches
mentioned above insofar as their information is available from
UniProt. To distinguish these homologous proteins from their
identified SynProt counterparts, they appear in orange in the
database.

Lwww.uniprot.org

Table 3 | Statistical analysis of the 32 manual assigned functional
classifications.

Functional category Number
Cell adhesion molecules 43
Lipid binding proteins 56
Transporter proteins 187
Membrane trafficking proteins 249
Glial proteins 28
Scaffolding and adaptor proteins 144
lonotropic receptors and ion channels 96
Metabotropic receptors - GPCRs 24
Metabotropic receptors — RTKs and others 18
Cytoskeleton/actin-associated proteins 235
Cytoskeleton/intermediate filament-associated proteins 32
Cytoskeleton/microtuble-associated proteins 141
GTPases and regulators 199
Phosphatases and regulators 242
Protein modification and degradation 103
Chaperones and heat shock proteins 63
Mitochondrial proteins — energy metabolism 217
Protein synthesis 174
Endocytic proteins M
Nucleic acid-binding proteins 339
No classification 347
Extracellularly matrix components 32
Presynaptic vesicle proteins 67
Presynaptic active zone proteins 25
Regulatory proteins 622
Ca2* binding proteins 48
Proteasome 18
Catabolic pathway 55
Mitochondrial proteins — others 71
Cyclic nucleotide catabolic process 3
Transcription regulators 58
Energy metabolism, e.g., glycolysis 21

1,686 of the 2,788 proteins (without entries, which were retrieved from Swiss-
Prot by homology) were assigned to one classification, 896 proteins to two
classifications, and 145 proteins to three classifications. For 320 proteins no clas-
sification could be found. About 2,772 entries were retrieved from UniProt to
incorporate homologous proteins. These proteins are classified by assigning the
manual classification from the original proteins.

WEB PORTAL APPLICATION

The public face of the SynProt protein database is incorpo-
rated into the SynProt web portal for synaptic databases. The
access to the database is restricted to academic research pur-
poses only so far. For an easy public access to the database, a
web-based user interface was designed (Corona Labs, Magde-
burg, Germany)?. After registration it allows users to search the
database for certain proteins or groups of proteins. At this time,
there is no function to download the content of the database as a
flat file.

2www.corona-labs.de
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DATA QUERYING

The user has the choice between a simple search and an extended
search. In a simple search, the name of the protein is searched in
all relevant fields like synonyms, whereas with an extended search
the protein can be searched by properties, e.g., molecular weight
or functions (Figure 1).

A group of proteins can be searched by a combination of prop-
erties in the extended search. The properties are connected with
a logical “AND” to narrow the search results. After the search, a
list of found data sets is presented (Figure 2). A maximum of 10
data sets can be displayed in one page. To get an overview of a
certain data set, the protein name, synonyms, and the species are
displayed. The user can now go back to refine the search or simply

choose one of the data sets. The result page (Figure 3) shows the
complete data set, the table shows fields with data, i.e., empty fields
are not displayed.

RESULTS — THE SynProt DATABASE

State-of-the-art proteomics obtains a large amount of informa-
tion on protein ensembles in a relatively short-time. However,
while mass spectrometry instruments routinely sequence single
purified proteins with subfemtomolar sensitivity, the effective
identification of low-abundance proteins is orders of magni-
tudes lower in complex mixtures due to limited dynamic range
and sequencing speed (de Godoy et al.,, 2006). This fact may
result in the exclusion of low-abundance established PSD and

S\WYNPROT

Search protein names:

Extended search

Protein Name:
Synonyms:
UniProt Name:
UniProt Accession:
Species:

Name of Gene:

Classification:

Ultrastruc. Localization:

Sequence:

Comments:

FIGURE 1 | Screenshot of a sample query. The user can choose
between a simple search for a keyword in all fields or an extended
search for one or more keywords in the specified fields. Here an
extended search for a group of proteins is shown, which matches the

THE PORTAL TO SYNAPTIC PROTEIN DRTABASES

Simple search

Scaffolding and adaptor proteins -

I EE™

Copyright © 2010 Leibniz Institute for Neurobiology | (Last update: 08/02/2011)

E& LocouT

IMPRESSUM | DISCLAIMER

"

following criteria: (1) classified as “Scaffolding and adaptor proteins
and (2) a molecular weight between 80,000 and 90,000 Da. The
keywords are connected with a logical "AND" to accommodate
detailed searches.
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&3 LocouT

SEARCH RESULTS

& seArcH

PRYEREVICUSY

ESOURCES

Beta-catenin
Catenin beta-1

Beta-catenin
Catenin beta-1

Postsynaptic density protein 95, PSD-95, Synapse-associated protein 90, SAP90

Disks large homolog 4

Neurabin-II, Spinophilin, Protein phosphatase 1 regulatory subunit 9B, Neural
tissue-specific F-actin-binding protein II, p130, PP1bp1

Neurabin-2

Putative glycine receptor-tubulin linker protein
Gephyrin

Junction plakoglobin
Junction plakoglobin

Beta-catenin
Catenin beta-1

Zinedin
Striatin-4

SAP90A
Disks large homolog 4

striatin, calmodulin binding protein; striatin
Striatin

Colors: From proteomics-studies/manually added | Homologs

Copyright © 2010 Leibniz Institute for Neurobiology | (Last update: 08/02/2011)

FIGURE 2 | Screenshot after the extended search. The search retrieves
23 proteins matching the userspecified criteria. To prevent overloading of
the browser, a maximum of 10 entries are shown on one page. Entries in
green are derived from proteomic studies or manually added. Red entries

Search after Molecular weight from 80000 to 90000 AND Scaffolding and adaptor proteins

Showing results 1 to 10 of 23

Rattus norvegicus

Homo sapiens

Rattus norvegicus

Rattus norvegicus

Rattus norvegicus

Rattus norvegicus

Mus musculus

Mus musculus

Mus musculus

Rattus norvegicus

IMPRESSUM | DISCLAIMER

are derived from UniProt due to homology. By clicking on the “Go!”
Button, the user can choose the dataset of choice. The third and the ninth
position show entries of the well-known postsynaptic protein
PSD-95/SAP90 from different species.

detergent-resistant synaptic junction proteins or proteins which
are difficult to sequence from identification via MS. Such data
need to be complemented and supplemented by other identi-
fication means including biochemical and molecular biological
approaches such as high-sensitivity protein sequencing (Acber-
sold et al., 1987), antibody-based expression screening of cDNA
libraries (Kistner et al., 1993; Miiller et al., 1995; Seidenbecher
et al., 1995; Langnaese et al., 1996), yeast two-hybrid interaction
studies (Kim et al., 1997; Lin et al., 1998; Naisbitt et al., 1999), stud-
ies analyzing specific PSD-residing complexes such as the NMDA

receptor complex (Husi and Grant, 2001), and candidate-based
studies. Moreover, the use of different search algorithms may yield
different results. Hence, there is only a partial overlap of identified
proteins in these detergent-resistant synaptic junction fractions
in the different published studies. Table 2 lists the contributions
of the 12 main proteomic studies included in the SynProt data-
base (Jordan et al., 2004; Li et al., 2004, 2005; Peng et al., 2004;
Phillips et al., 2004; Yoshimura et al., 2004; Collins et al., 2005,
2006; Trinidad et al., 2005, 2006; Cheng et al., 2006; Dosemeci
et al., 2006).
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*Species:

Proteomics-Paper:
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IMPRESSUM DISCLAIMER

FIGURE 3 | Screenshot of the result screen after a search for
“PSD-95." The field “Proteomics-Paper” shows the proteomic
studies, in which this protein was identified. In this case, it was found
in 10 out of 12 studies. The field “Classification 1" denotes the
manually assigned classification of PSD-95/SAP90. The field

“Ultrastructural Localization” shows studies, in which the localization
of this protein was verified by immunogold-staining. In addition, some
of the proteins were manually assigned to categories, which denote
the localization (see Table 4). All other data were retrieved from
UniProt.

The manual retrieval of the main core of data from 12 selected
primary proteomic profiling publications on the detergent-
resistant synaptic junction fraction, as well as a supplementary
study on the NMDA receptor complex (Husi et al., 2000), a study
on expression screening of a rat cDNA library with the help of

antisera raised against a rat brain synaptic protein preparation
(Kistner et al., 1993; Miiller et al., 1995; Seidenbecher et al., 1995;
Langnaese et al., 1996), and also well-known manually added
established PSD proteins from the literature resulted in a total
of 9,298 records, including many proteins represented multiple
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times in these studies. Established PSD proteins are listed in
Table 4. The most prominent proteins in the proteomic studies are
PSD-93, which was identified in 11 studies, and PSD-95/SAP90
and ProSAP3/Shankl, which both were identified in 10 stud-
ies. In addition to these entries, 49 published constituents of the
PSD have been manually added to the database, which have not
been identified in the proteomic profiling experiments using mass
spectrometry based methods but via other means, such as the
synapto-nuclear messenger protein Jacob (Dieterich et al., 2008).
After automatic removal of redundant protein entries and includ-
ing any available information on homologous proteins from the
three species human, mouse, and rat accessed from UniProt, the
database currently holds a total of 5,560 records (mouse: 2,067
proteins, rat: 1,359 proteins, human: 2,134 proteins). In total
2,138 unique, homologous proteins can be searched by the user
within the SynProt database. The majority of the proteins within
the SynProt database are assigned in the proteomic identification
procedures to the rodent brain (mouse: 1,741 records; rat: 922
records), fewer proteins were matched to human brain proteins
(76 records).

The initially included datasets for 2,788 proteins were man-
ually assigned to 32 different functional categories (three cate-
gories maximum per protein) totaling to 3,721 assignments. About
1,686 proteins were assigned to one category, 896 proteins to two
categories, and 145 proteins to three categories.

Most notably, the majority of records were assigned to the
functional classes of regulatory proteins (622 proteins), nucleic
acid-binding proteins (339; Suzuki et al., 2007), and membrane
trafficking proteins (249). The complete statistical analysis of the
manual assignment is shown in Table 3.

SAMPLE QUERY

SynProt can be queried for single proteins as well as for groups of
proteins matching certain, user-specified criteria. A simple search
is used for a quick check if a distinct protein is included in the
database by searching of the name in “synonyms,” “protein name,”
and “UniProt name.” To showcase an example for an extended
search; the SynProt database is queried for a group of proteins
using two criteria: (i) “Scaffolding and adaptor proteins” and (ii)
having a molecular weight of 80-90kDa (Figure 1). The query
returns a group of 23 proteins (Figure 2). To provide a better
overview on the browser, a maximum of 10 proteins are shown
at the same time. The list includes entries of the established PSD
protein PSD-95/SAP90 from different species. From this list the
user can select the hit of choice to obtain further information on
this entry by clicking the appropriate “Go!” button. In case of PSD-
95/SAP90 from rat a new window opens displaying the following
detailed information (Figure 3): synonyms, full name, species,
proteomics-papers in which this protein was identified, UniProt
accession number(s), gene name, classification, molecular weight,
sequence, and citation(s).

EXTERNAL USER CONTRIBUTIONS

To complement the SynProt database external users are encour-
aged to submit any yet missing PSD protein by contacting the
authors or the webmaster of SynProt along with a solid proof that
the protein in question is indeed a true component either in the

PSD itself or in the detergent-resistant synaptic junction fraction,
i.e., by providing data on immunogold EM synaptic localization
or by Western Blot analysis of these fractions, respectively.

DISCUSSION

The identity and dynamics of the molecular constituents of synap-
tic junctions and the PSD in particular have been in the focus of
extensive research for over 50 years now, aiming not only to deci-
pher higher cognitive functions such as learning and memory, but
also to ultimately disclose ways to fight brain diseases including
Alzheimer’s disease, Morbus Parkinson, or Schizophrenia. Thus,
it is not surprising that a simple Google search for “PSD pro-
tein” results in approx. 480,000 hits, and in combination with
“disease” in approx. 288,000 hits underlining the huge amount
of information in the internet about the PSD, which makes it
difficult to retrieve particular information. On the other hand
a query for “postsynaptic AND density” in the life-science rel-
evant protein database UniProt retrieves a total of 577 results,
and 193 hits combined with the restriction “subcellular location,”
clearly not registering all resident proteins in the PSD. There-
fore, we compiled the first comprehensive and manually curated
database on detergent-resistant synaptic junctional proteins and
established PSD proteins from rat, mouse, and human species
using proteomic, biochemical, immunogold EM and additional
bioinformatics data sources. The core of data sets of the SynProt
database is derived from 12 proteomic profiling approaches on
biochemically purified detergent-resistant synaptic junction frac-
tions with subsequent MS analysis. This has been supplemented
with additional PSD proteins as not all proteins are accessible by
MS analysis. Next to the original data source, we provide additional
information for all data entries, including the UniProt acces-
sion number, synonyms, gene name, sequence, molecular weight,
primary publication citation(s), and to which biological classifi-
cations the protein can be assigned. The user can choose between
two search modes: A “simple” search using either a particular pro-
tein name or synonymous name, or a more extensive search using
a keyword, a string of search criteria for a group of proteins based
on a particular biological classification, or even just a snippet of
sequence information. Furthermore, the user can choose informa-
tion on a particular protein either based on the originally identified
data entry or its homologous counterparts if this information is
available from UniProt.

The statistical analysis of classifications shows the main func-
tion of the proteins of the core PSD and the detergent-resistant
synaptic junction proteins is to form a signal transduction and
modification machinery. The most prominent functional cate-
gory of all proteins contained in SynProt concerns regulation
of the signaling protein network, which transfers the signal on
a short-time-scale. Interestingly, SynProt contains a variety of
nucleic acid-binding proteins and components of the translation
machinery identified in the detergent-resistant synaptic junction
fraction. These are likely responsible for transduction or mod-
ification of the signal on a longer time-scale by local protein
synthesis. However, one has to take into account that proteins
with similar physico-chemical properties may co-fractionate with
detergent-resistant synaptic junction proteins, one class being his-
tone proteins. Notably a total of 28 proteins in SynProt are assigned
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Table 4 | Ultrastructural localization of proteins present in detergent-resistant synaptic junctions fractions.

Protein name

Postsynaptic localization/distance to the synaptic cleft

Category

Reference

Pan-actin
Alpha-actinin
Bassoon
Beta-catenin
CaM-kinase Il alpha

CaM-kinase Il alpha
CASK

Cav1.2

Cortactin

CRIPT

Dynein light chain 2

ERK1/2
GKAP1
GKAP1
GluR1

GluR2
GIluR2/3

GluR2/3

GluR2/3
GluR4
GluR4
Homer 1b,c

KA1

KA2

MCT2
mGIuR1 alpha

mGIuR1 alpha
mGIuR1
mGIuR1
mGIuR5
mGIuR5

N-Cadherin
NCAM180
Neuroligin-1
nNOS

NR1

NR1
NR2A/B
NR2A/B
NR2A

Yes/109+51 nm

Yes/20-120 nm

No, presynaptic

Yes/within 100 nm
Yes/39+31nm

Yes/within 100 nm

Yes/approx. 30 nm

Yes, PSD-associated

Yes, PSD-associated
Yes/100-150 nm

Yes/40 nm

Yes/279+2.3

Yes/40-120 nm; also spine apparatus
Yes/31.5 + 3.2; also spine apparatus
Yes, PSD-associated
Yes/26.9+2.1

Yes/within 100 nm

Yes/17 £13nm
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated

Yes/approx. 20 nm
Yes/PSD-associated
Yes/PSD-associated

Yes/20 nm

Yes/PSD-associated

Yes/25nm

Yes/within 100 nm
Yes/PSD-associated, perisynaptic
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated
Yes/PSD-associated, perisynaptic
Yes/perisynaptic
Yes/PSD-associated, perisynaptic
Yes/perisynaptic
Yes/PSD-associated, perisynaptic
Yes/PSD-associated
Yes/perisynaptic

Yes/within 100 nm
Yes/PSD-associated

Yes/synaptic cleft and PSD-associated
Yes/18.1 £2.1
Yes/PSD-associated

Yes/approx. 20 nm
Yes/PSD-associated

Yes/11.2 +1.5

Yes/within 100 nm

i),
i),

ii)
i)
i)
i)
i),
i)
ii)
i)
i)
i),
i),
i)
i)
i)
i)
i)
)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)
(i)

(ii)
(ii)

iii) presynaptic

also presynaptic (iii)

also (iv)
also (iv)

Rostaing et al. (2006)

Racz and Weinberg (2004)
tom Dieck et al. (1998)
Petralia et al. (2005)

Rostaing et al. (2006)

Petralia et al. (2005)

Petersen et al. (2003)

Hsueh et al. (1998)

Leitch et al. (2009)

Racz and Weinberg (2004)
Niethammer et al. (1998)
Valtschanoff and Weinberg (2001)
Naisbitt et al. (2000)
Valtschanoff and Weinberg (2001)
Boggio et al. (2007)
Valtschanoff and Weinberg (2001)
Petralia et al. (2005)

Rostaing et al. (2006)

Racca et al. (2000)

Baude et al. (1995)

Racca et al. (2000)

Racca et al. (2000)

Baude et al. (1995)

Fux et al. (2003)

Kharazia and Weinberg (1999)
Nusser et al. (1994)

Nusser et al. (1998)
Matsubara et al. (1996)
Baude et al. (1995)
Matsubara et al. (1996)
Petralia et al. (2005)

Tu et al. (1999)

Darstein et al. (2003)
Darstein et al. (2003)
Bergersen et al. (2002)
Kuwajima et al. (2004)
Nusser et al. (1994)

Baude et al. (1993)

Fux et al. (2003)

Lujan et al. (1996)

Tu et al. (1999)

Kuwajima et al. (2004)

Lujan et al. (1996)

Petralia et al. (2005)

Fux et al. (2003)

Song et al. (1999)
Valtschanoff and \Weinberg (2001)
Racca et al. (2000)

Kharazia and Weinberg (1999)
Racca et al. (2000)
Valtschanoff and Weinberg (2001)
Petralia et al. (2005)

(Continued)
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Table 4 | Continued

Protein name

Postsynaptic localization/distance to the synaptic cleft Category

Reference

Yes/PSD-associated

(i
i
0]
(i), (i)
0]
0]
0]
0]
i
0]
(i
(i

i)

i) presynaptic, astrocytic
iii) presynaptic, on vesicles
iii) presynaptic, on vesicles
iii) presynaptic, astrocytic
i)/(ii) difficult to determine
iii) presynaptic, on vesicles
i)
i)
i), (i)

iv)

i), also presynaptic (iii)

i), (i)

Fux et al. (2003)

Petralia et al. (2005)

Petralia et al. (2005)

Rostaing et al. (2006)

Racca et al. (2000)

Nusser et al. (1998)

Petralia et al. (2005)

Hida et al. (2011)

Rostaing et al. (2006)

Petralia et al. (2005)

Tu et al. (1999)

Petersen et al. (2003)
Valtschanoff and Weinberg (2001)
Hunt et al. (1996)

Petralia et al. (2005)

Kinoshita et al. (2000)

Kinoshita et al. (2000)

Kinoshita et al. (2000)
Kinoshita et al. (2000)

Li et al. (2009)

Xue et al. (2004)

Naisbitt et al. (1999)

Valtschanoff and Weinberg (2001)
Petralia et al. (2005)

Niesmann et al. (2011)

Hsueh et al. (1998)

Petralia et al. (2005)

NR2B Yes/within 100 nm
NrCAM Yes/within 100 nm
Pan-cortactin Yes/59 + 36 nm
Pan-GIuR Yes/PSD-associated
Pan-GIuR Yes/PSD-associated
Pan-neuroligin Yes/within 100 nm
Prickle-2 Yes/approx. 30 nm
ProSAP2/Shank3 Yes/41 £25nm
Yes/within 100 nm
Shank2/3 Yes/PSD-associated
PSD-95 Yes/approx. 15nm
Yes/11.9+ 1.2
Yes/PSD-associated
SAP102 Yes/within 100 nm
Septin-4 No/presynaptic, also astrocytic
Septin-5 No/presynaptic
Septin-6 No/presynaptic
Septin-7 No/presynaptic also astrocytic
Septin-11 Yes/PSD-associated
Septin-3 No/presynaptic
Shank-1 Yes/20-50 nm
Yes/24.1£1.7
SPAR Yes/within 100 nm
Synaptopodin Yes/spine apparatus
Syndecan-2 Yes/PSD-associated
SynGAP Yes/within 100 nm
TrkB Yes/within 100 nm

(
(
(
(
(
(
(
(
(
(
(
(
(
(

i), also presynaptic (iii) Petralia et al. (2005)

All data are collected from studies based on immunogold-stainings. Proteins are categorized as suggested in the introduction: (i) proteins residing directly in the PSD

(within 100 nm from the postsynaptic membrane), (ii) proteins associated with the postsynaptic density by means of functional interaction with PSD proteins, (iii)

proteins associated with either presynaptic compartments, synaptic extracellular matrix or astrocytic endfeet contacting or tethered to the postsynaptic membrane,

(iv) co-fractionating proteins that behave like PSD proteins due to similar physico-chemical properties during the fractionation procedure. Some proteins belong to

more than one category. If possible, quantitative data for the distance range or the postsynaptic distance from the synaptic cleft with highest number of gold particles

are given in the column “Postsynaptic localization/distance to the synaptic cleft.”

to the class of glia-derived proteins, which points to the emerg-
ing concept of the “tripartite synapse.” Glial endfeet have recently
been established as functional requirements for a proper synapse
function and, therefore, for neuronal function and development
(for a review see Araque et al., 1999).

The SynProt database is a convenient tool for a quick check
for the occurrence of a specific protein in the PSD or in the
detergent-resistant synaptic junction fraction. But more impor-
tantly, it allows the specific search for a group of proteins.
The retrieval of proteins, which share a certain sequence (for
example PDZ motifs) in combination with the curated infor-
mation about the functional category, benefits our understand-
ing of synaptic function in general and is a valuable source
of information for students and researchers new to the field.
The focus on postsynaptic proteins in the SynProt database
enhances the quality of this information, which cannot be
achieved by other existing protein databases or text-mining
tools.

The quality and sustainability of a database depends on the
long-term maintenance. Many labs investigate the constituents
and the function of postsynaptic densities, and, therefore, a
huge amount of data has been produced to date. Note, that
the main core of protein entries in SynProt is derived from the
detergent-resistant synaptic junctional protein fraction prepared
from native animals, i.e., any proteins that transiently redistrib-
ute into the synaptic compartment due to a change in synaptic
activity might not be included. The Leibniz Institute for Neu-
robiology will provide a permanent up-date of the database
and all interfaces to the user. The SynProt database is the first
one of specific databases for different classes of brain proteins,
which will be unified under the SynProt web portal for synaptic
proteins.
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