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Abstract

In presynaptic nerve endings, exocytosis of synaptic vesicles is tedtticspecialized areas of
the plasma membrane, called active zones, that are distinguished by ebetse material.
Here synaptic vesicles attach to the release sites (docking) and are tivatedc(priming)
before undergoing calcium-dependent exocytosis, releasing theotremsmitter content into
the synaptic cleft. Many of the key players of the presynaptic exocytotitimexy are known,
and also the major scaffold proteins of the active zone have been identHiedever, the
precise molecular compaosition of the sites at which vesicles dock remains fadigated.
Proteomic approaches to identify protein components of these sites arenghaldecause
of difficulties in purifying these sites. Most importantly it has been very diffito separate
presynaptic membranes from postsynaptic membranes and the postsynaigtic gcaffold.
Here we report about a new procedure allowing for an almost quargitsgiparation of pre-
and postsynaptic membrane fractions. The procedure involves mild prsireodsulting in
the cleavage of the adhesion molecules connecting pre- and postsynapticanes, followed
by gradient centrifugation, lysis of the presynaptic compartment, sepaditicee and docked
vesicles, and immunoisolation using antibodies specific for synaptic vesutkims as the final
purification step. Using quantitative proteomics we then compared the protmiposition of
free and docked vesicles. In the latter fraction we detected all major aciive @roteins.
In addition we identified many ion channels and transporters, cell adhesiecules and
plasma membrane-specific signaling proteins that have been reportedolbedrin synaptic
transmission. Only very few postsynaptic proteins or proteins derivad fither organelles
(except of mitochondria) were detected. The docked vesicle fractiot@ioed more than 30
previously uncharacterized proteins, many of which are predicted taiosingle or multiple
transmembrane domains. Preliminary characterization of one of the new nmengaeins
using a newly generated antibody revealed specific localization to pigtsynarve terminals,
raising the possibility that the protein is involved in presynaptic function. Aduflig, this
new procedure was used to quantify changes in the presynaptic prossaresult of effector
treatment. The Rab effector GDI efficiently removed Rab proteins from tlokedi vesicle
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fraction, but no other significant changes were observed amongrianiag 500 identified
proteins in the docked vesicle fraction.
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1 Introduction

1.1 Key Events of Synaptic Vesicle Exocytosis

Synapses are the fundamental units of neuronal networks, represdre sites of informa-
tion transfer between neurons. Structurally, synapses are chaedtby their asymmetric
organization consisting of a presynaptic nerve terminal containing synagicles (SV), a
synaptic cleft, and a postsynaptic signaling complex called the postsynapsityd@?SD).

At the synapse, an arriving electrical signal is converted into a chersigahl. Precisely,
action potential depolarization of the presynaptic plasma membrane inducescahannel

opening and calcium influx into the nerve terminal that triggers exocytosiswbtransmitter-
filled synaptic vesicles. Neurotransmitter molecules then diffuse acrosgrbptg cleft and

bind to postsynaptic receptors triggering signal transduction cascates@ostsynaptic site.
This neurotransmitter release is restricted to specialized presynaptic mendcorapartments
called active zones, where synaptic vesicles undergo a temporally atidl gpordinated 3-
step mechanism consisting of docking, priming and fusion (Eig. 1.1).
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Figure 1.1: Image modified from[[1]. The key stages during synaptic transmisdidheaactive zone are the
translocation and docking of SVs to the plasma membrane, priming, vassibe and synaptic vesicle recycling.



2 Introduction

1.1.1 Docking

The initial step of neuronal exocytosis requires the recruitment and latializof synaptic
vesicles to the presynaptic active zone, a process termed dockinginDdskraditionally de-
fined as the morphological attachment of synaptic vesicles to the plasma memloralectron
micrographs, these vesicles appear without a measurable distance yoaptes membrane
(Fig. [1.2) [2,[3]. Generally, docking is thought to be the preceding stépré vesicles gain
fusion competence. As there is currently no defined relationship betwisatottking structure
and function, the molecular background of docking can only be infdéroed morphological
phenotypes. The prime candidate believed to function as a docking fablonisl8. A severe
phenotype of a reduced vesicle docking was observed in Muncl@eaidfchromatffin cells
[4l 5], in neurons([6] and at neuromuscular junctiongCofelegand/]. It is believed, that
Muncl8s role in docking is highly dependent on the interaction with the "dlosenforma-
tion of syntaxin 1[[8| 9] that occludes the binding site for the cognate SNa&fners and
therefore inhibits SNARE complex assembly.

On the vesicular side, Synaptotagmin has been suggested to anchorsviesidieomar-
fin cells by binding to the syntaxin-1/SNAP25 complex, an acceptor foresjulent synapto-
brevin binding[[10, 11]. This docking role for synaptotagmin was alsontepl for invertebrate
synapses [12, 18, 14]. Rab proteins have also been suggested ¢éndéefldocking. A docking
phenotype in secretory cells was observed for Rab3 [15, 16] an2i/H{aB, 18] proteins. How-
ever, a similar phenotype for Rab3 in synapses could not be prove(@1.9The redundancy
of Rab proteins might account for the missing phenotype in synapses;ialbp since Rab3
and Rab27 share overlapping functions and possibly compensatetbaclPd].

Figure 1.2: Image modified from[[22]. Docking of synaptic vesicles at the activeezd\ctive zones are marked
by vertical bars, and docked synaptic vesicles (within 10 nm of the pagdic membrane), with black dots.
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1.1.2 Priming

Priming is defined as the process that makes a (docked) vesicle fusiomtemiguch that it
can undergo exocytosis upon calcium influx. In contrast to dockingpimg is primarily based
on electrophysiological observations. Primed vesicles constitute the reeldifsable pool of
vesicles (RRP) that are released fast during a stimulus and that casdye@®y applying an
emptying stimulus([23, 24, 25]. This functionally defined readily releasabté¢ @ssentially
coincides with the morphologically defined docked vesicle pool, making it diffiouesolve
their relationship and raising the question if priming really is an independemtiyated pro-
cess. However, based on observations where the number of doegietes differs from the
number of primed vesicles, docking and priming are believed to be sepsepse[26/ 27].
Nevertheless, perturbations of proteins involved in priming and fusiom afiteo impair vesi-
cle docking, suggesting that these processes are sequentially inte{B)i2éd

Unlike the less resolved process of docking, the molecular mechanismmitiertiies vesi-
cle priming is better understood and requires the formation of the trimeric SNARPlex
of syntaxin/SNAP25/synaptobrevin_[28,129,] 30] and its interaction with ¢18n[31,32].
SNARE-assembly starts by formation of a four-helix bundle of the SNABEalns resid-
ing on two opposing membranes. This helical bundle zippers up from the G-téominus,
forming atrans SNARE complex. The partial if not complete assembly of trasis-SNARE
complex between the synaptic vesicle and the plasma membrane then bridgesitherfem-
branes, bringing them in close proximity [33,/34]. In addition to forcing ymaptic vesicle
into a fusiogenic state, premature fusion has to be prevented, so thatasiemnly takes
place when calcium enters the cell. In this respect, complexin has beeasteggo regulate
fusion by binding to the zippered SNARE complex, "clamping" it in an activaigdirozen
state[35, 36, 37]. How binding of complexin to the SNARE complex regulatepitbbability
of SV fusion is controversial and to date not fully understaod [38].

Aside from the components of the fusion machinery, additional proteinsdgalate prim-
ing have been identified. Munc13 is the best characterized priming fastersgection 1.2.1),
influencing the size of the RRP in chromaffin cells|[39] and in neurions [40]

1.1.3 Fusion

After membrane docking and priming, fusion is initiated by the influx of calciurough
voltage-gated calcium channels at the plasma membrane. As a conseaadciaen binding
to the synaptic vesicle protein synaptotagmin triggers the molecular mechanimendirane
fusion [41,42] 4B8]. Synaptotagmin contains two cytoplasmic C2 domains @®AC2B)
that bind calcium ions enabling them to interact with phospholipids in the plasma raeenb
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[44,[45]. Synaptotagmin simultaneous interacts with the target membrane SNARENS
upon binding calcium ion$ [46, 47], therefore synaptotagmin influenctslipid bilayers and
SNARE proteins. These calcium-dependent interactions are thoughbtimictiansitions in

the fusion machine. Synaptotagmin is thought to displace complexin followecdtcbgnplete
zippering of the SNARE complex and fusion of the membranel[37, 48, 4&o/ling to the
established mechanistic model, membrane fusion is driven by the free éhatdy released
upon formation of the fully zippered SNARE compléx[50]. As the membraseSuSNARES

are transformed to eis-complex, where the proteins reside in the same membrane. SNARE
complexes are then dissociated by NSF and the soluble NSF attachmentgp®tePs)[[51].

1.2 Molecular Organization of the Active Zone

In principle, active zones provide a molecular platform for the arriviegisle, localizing them
in close proximity to the plasma membrane (docking) and preparing them foytesis (prim-
ing). Already in the early 60ies actives zones were visualized as eledtmse particles in
electron micrographs that are precisely aligned opposite to the postsydapsity [52/ 53].
Since then, the knowledge about AZ morphology has advanced trenmsipdouhe point of
detailed 3D tomographs [64, 55,/156]. These structures revealedt thatrmorphological level
the active zone is identified by the presence of synaptic vesicles linkedh#ger and to the
plasma membrane by a filamentous network (se€Fi¢). 1.3). Unlike AZ strutttaiejowledge

Figure 1.3: 1963 Image modidfied froni[52]. Synapse of spinal cord showing regutaranged dense projections
in presynaptic processes. m: mitochondrium, dp: presynaptic deogections, den: dendrite2007 Image
modified from [55]. F-H: Example of a filament contacting several SV/s3D reconstruction of the filaments
(pink) and the adjacent SVs.
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about the molecular basis that mediates and regulates presynaptic eveativhaced much
slower and remains to be fully elucidated. Since its discovery in the 196ysadew protein
families have been identified to be specifically associated with the active zone.

1.2.1 Core Active Zone Proteins

Munc13

Proteins of the Munc13 family were the first identified components of theypagdic active
zone. These proteins have originally been identified in a genetic screemdoordinated
movements irC.elegangUNC13) [57]. The mammalian homologue of uncl13, Munc13, has
3 isoforms that are expressed in the nervous systein [58] and tha ah@ymmon multi-
domain structure consisting of a C1, C2 (2x), C2B, C2C and a central MbiNain [59].
Several studies have suggested that Muncl13 proteins are involvedaptgyvesicle priming
[60,[61]. At the physiological level, a deletion of Munc13-1 in primary kippmpal neurons
[40] as well as in neuromuscular junctions Gfelegang62] and Drosophila[63] impairs
neurotransmitter release as a result of defects in the size of the readilgaile vesicle pool.
At the molecular level, Munc13 proteins interact with multiple proteins includingCR{B4],
calmodulin [65], spectring [66], Rim [6[7, 68], syntaxin [69] [70, 71¢i&huncl18 [72]. Munc13
additionally forms inactive homodimers that can be relieved by binding to Riii/®_ It has
emerged recently that the interaction with syntaxin and Munc18 is the main nigchéor
Muncl13 in priming. It has been suggested that a weak interaction of the dfidiin with the
SNARE motif of the closed syntaxin-Munc18 complex accelerates openiagndéxinl and
thus SNARE complex assembly [72]. Muncl3 function is additionally calciwmuleged via
its C2B domain[[74, 71].

Rim

In the mammalian system, there are 7 Rim isoforms encoded by 4 genes|[[7%F].7@itially
identified as Rab3-interacting proteins[[78], these proteins have emerdpedthe central or-
ganizers of the active zone. Rim has been shown to have multiple roles rotraamsmitter
release including dockin@ [¥9, B0,181], priming [82] 83], calcium clehiwcalization [84)_80]
and plasticity[[ 77, 85]. Containing various domains (Zn-finger, PDZ, 3228 and a proline-
rich PxxP motif) [75], Rims can interact with other active zone componentdécgolo [86],
ERCs[87] 88, 89], Liprind [85] and Munc13 [67]. Additionally, Rims aksnd to the synaptic
vesicle proteins Rab3 [78] and synaptotagmir [77], to Rim-BP5s [75] andltduen channels
[77]. A global understanding of how a single protein can translate sutiiesise range of
interaction partners into physiological function has not been accomplist@dever, some of
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synaptic
vesicle
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¥ Synaptobrevin
' SNAP-25

o
[ L ' .
hﬁwff°y,cacwwcf synaptic cleft

Figure 1.4: Image modidfied from [84]. Model illustrates the N-terminal priming céerf Rim with Rab3 and
Munc13 and localization of calcium channels at the active zone via a ditecaction with the PDZ domain.

these molecular interactions have been unraveled and could be assignsgeific synaptic
function. For example, the N-terminal Zn-finger domain binds to Rab3 andhtiisaction is

suggested to be involved in recruitment/docking of vesicles to the membrahd [¥8 inter-

action presumably leads to an additional or sequential binding of Rim to Mutitdt activates
priming by relieving the autoinhibitory homodimerization of Muncl3/[90]. Fumhare, the
Rim PDZ domain has been shown to directly interact with calcium channelsritethtbem

in close proximity to the release sités [84]. Thus, Rim modulates sequentialistspnaptic
vesicle exocytosis through serial protein-protein interactions (se€ Hp. 1

ERCs

ERCs [88], also known as ELKS [91] (ERC1) or CAST [87] (ERC2¢ active zone com-
ponents that were independently found at the same time as interaction gdoinBim in a

yeast-two-hybrid screef [88] and complexed with Rim and Munc13 in R8Pgpations [87].
ERCs are composed of 4 coiled-coil domains that can bind to piccolo, drassw liprins

[92,193] and a C-terminal-consensus binding motif that interacts with the dRidZain of Rim

[88,[87/89]. Hence ERCs can bind, similar to Rim, to many active zone coemg®providing

a platform for the release machinery [92]. ERCs appear to function stogam of synaptic
vesicle docking[[94, 25, 96], yet their precise function in neurotransmiglease is contro-
versial. Two opposing theories, one suggesting an essential role igtesizcaffecting the
Rim-Muncl13 pathway [92, 94] and one establishing ERC as a negatiuateq restricting
release at inhibitory synapsés [96] are currently considered.
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Piccolo and Bassoon

Piccolo and bassoon represent the largest active zone-spectéingrand are structurally re-
lated molecules. They are 530 and 420 kDa in size and contain multiple domdudingawo
N-terminal zinc finger motifs, three coiled-coiled regions and, in the cagdocoblo, a PDZ
and two C2 domains [97, 98, 99]. Just like Rims, Munc13s and ERCs thessns closely
interconnect with other members of the AZ (e.g., ELKSs|[92], Rims [86] andiihiff0Q]),
but piccolo additionally binds to proteins involved in the regulation of actin andghamics
(GIT1[101], Abpl[102], profilin[[99], and PRA-1198]). Havingsaze of more than 400 kDa,
addressing protein function of these molecules with conventional knaghk dategies is elu-
sive [103]. Additionally, the high structural similarity and overlap of bindpagtners possibly
causes functional redundancy. Nevertheless piccolo and bassoeunggested to be involved
in the formation of active zones from precursor vesicles early in sygaptsis|[[104, 105].
Bassoon additionally exhibits a unigue structural role in the attachment ajrribpnapses
[106,/107], while piccolo’s role has not been completely resolved yeth®one hand it is be-
lieved that piccolo functions as a negative regulator of exocytosis byeratirect or indirect-
modulating synapsin dynamics that affects the recruitment of synaptic \se#iota the re-
serve pool to the readily releasable p6ol [108]. On the other hand itugtiiohat piccolo does
not directly participate in vesicle exocytosis, but has a significant role intaiaing vesicle
clusters([100].

a-liprins

a-liprins are the least characterized active zone components. Althougtpthsence is not
restricted to active zones;-liprins are considered an integral part of presynaptic release site
[110]. These proteins were originally identified as LAR interaction pastaed exist in 4
structurally homologous isoforms, consisting of several N-terminal caitéiddomains and a
C-terminal liprin homology (LH) domair_[100]. As the other active zone pnstdiprins can
directly interact with Rim[[85], ERC1 [93, 111]and CASK[112]. Lipringeahought to play
a crucial role in active zone organization [113, 111]. Precisellprins are thought to be up-
stream effectors of Rim, possibly by localizing Rim to active zohes [85idéhce that liprins
and Rim act in the same pathway can be provided by the similarity of the morptellagd
physiological phenotype$ [31, 114]. It has also been suggestetitigihg to ERC in turn
influences the presynaptic localization of liprihs|[93,/111].

CASK, Mint, MALS
CASK, MALS (Veli) and Mint form a ternary complex [115, 116] that pidsy occurs on both
sides of synaptic junction$ [117, 112, 118, 119]. Presynapticallyejpr® of this complex
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interact with neurexin (CASK)[117] and Munc18 (Mint)_[120] while thesesbled complex
associates with-liprins [112]. The function of this complex in synaptic transmission remains
elusive, but there are indications that it is involved in replenishing thalyesdeasable pool
from the reserve pool of synaptic vesicles at the active zone and thatrijfght participate in
this function [112].

Protein| Interaction partner Reference
ERC2 | bassoon and piccolo 92]
RIM and Munc13 [87]
a-liprins 93]
Rim Rab3 [78]
Munc13 [67]
N- and P/Q-typeCa’t — channels | [84]
a-liprins [85]
CASK | liprin-a2 [112]
Mintl and MALS [115]

Table 1.1: Compendium of known interactions between active zone components.

1.2.2 Proteins involved in Synaptic Exocytosis

Adhesion Molecules

Although not classified as true active zone components, cell adhesiocutasearticipate
in the function and plasticity of synapses aside from their structural [r@#][1As an exam-
ple, the presynaptic adhesion moleculeseurexins have been suggested to regulate calcium
channel function, because a loss of these molecules resulted in asdecf@dole cell calcium
currents[[122]. In addition, neurexin can bind to the active zone pr@&8K [117]. There
is also evidence for a role of NCAMs and cadherins in synaptic plasticityhese adhesion
molecules reside on both sites of the synapse, which makes it difficult tealroaly their
presynaptic function. Cadherins are thought to contribute to synaptitgithaby interacting
with catenins. These complexes are known to regulate postsynaptic AMBERKINng and
are involved in dendritic spine formation. On the presynaptic site, N-cadhare localized
close to the active zone and have been demonstrated to influence syrsitie velease at
glutamatergic synapses [123].

Cytoskeletal Elements
Cytoskeletal components, especially actin, are highly enriched at ssmafstin does not only
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define synapse morphology, it is additionally thought to be involved in thdagn of synap-
tic transmission. However, the mechanisms of actin dynamics regulating syhaqugion is
not completely understood. The actin cytoskeleton is suggested to funsteplaysical bar-
rier in the nerve terminal that is necessary to maintain the required distatvoednedifferent
vesicle pools or opposing membranes. Thus, actin is thought to functiomegmtive regulator,
restricting vesicle recruitment and fusion. However, actin also facilitatedateery of synap-
tic vesicles from the reserve pool to the RRP through molecular motors amdiaiespositively
influences the synaptic vesicle exocytosis (for review(sed [124])dsiiagly, presynaptic pro-
teins such as the SV protein synaps$in [125] or the active zone protein@ic. Waites, data
not published] can directly associate with the actin cytoskeleton, but tliéseriinction of
these interactions are not fully understood.

1.3 Excitatory and Inhibitory Synapses

The brain is composed of many different types of neurons that form sgecific synapses.
Already the earliest morphological studies proved that synapses teguigalent, but exist in
different types (Gray’s type | and type I[) [126]. With the currenblutedge, it is well-known
that in the central nervous system (CNS) synapses are either excaabiphibitory. These
synapses differ in the identity of neurotransmitters, in receptor types g@ottsynaptic site,
and the ability to depolarize or hyperpolarize neurons. The majority of thapses in the
CNS are in fact excitatory synapses that mediate synaptic transmission bgutraransmit-
ter glutamate. Glutamate binds postsynaptically to the ionotropic N-methyl-Dt&speid
(NMDA) receptor and thex-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor. Only a small portion of the synapses (10-20%) are inhibitorgmses. Synaptic
transmission at these synapses is dependent on gamma aminobutyric aBifl)(@#ich ac-
tivates a family of GABA receptors on the postsynapt site.

Although the machinery of synaptic exocytosis is present in both typesiapsgs, surpris-
ingly few proteins are common to all synapses, but are expressed irediffisoforms. Recent
evidence is suggesting that GABAergic and glutamatergic neurons exgifesgent isoforms
of molecular components that regulate pre-and postsynaptic functiongheQuostsynaptic
site, neuroligins and gephyrins for example have been shown to beedififgty expressed
among synapse types [127, 128]. On the presynaptic site, Muncl3s/aagdsins have been
suggested to play different roles in excitatory and inhibitory synapSesl@)]. Interestingly,
immunoisolated SVs specific for the different neurotransmitter do not dfgrificantly in
their protein composition apart from the vesicular neurotransmitter tratesj@B0], indicat-
ing that SVs do not make the key difference in these synapses.
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1.4 Synapse Proteomics

1.4.1 Proteomic Analysis of Synaptic Subdomains and Comptes

Although the knowledge of the molecular components in the presynaptic tesm@al re-
mains limited, proteomic studies have produced a wealth of qualitative data Smér studies
have contributed to the understanding of synaptosomes, synaptic sygaxtments such as the
postsynaptic density or synaptic vesicles.

Almost a decade ago, the first large-scale proteomic analysis of the NM&=ptor com-
plex was carried out, identifying more then 70 proteins in a single multi-protemabigy
complex [131]. The identification of a physical and functional unit congatisf receptos,
adaptors, signaling and cytoskeletal components was a novelty. It comybrand exceeded
previous studies that were based on yeast-two-hybrid screens ditidrally provided new
insights into NMDA receptor function. Around the same time, major efforts stactedentify
postsynaptic proteins from the purified PSD fraction by large-scale@roteanalysed [132].
To date, several hundred proteins are identified reflecting the divarsitycomplexity of the
postsynaptic density, among them are ion channels, scaffolding molesigiealing and cy-
toskeletal elements, proteins involved in sorting and trafficking as well @giprsynthesis
[133,[134]135]. Novel proteins identified by these proteomic studies ten followed up
and integrated into the existing model of the postsynaptic density.

Another example that has been extensively analyzed by proteomic stigdies,synaptic
vesicle [136, 137, 138] (see Fig.1..5). In 2006, two independeniestwdmprehensively char-
acterized the SV proteome and could identify 185 [137] and 410 [13& s depending on
sample preparation and subsequent mass spectrometric analysis. Eheulatger of proteins
detected on a organelle with an average diameter of 40 nm was surprisigganrise to the
necessity of additional quantitation methods to distinguish bona fide orgapeitains from
those who are contaminating. Therefore, Takamori and co-workeirped a comprehensive
Western blotting profiling of subcellular fractions to discriminate between motm-purified
with synaptic vesicles, proteins distributed throughout all subcellulatidras and proteins
that are depleted from the SV fraction. The principle of such a proesdumown as protein
correlation profiling and was introduced to study the human centrosomg N8®adays, due
to the high sensitivity of mass spectrometers, protein correlation profilingpd@sme almost
indispensable to generate reliable subcellular proteomes.
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Figure 1.5: Image modidfied from[138] shows a 3D-model of an average dimapsicle. The quantitative
description of a SV was generated by molecular, biophysical, electrawsoimpy, and modeling techniques.

1.4.2 Comparative and Quantitative Mass Spectrometry

Due to the increasing sensitivity of mass spectrometers, the necessityaftifigation in addi-

tion to identification has emerged. The isolation procedure of subdomaingasradles merely
enriches proteins, so that preparations may contain a considerable tapi@mamtaminants.
Instead of doing time consuming Western blotting profiling, quantitative massrepestry

has moved into focus. Early approaches used a label-free quantitased ba peptide ion
intensities that are correlated to the concentration of the peptides [13@kueq this method
strongly depends on the stability of LC separation and MS analysis and idicatad when

analyzing complex samples. Apart from protein correlation profiling, tjizdive information

of protein and protein complexes have a great prospect. Takamoroandr&ers provided the
first quantitative description of a organelle by quantifying all major SV pnetey time- and
work-consuming Western blotting, taking purified proteins as a referfil®88]. Nowadays,
tools have been developed that enable quantitative measurements andisonspaf complex
protein samples by using stable isotope labeling on either protein or peptitle leve

o ICAT
Isotope-coded affinity tagging (ICAT) chemically labels reduced cystegsidues of
the proteins[[140]. It allows a relative quantification based on the enrichafdabeled
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peptides in the MS analysis. However, proteins containing no cysteineotdne muan-
tified.

e iITRAQ
Isobaric tags for relative and absolute quantitation (iTRAQ) labels trypgested pep-
tides at N-termini and lysine-residues [141]. A collision-induced dissiotieof the
labeled peptide generates signature ions, whose intensities are usedlatedle rela-
tive quantity of a protein. Labeling efficiency is an issue with this method aeds®
be checked.

e AQUA
Absolute QUAntification (AQUA) is the only absolute quantification method. leisdal
on internal heavy isotope labeled peptide standards that are chemicdhgsiyed and
spiked into the samplé [142]. The absolute quantity of native peptides cealddated
using mass spectrometric peak ratios. A major drawbacks of this method hredsig
and the impracticalness of synthesizing large numbers of peptides to cevdeshed
proteome.

e SILAC
Stable isotope labeling with amino acids in cell culture (SILAC) is an in vivo agqin
that metabolically labels proteins during cell growith [143]. SILAC relies anititor-
poration of stable isotopic nuclei that generate a light (12C, 14N) onyh@8C, 15N)
form of the amino acid into the proteins. The labeling efficiency with this method is
nearly 100%, but labeling of non-mitotic cells or tissue can not be achieved.

One of these methods, ICAT was first used to distinguish postsynaptiitydepecific pro-
teins from co-purifying contaminants [134]. By correlation-profiling ghaptic membranes
containing the PSD and isolated PSD fractions, a number of proteins waetetk indicating
that they were contaminants of the PSD preparation.

With AQUA, it is even possible to measure molar concentrations and relatihistime-
tries of proteins within a sample. By using this method, absolute amounts ofkkegPSD
proteins, e.g. glutamate receptor subunits, were measured for the firsii86ie [

An approach that involves the stable isotope reagent iTRAQ has a majantade as it
allows to analyze up to 8 samples simultaneously. Using this approach, a dquentitenpar-
ison of glutamatergic and GABAergic synaptic vesicles was done showinghthaesicular
transporters are the only components essential for defining the newsmitter phenotype of
a SV [130].
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The study of synaptic regulation and function often involves post-transkdtimodifica-
tions such as phosphorylation. In this respect, although not alwaytitiige, large-scale
phosphoproteome analyses involving an affinity isolation step to enriclppbpsptides have
been carried out on synaptosome and PSD preparation/[144, 145fdsinely, nearly 1000
phosphorylated peptides from 287 proteins were identified from PSiapaton [145]. There
are many more examples of quantitative proteomics that have been sutigegsflied to an-
alyze proteomic changes, for example during brain development or irk&kobmice models.
All these analyses have contributed to the fundamental question of hownpleso protein
network drives synaptic function.

1.4.3 Presynaptic proteomics

The main advantage of synaptosomes, PSDs and SVs is that they can bedisolaigh
amounts and with a sufficient purity. Synaptosomes are generated dorimggknization of
brain material. The applied mechanical forces tear the nerve terminal fegrarthe axon,
which then reseals to form a membrane enclosed giant organelle that mthederesynaptic
release machinery, a large number of synaptic vesicles, mitochondriaytosblec compo-
nents. On the outside of the synaptosomal membrane, main parts of the ppsitsgensity
are attached through the transsynaptic scaffold (see[Fi§j. 1.6). Thimiahorganelles can
be isolated by density gradient centrifugation [146]. The postsynaptisityecan be obtained
from synaptosomes by extraction with Triton-X-100. The PSD remains atkeagént resistent,
unsoluble fraction that can be collected by another round of gradiemtifogation. Synap-
tic vesicles are also isolated from synaptosomes, they are releaseddnshyatic shock and
further fractionated by gradient centrifugation, controlled pore-di@s&l chromatography or
immunoisolation[[14/7].

Figure 1.6: Image modidfied from [148]. An electron micrograph of a synaptaspnepared by shearing of brain
tissue, showing pre- and postsynaptic compartments with retention oftibsiad contacts between the membranes
at the synapse.
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Unlike these well established isolation protocols, it is technically difficult toiolatgresy-
naptic membrane preparation [149, 150]. Since proteomic analysesiatly siependent on
the availability of a purification protocol, studies on the presynaptic side lagged behind.
Although a first detergent based protocol to isolate a presynaptic fnagts reported in 2001
[157], the comprehensive proteomic analysis of this fraction 4 yearsAatenot very clearcut
with respect to both quantity and quality [152]. None of the active zone ocoemits were
detected among the 110 identified proteins in this presynaptic fraction. stiteyly some of
them were present in the analyzed PSD fraction. This was the only coernsigh proteomic
study on the presynapse available by the time this project started. Onlytlyeesgother at-
tempt to purify a presynaptic fraction by immunoisolation of docked vesiclesated a larger
number of proteins [153], but remained limited in comparison to the wealth afh#tion that
was obtained for the postsynaptic side.

1.5 Aims of this Work

Considering the observed electron density at the synapse and theaflaattiire zones deter-
mine not only the site and but also the timing for synaptic transmission, the nurkmeowen
active zone proteins is surprisingly low. In comparison to the PSD, it is leglihvat the com-
position of presynaptic nerve terminal is only party uncovered yet. lardadfully understand
the mechanisms that regulate the formation, maintenance and function ofraganaitter re-
lease, it is necessary to reveal the exact protein composition of the astieeand analyze the
interactions.

Due to the fact that proteomic studies mainly failed, because presynapiaratiens were
scarce and insufficient, the main goal of this thesis was to develop an isghatitotol for a
presynaptic fraction that allows for comprehensive proteomic studies. prbtocol required
an efficient removal of the postsynaptic density from synaptosomesalkemying task that
engaged a significant part of this work. Based on this protocol | wantedlidate presynaptic
candidates and identify novel molecular players that are required fafdtieng of synaptic
vesicles to the plasma membrane. By performing state-of-the-art quantipatiteomics, |
hope to discriminate true presynaptic proteins from other contaminations. Wétm#éthod |
additionally wanted to describe changes in the presynaptic proteome imsestmobiological
perturbations since this has not been done for the presynaptic site.aSwagplicational ex-
ample will hopefully provide a basis for further similar studies that will help tdarstand the
mechanisms of synaptic transmission.



2 Material & Methods

2.1 Materials

2.1.1 Chemicals

Standard chemicals used in this study were obtained from either Sigma-A{&@tieimheim,

Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, GermamghBnger (Ingelheim,
Germany), Fluka (Buchs, Germany), Serva (Heidelberg, Germamghdr(Basel, Switzer-
land) or Waters (Eschborn, Germany). All chemicals were of at leadytizal purity. Other

chemicals are listed belol (2.1).

Chemical Source
Pefabloc Roche
Pepstatin Peptide institute
Phenylmethylsulfonylfluorid (PMSF) Roth

Eupergit C1Z beads Roehm Pharma|
GTPyS Roche

GDP Sigma Aldrich
Ni-NTA Agarose Qiagen

5 ml MonoQ column Amersham
RapiGest Waters
Triethylammonium bicarbonate (TEAB) Sigma Aldrich
Trifluoracetic acid Sigma Aldrich
Formic acid Fluka
Triton-X-100 Sigma-Aldrich
Triton-X-114 Sigma-Adrich
Dulbecco’s Modified Eagle’s Medium (DMEM) Lonza
Penicillin/Streptomycin Lonza

Table 2.1: Chemicals used in this study.
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2.1.2 Enzymes

The enzymes that were used in this study are listdd ih 2.2 and were obteoned-érmen-
tas (St. Leon-Rot, Germany), New England Biolabs (NEB; Ipswich, MSA) Promega
(Madison, WI, USA) or Roche (Basel, Switzerland). All restriction eneg, ligases and poly-
merases were used according to manufacturer’s instructions (includgirgugplied buffers).

Enzyme Application Source
Proteinase K Synaptosome digest Roche

Trypsin Synaptosome digest Roche

Trypsin (sequence grade modified)n-solution digest for MS | Promega
Restriction enzymes DNA digest NEB or Fermentas
Ligase DNA ligation NEB

Pfu polymerase Polymerase chain reactignPromega

Table 2.2: Enzymes used in this study.

2.1.3 Kits

The commercially purchased kits used in this study are listedin 2.3 and weréougiee stated
application according to manufacturer’s instructions (including the supbliédrs).

Kit Application Source

Western Lightening}M PlusECL | Chemoluminescence detection Perkin Elmer
Pierce® BCA Protein assay protein quantification ThermoFisher
LipofectamineTM 2000 transient cell transfection Invitrogen
NucleoBond®Xtra Plasmid purification (preparative scaleMacherey-Nagel
NucleoSpin®Plasmid Plasmid purification (analytical scale) Macherey-Nagel
NucleoSpin®Extract DNA clean-up Macherey-Nagel
iTRAQ ™ reagent multiplex Kit | quantitative peptide labeling Applied Biosystems

Table 2.3: Kits used in this study.

2.1.4 Antibodies

Antibodies used in this study are listed in Table] 2.4. Antibodies were eitheragedein
this laboratory or purchased at Abcam (Cambridge, UK), BD Bioscidktembodegem,
Belgium), BioRad (Hercules,CA, USA), Jackson Immunoresearch Eufdpwmarket, UK),
NeuroMab (Davis, USA), Synaptic Systems (Goéttingen, Germany).



Antibody Species Epitope Application Source
Synaptophysin 7.2 mouse monoclonal, affinity purified cytoplasmic tail WB (1:1000), IP [154]
Synaptophysin G96 rabbit polyclonal, serum cytoplasmic tail IF (1:200) [154]
Synaptobrevin 69.1 mouse monoclonal, ascites SATAATVPPAAPAGEG | WB (1:2000) [155]

Munc18 rabbit polyclonal, serum full length WB (1:1000)

Muncl13 mouse, monoclonal, affinity purified aa 3-317 WB (1:1000) Synaptic Systems
Piccolo rabbit polyclonal, affinity purified aa439-4776 WB (1:500), IF (1:100) | Synaptic Systems
Bassoon rabbit polyclonal, serum C-terminus WB (1:500) Synaptic Systems
Synaptotagmin 41.1 mouse monoclonal, ascites cytoplasmic domain WB (1:1000), IF (1:100)| [156]

PSD95 mouse monoclonal, affinity purified aa 77-299 WB (1:2000), IF (1:200)| NeuroMab

Homer rabbit polyclonal, affinity purified aa 1-186 WB (1:1000) Synaptic Systems
SyntaxinlA 78.2 mouse monoclonal, ascites N-terminus WB (1:1000), IF (1:100)| [46]

NMDA receptor mouse monoclonal, ascites aa 660-811 WB (1:1000) [157]

AMPA receptor rabbit polyclonal, affinity purified C-terminus aa 826-906 | WB (1:1000) Synaptic Systems
Nat/K™* ATPase alpha 1 mouse monoclonal, ascites not known WB (1:2000) Abcam

SDHA mouse monoclonal, affinity purified not known WB (1:2000), IF (1:200)| Abcam

Neuroligin rabbit polyclonal, affinity purified extracellular aa 46-165 | WB (1:1000) Synaptic Systems
RIM mouse monoclonal, affinity purified aa 602-723 WB (1:500) BD Biosciences
VGlutl rabbit polyclonal, serum C-terminus aa 456-560 | WB (1:1000) [158]

Mintl rabbit polyclonal, affinity purified aa 2-265 WB (1:1000) Synaptic Systems
CASK mouse monoclonal, affinity purified aa 318-415 WB (1:1000) NeuroMab

ERC 1b/2 rabbit polyclonal, affinity purified CDQDEEEGIWA WB (1:1000) Synaptic Systems
GFP rabbit polyclonal, serum full length WB (1:10000) Synaptic Systems
SynCAM rabbit polyclonal, affinity purified aa 167-181 WB (1:1000) Synaptic Systems
mouse 1gG (Cy2 or Cy3 labeled) goat polyclonal, affinity purified 1gG (H+L) IF (1:400) Jackson Immunoreserag
rabbit IgG (Cy2 or Cy3 labeled)| goat polyclonal, affinity purified 1gG (H+L) IF (1:400) Jackson Immunoresearg
mouse IgG (HRP labeled ) goat polyclonal 1gG (H+L) WB (1:2000) BioRad

rabbit 1I9G (HRP labeled) goat polyclonal 1gG (H+L) WB (1:2000) BioRad

Table 2.4: Antibodies used in this study: IF (Immunfluorescence), WB (Westert) B (Immunoprecipitation). Dilutions are marked in brackets.
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2.1.5 Buffers and media

Material & Methods

Buffer/media

Composition

PBS

TBST

SDS running buffer
Transfer buffer
Homogenization buffer
Sodium buffer

1x IP buffer
2x |P buffer
Cell culture media

Luria-Bertani medium (LB)

2.7 mM KCI, 1.5 mM KHyPO,4, 137 mM NaCl, 8 mM
NaoHPOy, pH73

15 mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.5 % (v/v) Tween 2(
25 mM Tris-HCI, 192 mM Glycine, 0.1 % SDS

200 mM Glycine, 25 mM Tris, 0.04 % SDS, 20 % Methanol
320 mM sucrose, 5 mM Hepes, pH 7.4

10 mM Glucose, 5 mM KCI, 140 mM NaCl, 5mMaHCOg3, 1
mM MgCly, 1.2 mMNasHPO,4, 20 mM HEPES pH 7.4

1x PBS, 5 mM Hepes pH 8.0, 3 mg/ml BSA

2x PBS, 5 mM Hepes pH 8.0, 6 mg/ml BSA

DMEM, 10 % FCS, 4 mM glutamine, 100 U/ml penicillin an
streptomycin

10 g tryptone, 5 g yeast extract and 10 g NaCl per 1L

Table 2.5: Buffers and composition that were regularly used in this study.

2.1.6 Mammalian cell lines and bacterial strains

The Human Embryonic Kidney 293 cell line (HEK293) were used for @xgression stud-
ies. E.coli DH5« strains were used for molecular cloning @adoli BL21 (DE3) for protein

expression.

2.1.7 DNA constructs

The plasmid encoding JB1 was synthesized and purchased from GEN@E&gensburg, Ger-
many) according to the sequence obtained from NM_001108129. Gedme was optimized
for mammalian expression systems. The plasmid encoding GDP-dissociatiatoin@ibl (R.

norvegicus) was a kind gift from Dr. Nathan Pavlos (University of ¥&fas Australia, Perth,

Australia).

d
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2.2 Methods

2.2.1 Molecular Biology Methods
2.2.1.1 Molecular Cloning

The cDNA of JB1 was subcloned into the EGFP-N1 vector (Clontech) udig and BamHI
restriction sites for expression in HEK293 cells. GDI was subcloned inte2& Molecular
cloning was performed with standard procedures for DNA restrictionpamnification, ligation
of DNA constructs and transformation into competent tells [159]. Plasmid purification
was done according to the manufacturer’s instructions (MacheregiNdNA primers were
purchased from Sigma-Aldrich and DNA sequencing was done by MViiEeéh AG.

2.2.1.2 Protein Expression

Recombinant His-tagged GDI was expressed and purified accordifig. [ Briefly, GDI-

His was expressed i&. coli-BL21(DE3) cells in 5x 500 ml LB-medium &7 °C . Protein
expression was induced @Dgyo = 0.6 with 0.1 mM IPTG. The bacteria were incubated for
14 h at29 °C and harvested by centrifugation at 4000 rpm for 15 min. Cell pellets wasbed
once with ice-cold PBS, frozen in liquid nitrogen and stored-&0°C. For purification,
pellets were resuspended in 100 ml cold lysis buffer (50 mM Tris, 1 mM EDIAmMM
B-mercaptoethanol, pH 8 dt°C), supplemented with 0.5 mg/ml lysozyme and incubated for
30 min at4°C followed by two freeze/thaw cycles (liqui¥s, 32°C). NaCl was added to

a final concentration of 300 mM\yIgCl, to 10 mM, sodium deoxycholate to 0.5 mg/ml and
DNAse I to 0.05 mg/ml. Samples were incubated for 45 mihdt and centrifuged for 30 min

at 13 5000 rpm. The GDI containing supernatant was combined with 5 ml KRi-dgBrose
beads and rotated for 1 h 4PC. The beads were collected in a column and washed with
50 ml NTA-buffer (50 mM MES, 300 mM NaCl, 5g6M EGTA, 1 mM MgCly, 10 mM -
mercaptoethanol and 25 mM imidazol, pH 6). GDI was eluted in 5 ml steps with &lii#en
buffer (50 mM MES, 300 mM NacCl, 5gM EGTA, 1 mM MgCls, 10 mM 3-mercaptoethanol
and 400 mM imidazol, pH 6). Distribution of His-GDI was determined by SDS-BAGd
the fractions containing His-GDI dialyzed over night against 2 L Mono@ebii25 mM Tris,

1 mM DTT, 0.5 mM EDTA, 1% sodium cholate, pH 7.44tC). The dialyzed solution was
filtered through a 0.22M membrane and loaded on a 5 ml MonoQ column (Amersham) using
an Akta-purifier FPLC system (GE Healthcare). The protein was elutedawitiear gradient

of 0-500 mM NaCl in MonoQ buffer. Samples containing GDI were pooledgcentrated and
dialyzed against 2x 1 |1 25/125 buffer (25 mM HEPES-KOH, 125 mM potassiuaetate, pH
7.4). Proteins were frozen in liquid nitrogen and stored & °C.
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2.2.1.3 Protein Determination

Protein concentrations were determined using BCA[161]. Micro BCAyasssare performed
in a 96-well plate using Pierce BCA Protein Assay Kits (ThermoFischemrdowy to the
manufacturer’s manual.

2.2.2 Cell Biological Methods
2.2.2.1 Cell Culture

HEK293

Cells were cultured in the following growth medium (DMEM, 10% fetal calf sefrCS), 4
mM glutamine and 100 units/ml each of penicillin and streptomycin). Cells weregi@®0%
confluence on 10 cm culture dishes3@t C with 10% CO4 and 90% humidity. HEK293 cells
were passaged 3 times a week by detaching them from the plates using/E(Lonza
GmbH, Wuppertal, Germany).

Primary Neurons

High density hippocampal primary neurons were prepared from bréimeveborn rats as de-
scribend in[[162]. Neurons grown 10-14 DIV were used for the grpents performed here.
The cultures were kindly provided by Martina Bremer (ENI, Goettingen).

2.2.2.2 Transient Transfection

HEK293 cells were seeded in 6-well plates one day before transfe€iwrransient transfec-
tion, the Lipofectamine 2000 transfection reagent was used. For edgmwe of purified
plasmid DNA was mixed with 25@I DMEM without supplements. 1@ of Lipofectamine
2000 reagent were separately mixed with another, 29OMEM (no supplements) and left for
5 min at room temperature. Afterwards, the lipofectamine-DMEM solution wagdnivith
the DNA-solution and left for 20- 40 min at room temperature. Subsequentbtal volume
of 500 ul lipofectamine-DNA-mixture was added to the cells and incubated for 24shour
For expression level analysis of the transfected DNA, cells were lysedekt day. There-
fore cells were washed once with ice-cold PBS and then incubated with/598is buffer
(150 mM NacCl, 1 mM EDTA, 1% Triton X-100, 50 mM HEPES-KOH, pH 7.3 suppleted
with Complete protease inhibitor cocktail (Roche)) for 15 min on ice. The aspp@nsion was
centrifuged for 10 min at 10000 rpm &t C and the supernatant analyzed by Western blotting.
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2.2.2.3 Immunofluorescent Staining

Hippocampal neurons were grown for 10-14 days in vitro (DIV) anediwith 3.7% paraformalde-
hyde (PFA) in PBS. PFA was removed and coverslips were washed 3 tiitheBBS for 5 min
each. Afterwards, neurons were permeabilized by incubation with 0.8#nTX-100 in PBS
for 5 min and washed again 3x 5min with PBS before they were blocked in Ihfbah goat
serum (NGS) in PBS for 30 min at room temperature. Primary antibodiesdilated as in-
dicated in 10% NGS/PBS. In a dark humidified chamber, coverslips wergéaven 25ul
drops of antibody solution that were placed on parafilm. Incubation with pyimatibodies
was done for 1 h. Afterwards, coverslips were replaced into the 24ple¢e and washed for
3x 5 min with PBS. This procedure was repeated for incubation with the dappantibody.
Stained coverslips were mounted on microscope slides by inverting thenrop afdnounting
medium (Fuoro-Gel, Electron Microscopy Sciences). Excess mountingumedas removed
and samples solidified overnight4&tC.

For immunofluorescent staining of synaptosomes, coverslips werepteecwith poly-L-
Lysine. 2 ml synaptosomes collected from sucrose gradients (as dmbaribection 2.2.411)
were diluted in 5 ml PBS and centrifuged for 30 min at 55@24 °C. The synaptosomal pellet
was resuspended in 2.4 ml PBS. 20®f this synaptosomal solution was carefully placed on
a coated coverslip placed in a 12-well plate and incubated for 45 min at temperature.
Afterwards, 1 ml PBS was added to each well and synaptosomes pelletad ooverslip by
centrifugation for 30 min at 5500 rpm. Fixation and staining of synaptosonassdane as
described for hippocampal neurons.

2.2.2.4 Image acquisition and processing

Neuronal and synaptosomal images were acquired using a AOBS SRizaomicroscope
(Leica Microsystems) with a 63x oil-immersion objective, standard filter setic@lMicrosys-
tems) and Leica LCS Lite software. For linescan analyses and overlaygsmeere processed
using the LAS AF Lite software (Leica).
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2.2.3 Biochemical Methods
2.2.3.1 SDS-PAGE and Western Blotting

For the analysis of regular proteins (<130 kDa), samples were segpamatel 0% denaturating
Tris/Tricine SDS polyacrylamide gel electrophoresis system, as desdybdé3] and [164].
The resolving gel (10% bis-acrylamide, 0.1% SDS, 10% glycerol, 1 M Hi8pl5) and the
stacking gel (4% bis-acrylamide, 0.1% SDS, 1 M Tris pH 8.45) were polynethgeadding
ammoniumpersulfate and TEMED . Samples were incubated 10 n7in°at before loading.
Separation was performed in a discontinuous buffer system, with a 0.2 MHr&9 anode
buffer and a 0.3 M Tris pH 8.45, 0.03% SDS cathode buffer. For the sisady large proteins
(>130 kDa), precasted NuPAGBis-Tris gradient gels containing 4-12% acrylamide were
used. The NuPAGBsystem is based upon a Bis-Tris-HCI buffered pH 6.4 polyacrylamide
gel, with a separating gel that operates at pH 7.0.

Western blotting was done according to [165]. Protein transfer froméh&oa nitrocel-
lulose membrane was achieved in transfer buffer (200 mM Glycine, 25 mMOr€ig % SDS,
20 % Methanol) by applying 50 mA for an hour using a semi-dry gel trarzgiparatus. Large
protein were transferred in MOPS buffer (Invitrogen) by using a tgmpasatus and apply-
ing 40 mA for 1 h. After transfer, membranes were blocked for 30 min anrtemperature
with blocking buffer (5% nonfat milk powder in TBST) and then incubated \ilia primary
antibody diluted in blocking buffer at°C overnight. Membranes were washed 3 times with
TBST for 10 min and then incubated with HRP-conjugated secondary arggwdblocking
buffer for 1 hour at room temperature. After another 3 washes (10 atin)emembranes were
covered with Western LighteninTg“;'I PlusECL and protein bands visualized by using chemilu-
minescence detection on a Lumilmager (Boehringer Ingelheim).

2.2.3.2 Protein Extraction with Triton-X-114

Membrane proteins were enriched from cytosolic proteins using the detefgiton-X-114
as described in_[166]. Protein samples were diluted with PBS to a final cwatien of 1
mg/ml. Triton-X-114 was added to a final concentration of 1% followed by ankation on
ice for 15 min. Undissolved particles were removed by centrifugation for 5an&000 rpm
and4°C. To achieve phase partitioning, the supernatant was heat&@°t¢ for 5 min and
afterwards laid on top of a warm sucrose cushion consisting of 6% seiand®BS and 0.06%
Triton-X-114. The sample was spun for 3 min at 300g and room temperiatarewing-out
rotor. The detergent phase containing hydrophobic proteins was teallas an oily droplet
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at the bottom of the tube. The extraction was repeated one more time and trdefergent
pellet resuspended in ice cold PBS.

2.2.3.3 Preparation of Immunobeads

Conjugation of synaptophysin antibody to Eupergit C1Z beads to was a®wescribed in
[167]. Before the coupling procedure, synaptophysin antibodyités3ovas dialyzed exten-
sively against 150 mM NaCl for 3 days with at least 7 changes. Afterslglthe solution was
centrifuged for 15 min at 10009 and the supernatant used for coupling. The desired amount
of beads was washed twice with,O by vortexing vigorously and applying ultrasonication in

a waterbath for 2 min. Beads were centrifuged for 6 min at 13@0d resuspended in the
synaptophysin solution containing at least 1 mg/ml antibody. 1 mg antibody.Toy beads
was used. Beads were vortexed and rotated for 821 &C. Afterwards, coupled beads were
centrifuged for 6 min at 1309 and the supernatant saved for protein determination in order to
measure coupling efficiancy. 1 M glycine was added to the bead pellespesded by vortex-

ing and rotated for at least 8 h at room temperature to quench remainirigdsitks. Beads
were washed 3 times alternating with 0.1 M sodium acetate, 0.5 M NaCl pH 4.5.arid 0
Tris, 0.5 M NaCl pH 8.0 (6 washes total). As a final step, beads wereedastce with PBS
and resuspended in 4 dry volumes PBS (4 ml per 1 g beads). Beads sawréd at-80°C
without loss of activity.

2.2.3.4 Preparation of Synaptosomes

Synaptosomes were isolated from 6-weeks old wistar rats as descril#etfin Briefly, 2 rats
were decapitated and cortices and cerebellum dissected. Samples wmgenized with a
glass-teflon homogenizer in 30 ml ice-cold homogenization buffer (320 ndvbsa, 5 mM
Hepes, pH 7.4) supplemented with PMSF/Pepstatin using 9 strokes at 9600’opremove
cell debris, the homogenate was centrifuged 2 min at 5000 rpmt&adin a SS34 rotor.
The supernatant was collected and re-centrifuged for 12 min at 11000 The supernatant
containing brain cytosol was discarded and the synaptosome contaitietgesuspended in 5
ml homogenization buffer. A small brownish mitochondial fraction in the pelbet vautiously
avoided. The suspension was laid on two 3-step discontinuous Ficolegtaqone gradient
per cortex) consisting of 4 ml 13% Ficoll (in homogenization buffer), 1 mIE&oll and 4 ml
6% Ficoll. Gradients were centrifuged 35 min in a SW41 swing-out rotorKBan) at 22500
rpm and the resulting band at interface between 13% and 9% Ficoll colleBds were
diluted with 10 ml homogenization buffer and pelleted by centrifugation for 12aniti000
rpm. The final synaptosomal pellet was resupended in 5 ml fresh homzagen buffer and
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the protein concentration was determined using BCA. Generally, yield® fastgveen 7-10
mg synaptosomes per 2 rat brains.

2.2.4 Protease Treatment of Synaptosomes

Five mg synaptosomes (isolated as described above) were carefullifugeed for 3 min at
8700g. The pellet was resuspended in 20 ml sucrose buffer (320 mM sydos® Hepes,
pH 8 at room temperature) and supplemented with pl06f a trypsin solution (0.1 mg/ml,
Roche) resulting in a protein-protease ratio of 100:1. Synaptosomesineettgated for 30
min at30 °C with occasional mixing. Afterwards, synaptosomes were pelleted aga&nhan
at 8700g and protease activity was stopped by resuspending the pellet in theddasiceint
sucrose buffer containing 4QéM Pefabloc.

2.2.4.1 Separation of Protease Treated Synaptosomes from the[PS

Protease treated synaptosomes (as described above) were rdsdsipes ml sucrose buffer
containing 40QuM Pefabloc. To separate shaved synaptosomes from the postsynaysic de
ties, 3 ml of the sample were loaded on a continuous sucrose gradies@$2%w/v) sucrose in

5 mM Hepes pH 8.0) and centrifuged for 3 h at 1800009 (28000 rpm) in 2838ing-out ro-
tor (Beckman). Continuous sucrose gradients were generated withamadic gradient mixer
(Gradient master, Biocomp) aacording to the manufacturer’s instructdgtes.centrifugation,
1.5 ml fractions were collected from the gradient from bottom to top usingré-gaetomatic
pump system (Minipuls3, Abimed Gilson).

Fractions containing digested synaptosomes, so called "shaved" syorags were either
identified by measuring the refraction index or dot blotting. Shaved sysaies were found
in the fractions with a refraction index of 1.391-1.392, which correspénd.2 M sucrose. For
dot blotting, 2ul of each fraction was spotted on a dry nitrocellulose membrane and soaked
in for 5 min. Afterwards, the membrane was incubated for 10 min at room textyverin
blocking buffer (5% non-fat milk powder in TBST). Incubation with the prisnantibody
against synaptophysin was done for 15 min in blocking buffer. Aftetivasthe membrane
3 times for 3 min each with blocking buffer, the blot was incubated with secgratatibody
for 15 min. After another 3 washes (3 min each) with TBST, membranes weubated with
Western LighteningTM PlusECL and protein bands visualized by using chemiluminescence
detection on a Lumilmager.
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2.2.4.2 Immunoisolation of Docked Vesicles from Protease treated 8gptosomes

Protease-treated synaptosomes (as described previously) wespereded in 30Q:l sucrose
buffer containing 40uM Pefabloc. Synaptosomes were lysed by adding 2.7 ml ice-cold
H5O followed by homogenization with a glass-teflon homogenizer with 3 strokes st ma
mum speed. Afterwards, 3d 1 M Hepes pH 8, 31 200 mM PMSF (in ethanol) and 3l 2
mg/ml pepstatin (in DMSO) were added immediately to the solution. Docked ansyineptic
vesicles were separated on a 15-45 % continuous sucrose gradienpepared with a gra-
dient mixer (Gradient master, Biocomp). Samples were loaded on the gradoentrifuged
for 1 h at 10000@ in a SW28 swing-out rotor (Beckman). Twenty-four 1.5 ml fractions were
collected from bottom to top and analyzed by dot blotting for synaptophysirdéscribed
before). Docked vesicles were generally localized in fractions 4-7ftaedvesicles in frac-
tions 19-21. Fractions containing docked vesicles were pooled (SP&3atihe was done for
fractions containing free vesicles (SV). For one immunoisolatiop] Eupergit C1Z beads
coupled to the antibody for synaptophysin (Eupergit-7.2) were waslitbdlw IP buffer (1x
PBS, 3 mg/ml BSA, 5 mM Hepes pH 8.0). For docked vesicles, d@PM fraction and 600

ul 2x 1P buffer (2x PBS, 6 mg/ml BSA, 5 mM Hepes pH 8.0) were added to tlael Ipellet.
For the isolation of free vesicles, 30 SV fraction and 90Qul 1x IP buffer was used. Beads
were gently vortexed and rotated over nightt&C. Afterwards, beads were spun down for 3
min at 2000 rpm in a table top centrifuge. Immunoisolates were washed 3 timesB&thy
vortexing, incubation on ice for 5 min and centrifugation for 3 min at 2000 rafter a final
centrifugation step for 3 min at 100@)immunoisolates were either eluted by adding 2x LDS
sample buffer and incubation for 10 min & °C or were processed for mass spectrometric
analysis according to the iTRAQ labeling method (see setfion 2.2.5.1.

2.2.5 Mass Spectrometry Methods
2.2.5.1 iTRAQ labeling

Ten immunoisolations for both docked and free vesicles were done simulsiypaod samples
from 5 immunoisolations were pooled after the washing steps, resulting inl4dimgples (2x
SPM, 2x SV). Immunoisolated docked and free SVs were then solubilizeedogpension of
the bead pellets in 28l 1 % RapiGest SF (Waters) in 100 mM triethylammonium bicarbonate
(TEAB) buffer and incubated for 10 min &0 °C. Solubilized proteins were digested in the
presence of the beads by trypsin according tol[168]. Briefly, X00 mM TEAB buffer and 2

ul reducing agent (supplied with the iTRAQ Kit) were added to the beads antbéted for 1 h
at37 °C with shaking (750 rpm). Afterwards, the bead suspension was suppiednsith 1.l
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200 mM iodoacetamide and incubated for another 20 m#7 &€ with shaking (750 rpm). For
digestion of the proteins, pl trypsin (0.2ug9/ul in 200mM TEAB, Promega) was added and
incubated overnight &7 °C with shaking. Beads were pelleted for 20 mirf C) at maximum
speed in a table top centrifuge and the supernatants transferred to ddeanTuyptic peptides
were then tagged with iTRAQ reagent according to manufactures instru¢fid®aQ reagent
kit, Applied Biosystems). iTRAQ reagents were spun down before usetiadiol added to a
final volume of 170ul per tube. Eighty-fiveul of reagent was added to both of each sample
(docked SVs were tagged with iTRAQ 117, and free SVs with iTRAQ 116)iacubated for

3 h at37°C with shaking (750 rpm). Afterwards, each sample labeled with iTRAQ-116 wa
mixed with one labeled with iTRAQ-117. The resulting samples were supplemetitte@0

ul 5% trifluoracetic acid (TFA) for pH adjustments (pH = 2) and incubatediforat37°C
with shaking. After centrifugation for 30 min at maximum speed 4t’, supernatants were of
all samples were combined in one tube.

2.2.5.2 SCX Fractionation

After tryptic diegestion and iTRAQ labeling the peptides were fractionated allgnover an
ICAT strong cation-exchange (SCX) column (Applied Biosystems) accotadithe manufac-
turer’s instructions. The sample volume of about @0Was reduced to less than 2p0using

a vacuum centrifuge at medium heat and then diluted in 2 ml SCX loadingrkdffemM
KH>POy4, 25% acetonitrile, pH 3.0). The SCX column was equilibrated by injecting 2 ml of
loading buffer before the sample was slowly loaded. The column was ddshmjecting 1

ml of loading buffer. Peptides were eluted stepwise by adding 6@ KCI-solutions of in-
creasing concentration (5, 100, 150, 200, 300, 400, 500, 600,a8@01000 mM) in 10 mM
KHsPOy4, 25% acetonitrile, pH 3.0. The samples were desalted on a hand made miermcolu
with POROS Oligo R2 RP material as described in [169]. Briefly, all 10 S@Xtions were
dried in a vacuum centrifuge at medium heat until salt precipitation hagrectand the pre-
cipiates were resuspended in 10I00.3% TFA. High salt fractions (800 and 1000 mM KCI)
were resuspended in 2@0of 0.3% TFA. Samples were incubated for 30 min at room temper-
ature with shaking. Each SCX fraction was cleaned as followed: Thenmaae RP column
was washed by applying 1Q0 of 0.1% TFA with a syringe, followed by loading of the sample
on the column, a washing step with 1000f 0.1% TFA and an elution by applying 2d of
50% acetonitrile, 0.5% formic acid. At the end all remaining peptides were elitbd0 of

1l 90% acetonitrile. Samples were dried using a vacuum centrifuge andl stor0 °C.
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2.2.5.3 Mass Spectrometry and Quantification

The SCX-fractions were dissolved in 4125% formic acid of which &l were analyzed on a
Thermo LTQ XL Orbitrap (Thermo Fisher Scientific) that is coupled to an Agildi®0 series
LC-system (Agilent Technologies). In the LC system, peptides weraatepbat a flow rate
of 200-300 nl/min on a self-made reversed phase column (C18, Reprasdch) and eluted
with a 118 min gradient from 7.5-40% mobile phase B (80% acetonitrile, 0.188tidacid).
Peak list analysis was done by searching against NCBI RefSeq datatbasorvegicus using
Mascot v.2.2.04 as the search engine. Mass accuracy was 10 ppne foarémt ion and 30
ppm for fragment ions. For the analysis, only tryptic peptides with a maximughrofssed
cleavages were taken into account. Fixed modifications included carbantfddatien of
cysteines, whereas oxidations of methionine residues were consideradable modification.
Quantification was done by using Mascot v 2.2.04. and was constrainezptimgs with a
scores >15. The protein ratio was calculated as a weighted median rationlipuncluded
proteins quantified with unique peptides and a minimum of 3 peptides.

2.2.5.4 Data Normalization

The analysis of the statistical distribution of the docked/free vesicles peptitlprotein ratios
from each biological replicate showed a minor bias towards the free vesictee biological
replicate, indicating that the number of immunoisolated vesicles was slightly maréntize
docked vesicle sample in this replicate. A normalization to equal amounts of was@sdone
on the protein level, taking the vacuolar ATPase as a reference. Foeftisate, all protein
ratios were multiplied by 0.67 resulting in a balanced distribution around a 1.1featél
major SV proteins. In the other two biological replicates, the amount of immulatésbvesicle
proteins within the docked and free vesicle fractions were comparablewitioomalization.

2.2.6 Rab Extraction Assay

Rab extraction by GDI was performed as described inl[170]. Docksitles were collected
from the sucrose gradient (as described in se¢tion 212.4.2) and dilutéd 2x1IP buffer (2x
PBS, 5 mM Hepes pH 8.0, 6 mg/ml BSA). Samples were supplemented with GDPRSSGT
to a final concentration of 500M and Complete protease inhibitor cocktail (Roche) and kept
on ice for 15 min. Afterwards purified GDI (see 2.2]1.2) was added to aeerdration of 0.5
1M and samples incubated for 30 min3at°C.

Samples were either further processed by immunoisolation of vesicles gesbeel in
sectior 2.2.4]2) or fractionated by a floatation assay. For the floatatiop as3&tep discon-
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tinuous sucrose gradient was generated by overlaying 1 ml of the sanipl&G x|l 0.7 M
sucrose and 5001 0.32 M sucrose. The gradient was centrifuged for 3 h at 255000a
TLS-55 rotor (Beckman) and fractions carefully collected from the toppipgtting 200l
aliquots.

2.2.7 Electron Microscopy

Electron microscopy on synaptosomes was carried out by Dr. Dietmar|RME¢ for Bio-
physical Chemistry, Goettingen). Synaptosomes were fixed by aldelayakeembedded in
epon for preparing ultra-thin sections. Sections were analyzed usinigjzsPL20 kV BioTwin
microscopes equipped with a 1024x1024 pixel GATAN CCD camera.
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3.1 Establishment of a protocol for the isolation of presynaptic
membrane fractions

Although many key players of the presynaptic active zone have beetifiel@nthe exact
molecular architecture of the sites at which synaptic vesicles are attachedpiasma mem-
brane is still not fully understood. To provide insights into the protein coitipasf synaptic
vesicle docking sites, it is necessary to isolate such fractions with suffigieity. So far
it has been very challenging to separate presynaptic membranes andtégnpptic protein
scaffold. The protocol developed in this work is based on the biocheimiopkrties of con-
ventionally isolated synaptosomés [149]. Synaptosomes are resealedareaminals. As such
they are membrane enclosed sacks that contain the presynaptic excitatbigenaas well as
cytosolic proteins and other organelles e.g. mitochondria. Additionally, ttopasf the post-
synaptic density remains tightly attached on the outside of these resealedrtoeria and
accounts for its copurification with the presynaptic compartment [171]. Wishrihmind, the
approach employed here includes a mild proteolysis of the synaptosomesdeeréhe post-
synaptic membranes. Such a proteolytic treatment is expected to cleave dipticwadhesion
molecules responsible for the tight attachment between pre- and postsyc@pponents as
well as the extracellular domains of receptors and ion channels. In spridoaponents of ac-
tive zones are protected from proteolytic degradation since the membrelosiag the presy-
naptic compartment presents a physical barrier against protease léntoytunately, most of
the PSD proteins appeared to be largely resistant to proteolysis. Tiegrafoadditional su-
crose gradient centrifugation step was necessary to effectivelyate@SD components from
presynaptic proteins according to their mass and density (sée FFig.3.1 AjeAtsoned above,
the interior of synaptosomes include mitochondria, docked as well asdséeles and cytoso-
lic proteins. To separate these contents, the protease treated and pyriiptosome fraction
was lysed by osmotic shock prior to the continuous sucrose density gradmnifugation. In
a final step, docked vesicles and free vesicles were purified froactdn of this gradient by
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immunoisolation using Eupergit C1Z beads containing immobilized antibodies sgecifie
synaptic vesicle protein synaptophysin (Hig. 3.1 B).

3.1.1 Removal of the postsynaptic density from synaptosorae

3.1.1.1 Optimization of the protease treatment and separation of preand postsynaptic
compartments

Following the purification of synaptosomes according to the protocol ibestby [149], the
synaptosomes were resuspended in a suitable buffer and severalcatamifi to a basic di-
gestion protocol were systematically introduced and experimentally adsiesgbeir effec-

tiveness in removing PSD components from intact synaptosomes.The lggsitiah protocol
involves the following steps:

(a) Digestion of synaptosomes with proteases
(b) Stopping protease activity
(c) Harvesting of the digested synaptosome

Modifications to this protocol are described in the remainder of this sectibtheGcommer-
cially available proteases, trypsin and proteinase K were tested in this stuitheir efficiancy
in removing the PSD. Trypsin is the preferred protease, because it isatiblepwith sub-
sequent sample preparation procedures for mass spectromic analysisindse K with its
versatility and consistent activity in a broad range of conditions was tested alternative
candidate. The enzymatic activity of proteases depends on seveaaigtars including their
concentration (protein:protease ratio), incubation temperature and tinfer, torihposition. To
obtain the optimal digestion conditions, each of these parameters were Sycsadiynizested.
The buffer system was first chosen to provide basic conditions for olpdiigestion. Two
different buffer systems are commonly used when working with synapteso A low ionic
strength sucrose buffer (320 mM sucrose, 5 mM HEPES pH 7.4) is usetydhe prepara-
tion of synaptosomes and a moderate salt solution "sodium buffer" (10 mb&dy5 mM
KCI, 140 mM NaCl, 5 mMNaHCOg3, 1 mM MgCls, 1.2 mMNao,HPO,4, 20 mM HEPES pH
7.4) is often employed in stimulation-dependent glutamate release assaysBb49 buffer
systems were tested for their compability with the selected proteases. Trygsiadded to
the synaptosomes at a protein/protease ratio of 1:300, followed by anatimulfor 10-60
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Figure 3.1: Schematic overview of the protocol for isolating presynaptic membraeidns. Synaptosomes were
prepared as described [n [149] and subjected to mild protease treatmigést the proteins in the synaptic cleft.
Afterwards, shaved synaptosomes were either (A) separated fisteymaptic membranes in a continuous sucrose
gradient afterwards or (B) lysed and fractionated on a continuousseigradient yielding a docked vesicle fraction
(SPM) and and a free vesicle fraction (SV).
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minutes aB0 °C. Afterwards the enzyme activity was stopped by adding the irreversible se
ine protease inhibitor Pefabloc to the sample. Synaptosomes were then pafidtedshed
once with buffer. The efficiency of digestion was assayed by monitoriaguthount of post-
synaptic receptor NR1 remaining after the reaction was stopped. Additiptelgls of the
presynaptic protein Munc18 and the synaptic vesicle protein synaptiophgee also analyzed
to determine if undesired proteolytic degradation had occured in the Eetsycompartments.
Interestingly, synaptosomal digestion by trypsin in sucrose but notsoldlidifer led to a grad-
ual decrease in the amount of NR1 (Eigl3.2 A). In both buffers, proteiradized inside the
synaptosome are not affected. This result indicated that the sodiuer limiffinsuitable for
use as a buffer in this procedure. One likely explanation for this is thatpdgaomes appear
to aggregate in the sodium buffer but not the sucrose buffer afterdletipg steps in the
procedure.

Next, the efficiancy of trypsin versus proteinase K was assessechossn Fig.[3.2 B,
proteinase K is a more potent protease that also digested proteins insigaaptosome ex-
emplified by Munc18. In theory, this protein is protected by the synaptosomabna@e and
should not be degraded. Nevertheless, these experiments indicatptbtieatase K was able
to enter the synaptosome. Interestingly, proteins residing in the vesicle nreambeae not af-
fected by any of the proteases. Since proteinase K digested proteiresaftiee synaptosomal
membrane, trypsin was used in all further experiments.

The effect of temperature and time on the effectiveness of trypsin digestis subse-
guently examined. As expected, proteolytic activity increases at higheretatope (Fig.3)2
C). However, for the purification of the docked vesicle fraction it wasnaed important to keep
the temperature as low as possible. Elevated temperatures raise the possibilitanted en-
dogenous protein degradation within the synaptosome as well as other &umeatependent
effects on biological activity (e.g. exocytosis). Consequently, althaogial experiments
were performed at0 °C, digestions a5 °C was also tested (FIg.3.2 C). &6 °C, NR1 was
inefficiently cleaved, suggesting this temperature is insufficient for optinaaéplytic activity
despite prolonging the extension time to 60 min. For practical issues, a fartession of the
incubation time longer than 60 minutes was not considered.

Finally, the concentration of trypsin was optimized. Protease/protein ratibd@®, 1:200,
1:300 and 1:500 were tested and the efficiency of digestion evaluatedliffezent time in-
tervals. As shown in Fig[_3/2 D, cleavage of NR1 is significantly enhantéigher pro-
tease:protein ratios. At a ratio of 1:100, NR1 became undectable after a @€erdigestion.
In contrast, complete abolishment of the signal was not achieved everb@fteinutes when
a 1:500 protease/protein ratio was used. Importantly, the stability of thenaneisy proteins
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Figure 3.2: Optimization of proteolysis. (A) Proteolytic efficiency in different buffgrstems. By using trypsin
(protease:protein ratio of 1:300), the postsynaptic NR1 receptor wasiépendent digested in sucrose buffer but
not in sodium buffer. Proteins inside the synaptosomal membraneqMuand synaptophysin) are not digested.
(B) Comparison of synaptosomal digestion by trypsin and proteina3eyidsin induced degradation only affected
proteins outside the synaptosomal membrane (NR1). Proteinase Kdispeligestion was additionally observed
for cytosolic proteins inside of the synaptosome, e.g. Munc18. (Cp&eature dependency of proteolytic activity.
NR1 digestion (protease:protein ratio of 1:300) was observed after 2@t C, but was not achieved after 60
min at25 °C. (D) Effect of trypsin concentration and incubation time on the cleavhgesisynaptic membranes.
Digestion of NR1 was time- and concentration-dependant. For NR1 geaagrotease:protein ratio of 1:100 was
sufficient after 10 min whereas the same degree of digestion needuth@l a 1:500 ratio. Presynaptic proteins
(Munc13 and Munc18) remain unaffected.
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Munc18 and Munc13 remains unaffected. Based on these data, théidiestion protocol was
performed using a 1:100 ratio of trypsin to protein concentration in sudrofer (320mM
Hepes, pH 8) with incubation time of 30 minutes3atC.

To better characterize the effect of protease treatment on synaptosatde®nal synaptic
proteins were analyzed for their stability by western blotting after trypsinizgsiee Fig[ 3.13).
As expected, adhesion molecules that span the synaptic cleft wererglfficdegraded after
the 30 min digestion. In contrast, presynaptic proteins (including largeipsdike Piccolo
or Muncl3) and synaptic vesicle proteins remain intact. The postsynapéptors NR1
and GIuR1 appear to be digested. In fact, the epitopes of these protedghized by the
antibodies used are mapped to the extracellular domains facing the syndptiSwtprisingly,
the postsynaptic proteins PSD95 and Homer were resistant to proteoly@iceiably, the
localization of these proteins deep within the protein network of the postsyrsagtitalization
renders them less accessible to proteases.

Thus, while the protease treatment succeeded in removing trans-synalgticiies, certain
integral components of the PSD persisted. This suggested that the tightragteacdf the
PSD to the synaptosome is abolished and led to the idea to separate pre-sesyhagatic
compartment according to their biochemical nature. This idea was testedlingadsucrose
density gradient step after the digestion protocol.

3.1.1.2 Separation of pre- and postsynaptic compartments

It is well known that pre- and postsynaptic specializations differ witheesm ultrastructure
and biochemical properties [126]. PSDs appear proteinaceous oexinfmathe presynaptic
boutons, which are more membraneous. Thus, buoyant densities gestdjbe different. In
fact, early experiments showed that purified postsynaptic densitiesrachezhat a 1.4/2.2 M
sucrose interface of a discontinuous sucrose gradient [172] atey@aptosomes are localized
to 1.0/1.2 M interfaces in sucrose gradients [150]. Hypothesizing that thaght be a shift
in the density of the shaved membranous synaptosome versus the proteinRigD after
digestion, a 0.75 M-1.5 M continuous sucrose gradient was chosen to atepgration of
the postsynaptic density from the shaved synaptosome. Indeed, a sthi& migration of
PSD95 was observed in protease treated synaptosomes that wagrfor sedreated samples
(see Fig[L3.4A). Importantly, the signals of the pre- and postsynaptic nsarkdonger showed
significant overlap, indicating that the remaining synaptosomes were dafubigl postsynaptic
density. These "shaved" synaptosomes sediment at fractions withractieed index of 1.391,
which corresponds to about 1.2 M sucrose. Additionally, electron miomswas used to
assess if the protease treatment affected the integrity of or induced ulttasad changes to
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Figure 3.3: Effect of protease treatment on various protein groups. Presynaqutieins and synaptic vesicle
proteins are not affected in their stability after digestion whereas posisgmaceptors and adhesion molecules are
efficiently cleaved. Proteins localized deep inside the postsynaptic deppiairesistent to proteolysis.
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the synaptosomes. As shown in Fig.]3.4 B, the morphology of synaptosoasesnehanged
after trypsination. Specifically, the synaptosomal plasma membrane wasanthttte interior
filled with synaptic vesicles. Lower magnification electron microscopy pictalss showed
that the quantity of synaptosomes appear in the same range.

To validate that the second centrifugation step indeed resolves the two itorapts, im-
munofluorescence microscopy was employed to analyze the distributioe-amt postsynap-
tic marker proteins in the protease treated synaptosomes after sucrdsmgeantrifugation.
Therefore, synaptosomal fractions corresponding to 1.2 M sucrese @ollected from the
gradient by pelleting on poly-L-lysine coated coverslips and analyzkd.samples were then
immunostained with antibodies directed against synaptophysin and PSD%Beamdistribu-
tion examined by confocal microscopy. Trypsination of synaptosomegiscead to change
the intensity of the fluorescence signal detected for postsynaptic pr¢peoportional to the
protein amount) and extent of co-localization between PSD95 and symgstop As shown
in Fig. [3.3A, untreated synaptosomes displayed a very high degreelotaization of both
proteins. In contrast, shaved synaptosomes exhibited both a decr&3B% puncta as well
as an abolishment of co-localization between the two proteins. No chantessignal inten-
sities for synaptophysin was observed. Linescans analysis of the iates verified these
observations (Fig.3.5B). Thus, the data demonstrate that the establisiiedopefficiently
removes postsynaptic densities from synaptosomes.

3.1.2 Isolation of a fraction enriched in docked vesicles
3.1.2.1 Lysis of synaptosomes

It is well established that synaptosomes undergo lysis and releasdisyesicles and mito-
chondria when they are exposed to hypotonic conditions. Afterwardgpsie membranes and
synaptic vesicles can be isolated from the lysate by sedimentation througisitydgadient
[146]. Such a procedure does not completely separate synaptic gefsaie the membrane.
Indeed, lysis generates two different synaptic vesicle populations inréttiegit. One vesicle
pool migrates at lighter fractions and are identified as free vesicles (&/)he other popu-
lation accumulates at denser fractions. These latter synaptic vesicles @emigth proteins
of the plasma membrane (SPM) as well as with proteins of the postsynaptic dendigre
therefore assumed to be docked vesicles|[173].

Here, protease treated synaptosomes were lysed and the componaraseskpn a 0.4-
1.4 M continuous gradient. As previously reported, two vesicle populati@re observed
corresponding to free (SV) and docked vesicles (SPM) (Eig. 3.6). Aerdetailed western



3.1 Establishment of a protocol for the isolation of presynaptic membraciioina 37

A 1.5M 0.75M
‘
untreated TR e - - PSD95
R — - — Synaptophysin
+ trypsin ——— PSD95
S e - — . e Synaptophysin
B

Figure 3.4: (A) Migration pattern of pre- and postsynaptic proteins in a continuoussaqradient. After pro-
tease treatment, synaptosomes were washed and loaded on a OM'SucEose gradient. Protease treatment of
synaptosomes induced a migration shift of postsynaptic proteins. (Bir&hemicroscopy of untreated and trypsin
treated synaptosomes from a continuous sucrose gradient. Fradtib2sM sucrose were diluted 1:5 in 5 mM
Hepes pH 7.4 and pelleted. No obvious change in synapotosome nagpheas observed.
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Figure 3.5: (A) Synaptosomal fractions at 1.2 M sucrose in the gradient was pbltetecoverslips and pre-
and postsynaptic specializations visualized by immuno-fluorescent gfaititim antibodies against synaptophysin
(green) and PSD95 (red). Protease treatment reduced the detesteghaptic signal while the presynaptic signal
did not change. (B) Linescans showing co-localization of pre- antspoaptic signal in untreated synaptosomes.
Trypsinized samples were devoid of any postsynaptic signal.
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Figure 3.6: Gradient centrifugation of trypsinized and lysed synaptosomes disptewesynaptic vesicle popula-
tions. Docked vesicle co-migrated with active zone and plasma memiwarker.

blot analysis of the gradient fractions additionally revealed that the S&didn also contained
components of the active zone (Mint, Munc13) and mitochondria (SDH#) (F?) . These

proteins were greatly reduced or absent in the SV fractions. Thus ttea confirms that
in addition to the attached vesicles, the presynaptic machinery remains coaptedplasma
membrane following hypotonic lysis.

Mitochondrial contamination in synaptic preparations has been an isssev/inal decades.
A complete separation of these components according to their equilibriunabudgnsities
is almost impossible. In the early seventies several groups publishecediffgrotocols ad-
dressing this issue. Davis and Bloom increased the density of mitochondristbchemically
changing the succinic dehydrogenase with tetrazolluml/[174]. They stwld a reduction of
mitochondrial contamination of synaptic membranes, but the disadvantage pfdtocol is
that the procedure might change the stability of the synaptic complexes aslitasvaddi-
tional treatments and elevated temperatures. Another method to improve pwsipubéshed
by Jones and Matus. They introduced a simultaneous sedimentation andrilotatiafuga-
tion step to separate mitochondria from synaptic membranes. Lysed syorap®were sus-
pended in sucrose of intermediate density between both buoyant demegigdting in flotation
of SPM and a sedimentation of mitochondria [175]. Although being a trueratiga based
on density, this protocol is limited with respect to the aim of this study, becasaation of
docked vesicles and free vesicles was not achieved. One of the eardidsds published is
based on the pH during lysis. Cotman and Matthews showed that carryirmgmotic shock
at alkaline pH greatly enhanced SPM purity [176]. However, these fisdingld not be re-
produced in this work. As shown in fi§._3.7A, varying the pH from 7.5 to 8dbribt change
the distribution of mitochondria in the gradient. Under all conditions tested, thenaitarial
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marker SDHA remained enriched in the SPM fractions. To evaluate if mitoctzomdfact
only co-migrate in the gradient or are actually an essential part of extacgites at the plasma
membrane, the isolated SPM fraction was analyzed for co-localization by inflaarescent
staining (Fig3.F7B). Images showed a significant overlap of the presigregtive zone marker
piccolo with the plasma membrane SNARE syntaxin 1. Interestingly, stainingntéen 1
appeared to be more dense than piccolo. This indicates that there atecsti&tplasma mem-
brane that contain SNARESs but no attached active zone. Based ongbe/et) signals for
piccolo and synaptotagmin, the abundance of active zone componentafuisyesicles was
comparable and the proteins were in close proximity as exemplified by the higbedef co-
localization of these proteins. In contrast, signals for mitochondria andeantine proteins
did not show any significant co-localization. Moreover, mitochondriaewsesent in very
high amounts. This supports the idea that mitochondria are only co-migratingyvitiptic
membranes as a consequence of the closeness of their sedimentatiandadtare therefore
heavily contaminating these fractions. Thus, additional purification stepsdiating docked
vesicles were necessary.

3.1.2.2 Immunoisolation of docked vesicles

To simultaneously minimize mitochondrial contamination and concentrate dockatdegs a
immunoaffinity purification step was added to the existing protocol. The feasibiiithis
approach has been previously demonstrated! [173], but has beenedadithis study. Eu-
pergit C1Z beads covalently conjugated to antibodies specific for syptaystim were used to
isolate docked vesicle or free vesicles. Several buffer conditionsdimguwariations in salt
concentration and supplements were tested to optimize yield while minimizing noffispe
attachment of proteins. The best results were achieved using phobpiffated saline (PBS)
supplemented with bovine serum albumin (BSA) as a stabilizer (se€ Flg. 3t&direl). Un-
der these conditions vesicles could be purified from the SPM fractionshegeith parts of
the plasma membrane (as exemplified by " /K+ATPase) and components of the ac-
tive zone e.g. Munc13. Unfortunately, mitochondria were still presentanrtmunoisolates.
Surprisingly, SDHA was also detected in the immunoisolates of control béthes eoupled
to the amino acid glycine (G) or to unspecific anti-sheep 1gG (IgG). Thigestgd that mi-
tochondria might co-sediment as a result of the centrifugation step usedleothe eupergit
beads instead of actually being co-purified. To a lesser extent, unsgsnding of the vesicle
proteins synaptophysin and synaptobrevin were observed. To teblyfiothesis, theg force
of the centrifugation steps was reduced from 3¢@6000 rpm)to 40@ (2000 rpm). With IgG
or glycine coupled beads, unspecific binding of synaptophysin arapsyirevin was almost
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Figure 3.7: (A) Co-migration of mitochondria and docked vesicles in a sucroseigrads not pH dependant.
Synaptosomes were osmotically lysed at pH 7.5, pH 8.0 or pH 8.5 andritpanents separated on a 0.4.-1.3M
continuous sucrose geradient. Migration patterns for mitochondriayaraghic plasma membranes did not change
despite varying the pH used during the lysis. (B) Immunofluoresceimirsgaof SPM fractions. The active zone
protein piccolo showed a high co-localization with the synaptic vesicle proygiapsotagmin. Partial overlap of
piccolo with the plasma membrane SNARE syntaxin 1 was also observadtidas were heavily contaminated
with mitochondria.
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completely abolished and the signal for SDHA was greatly diminished. Nelegd simi-
lar amounts of mitochondria were still co-purified with beads immobilized to the aiytifoy
synaptophysin (Fid._3/8, 2nd panel). Maybe mitochondria are attached sytaptic plasma
membrane by other forces such as lipid-lipid interactions. Because the mitdriddgroteome
is well characterized, it allowed to eliminate mitochondrial contamination from ¢negted
data.

Free synaptic vesicles could be isolated from the corresponding fraaiging the same
protocol (Fig. (3.8, 3rd panel). As expected, only vesicle proteins wardied (VGlutl ,
synaptophysin and synaptobrevin). Neither the plasma membrane ATBasetive zone
components were detected in the immunoisolates. Mitochondrial contaminaticstilivab-
served, but to a significantly lesser extent than in docked vesicles. Iwtisquantitative
mass spectrometry was used to compare the protein composition of dockédeanmdsicles.
Importantly, the amount of immunoisolated vesicles from the docked and éstele fraction
were required to be approximately equal. This allows proteins enriched idottieed frac-
tion to be confidently identified while the ratios of SV proteins in both fractionsetd .
To achieve this, input amounts of docked and free vesicle fractions adgusted according
to the chemiluminescence signal intensity of synaptophysin, synaptobrevii@lutl in the
immunoisolates (Fig[—38, last panel). Using twice the amount of the dockédevésic-
tion compared to free vesicles as a starting material resulted in approximatedyasaount of
synaptophysin, synaptobrevin and VGlut1l.
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Figure 3.8: Docked vesicles (SPM) and free vesicles (SV) were immunoisolatedtiie corresponding fractions
of the sucrose gradient using Eupergit C1Z beads comjugated to aesksmcific for synaptophysin. For unspe-
cific binding controls, Eupergit C1Z were coupled to anti-sheep I1gG ativeted by glycine. SPM immunoisolates
contained in addition to synaptic vesicles plasma membrane protéins/K™ ATPase) and active zone compo-
nents (Muncl3). Low speed centrifugation minimized unspecific backgt but did not remove mitochondrial
contamination. Input of SPM and SV were adjusted to similar amounts afsigrvesicle proteins detected in the

immunoisolates.
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3.2 Quantitative comparison of a docked and free vesicle proteome

The proteomes of the immunoisolates containing free and docked vesidlerisawere com-
pared using an isobaric tag for relative and absolute quantification (ifRAQombination
with tandem mass spectrometry (LC-MS/MS). This quantitation method was gedelny
Ross et al. and it is designed to compare relative protein amounts in complexaniktdl].
In detail, the iTRAQ reagent places an isobaric mass tag to reactive amimasgubthe tryptic
peptides generated after solubilisation and digestion of the sample. In thistbasdocked
vesicle fraction was labeled with a tagrafz 117and free vesicles witm/z 116 Both samples
were combined after the labeling and analyzed. The labeled peptidesraneatbgraphically
indistinguishable, but upon peptide fragmentation during the MS/MS analgsiyidld differ-
ent reporter ions of the massmgz 117andm/z 116 The intensity of these reporter ions can be
used to calculate the relative abundance of individual proteins. Taedtie complexity of the
sample, the digested samples were pre-fractionated by strong catiomgaatamomatography
using increasing salt concentration steps. Afterwards the fractioresseparately analyzed by
reverse phase LC-MS/MS (see Hig.13.9A).

In total, 506 proteins were identified from both fractions. Not surprisinglgubstantial
portion of 217 proteins (42%) originated from the mitochondria according@®&! and Mi-
toCarta[177]. These proteins were not considered in the following sisadynd are listed in
the appendix. The remaining 289 proteins were investigated in greater aladaslorted into
different functional groups according to their subcellular localizatiomotecular function (
Fig[3.9B). The clustering of functional groups reflect the existencewaral molecular mech-
anisms participating in the regulation of synaptic transmission.

Remarkably, only three exclusively postsynaptic proteins were identiR&D( syngap
1, kalirin). Furthermore, in addition to mitochondria (as mentioned abovéy,roimor con-
tamination of other membranous organelles was detected. This minor contaminatiates
molecules involved in nucleotide metabolism, protein synthesis, metabolic enzghagsr-
ones and proteins located at centrosomes, ER or Golgi (see appendix).

More than 30 hitherto uncharacterized proteins were detected, manyiaif ae integral
membrane proteins while others are identified purely by gene predictionof@mese proteins
has been characterized in some detdilin 3.4.

In summary, the proteome presented in this work provides detailed insightsentuotlec-
ular composition of synaptic vesicle docking sites and the plasma membramtyurglthese
sites. A static picture of a synapse assembled by the proteins identified inrénés 38 pre-
sented at the end of this section (Hig._3.10).
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Figure 3.9: (A) Schematic overview of the iTRAQ experiment. (B) Proteins identified THRAQ analysis of
docked and free vesicles were grouped according to their subcelloidization or molecular function.

3.2.1 Synaptic vesicle proteins

Synaptic vesicle proteins constitute the largest group of proteins identifiedse proteins
were detected in same amounts in both fractions as evidenced by a 1:1 ragaoebdnter ions
m/z 117andm/z 116 Synaptic vesicles are one of the best characterized organelles inybiolog
A complete gquantitative description of the protein composition of purified S\¢safr@ady
been published [138] and was used as a reference for the anatzedrtie vacuolar ATPase,
which is essential for the acidification of synaptic vesicles, has beemuatat to be present
in one or two copies per vesicle [138, 137]. The vATPase is a large mitirsuicomplex,
the peripheral membrane domain V1 is about 640 kDa in size. Due to its engsizey great
variations in the abundance of the vATPase on SVs are unlikely. Thieréfi@ iTRAQ protein
ratio was calculated by normalizing the amount of the vATPase in the doclkédes/éraction
against the amount in the free vesicle fraction. As shown in fable 3.1, all mgj@ptic
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vesicle proteins were identified. This includes neurotransmitter transpatieh as VGlutl,
VGIlut2 and VGAT, integral SV proteins like synaptophysin, the synaptotag(ti@s), SV2a
and b, and membrane associated proteins such as synapsins (1,3) as avelimber of Rab
GTPases. Mover [178] and MAL2 [130] (proteins only recently iderdifis synaptic vesicle
components) were detected. Importantly, almost all vesicle proteins weserdrin equal
amounts in both fraction as exemplified by an iTRAQ ratio in the range of 1. gakiwofold
increase in the ratio as a cut off for enrichment, only Rab proteins shawéght enrichment
in the docked vesicle fraction. Rab GTPases are molecular switches thiatbetween an
active membrane attached state, in this case synaptic vesicles, and thé dgpesaling on
the bound nucleotide (for review see [179]). Unlike docked vesiclas#tupire a membrane
bound active Rab GTPase, not all free vesicles might contain a boumgmRgein. In fact,
Pavlos et al. showed that Rab

The Rab family consists of over 60 members and a great number of Ralnprotere
originally found on purified SVs that are involved in completely differerffitking pathways
[138]. Recently, Pavlos et al. could determine the core Rab machinery asjuantitative
analysis of synaptic vesicle Rahs [21]. Rab27b and the Rab3 isofosrth@major exocy-
totic, while Rab4b, Rab5a/b, Rab11l and Rabl14 represent the endodyédisc of synaptic
vesicles. In line with this findings, the Rab proteins identified in this work seprethe core
Rab machinery. However, Rab proteins are very redundant in thaieeeg. Therefore only
unique peptides were used for protein quantification.

3.2.2 Active zone proteins

In contrast to the SV proteins, active zone components were highly edrichthe docked
vesicle fraction. Indeed, these proteins exhibited iTRAQ ratios of grdadersix-fold (as seen
for bassoon and Rim1) or were exclusively found in the SPM fraction.

Almost all established active zone components were detected in the daxdiek fraction.
Importantly, the identification of these proteins validated our purificationcgmpr as being
appropiate for the analyses of the presynaptic release machinery. Z peofeins identified
included the multidomain scaffolding proteins piccolo, bassoon and CASK gytteenatrix
organizer ERC2 and proteins of the liprin family. Among the identified activee ziyoteins, a
distinctive network of protein-protein interactions exists (as describectimtroductior 1.R).
Of the core active zone proteins, only Muncl13, MALS and Mintl couldbeotdentified by
mass spectrometry. However, the presence of Muncl3 in these frabtsrizeen proven by
immunoblotting (see Fig.3.8). Munc13 appears to be difficult to analyze by spassrometry
as noticed in other proteomic approaches [173] 180]. This "loss" otclBimight result from
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Synaptic vesicle proteins

Gl number Gene Name # iTRAQ std
symbol ratio
gi| 16758202 Rab27b RAB27B 2 26 0.6
gi| 16758368 Rab14 RAB14 3 25 0.7
gi|45433570 Rabla RAB1A 3 23 01
gi|61556789 Rab35 RAB35 3 22 0.2
gi|61098195 Rab3a RAB3A 3 22 03
gi| 13929006 Rab2a RAB2A 3 22 04
gi|9507159 Synl synapsin | isoform a 3 19 09
gi|8394389 Syn3 synapsin llI 2 1.8 0.0
gi| 158749626 Scampl secretory carrier membrane protein 1 3 1.8 1.2
gi|61889071 Rab10 RAB10, member RAS oncogene family 3 1.7 0.1
gi| 13592037 Rab3b RAB3B, member RAS oncogene family 2 1.7 0.5
gi| 77404242 Syn2 synapsin Il isoform 1 3 1.6 0.2
gi| 74271849 Slc6al7 neurotramsmitter transporter NTT4 3 1.5 0.2
gi|109499663  Atp8al Aminophospholipid transporter (APLT) 8A, member 1 3 14 0.1
gi|6981624 Syt2 synaptotagmin Il 3 14 0.2
gi|9507171 Syt5 synaptotagmin V 2 1.3 0.2
gi| 148356226 Sytl synaptotagmin 1 3 1.1 01
gi| 109465077 Scamp3 Secretory carrier membrane protein 3 2 1.1 01
gi|13162361 Dnajc5 cysteine string protein 3 1.1 01
gi|40786463 Atpbvld  ATPase, H+ transporting, lysosomal V1 subunit D 3 1.1 0.0
gi| 16758754 Atp6vif ATPase, H transporting, lysosomal V1 subunit F 3 1.0 0.1
gi|58865560 Atp6vlcl ATPase, H+ transporting, lysosomal V1 subunit C1 3 1.0 0.2
gi|38454230 Atp6vlel vacuolar H+ ATPase E1 3 1.0 0.1
gi| 58865424 Atp6v0dl ATPase, H+ transporting, lysosomal 38kDa, VO subunit d1 3 09 0.0
gi| 77627990 AtpbvOal ATPase, H+ transporting, lysosomal VO subunit al 3 09 0.0
gi|62078587 Atpbvlh  ATPase, H+ transporting, lysosomal V1 subunit H 3 09 0.0
gi| 109493234 Atpbvlal ATPase, H+ transporting, V1 subunit A, isoform 1 3 09 0.0
gi|47059104 Atpbvlg2 ATPase, H+ transporting, lysosomal V1 subunit G2 3 09 0.1
gi| 17105370 Atp6vlb2 vacuolar H+ATPase B2 3 09 0.0
gi|13929110 Atpb6apl  ATPase, H+ transporting, lysosomal accessory protein 1 3 09 0.0
gi| 16758166 Slc17a6 VGlut2 3 09 01
gi| 16758726 Slc17a7 VGlutl 3 09 0.1
gi| 17105360 Sv2b synaptic vesicle glycoprotein 2b 3 09 0.1
gi| 148747227  Sv2a synaptic vesicle glycoprotein 2a 3 0.8 0.0
gi| 160333093 Tprgl mover 3 08 0.2
gi|13929106 Slc32al VGat 3 08 0.1
gi|61557417 Slc30a3 zinc transporter ZnT-3 3 08 0.0
gi| 77157795 Mal2 MAL2 proteolipid protein 3 0.8 0.0
gi| 13027428 Synpr synaptoporin 2 08 0.2
gi| 18677757 Atp6v0c ATPase, H+ transporting, lysosomal 16kDa, VO subunit ¢ 3 0.7 0.1
gi|6981622 Syp synaptophysin 3 0.7 0.0
gi| 13929020 Scamp5 secretory carrier membrane protein 5 3 06 0.0
gi|9507167 Syngrl synaptogyrin 1 3 0.6 0.0
gi|157819371  Syngr3 synaptogyrin 3 3 0.5 0.0

Table 3.1: The table shows the synaptic vesicle proteins identified in the docked amddsicle fraction. #
indicates the number of times the protein was detected in 3 biological repliddatesTRAQ ratio was calculated
asm/Z117 divided bym/Z116 (docked/free vesicles).
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Active zone proteins

Gl number Gene Name # iTRAQ std
symbol ratio

gi|11559947 Cask calcium/calmodulin-dependent serine protein kinase 2 SPM
gi|25140983 Erc2 ELKS/RAB6-interacting/CAST family member 2 3 SPM
gi|109497902  Ppfiad  Liprin-a4 3 SPM

gi| 10048483 Pclo piccolo isoform 1 2 SPM

gi| 157824053 PPFIA2 Liprin-o. 2 2 SPM

gi| 158749559 Bsn Bassoon 3 7.4 0.8
gi| 16306470 Rims1 RIM 1 3 6.3 0.4
gi|213972596 Ppfibp2  Liprin-f 2 3 0.4 0.1

Table 3.2: Active zone proteins identified in the iTRAQ analysis. Proteins with an iTRA® & "SPM" have
only been identified in the docked vesicle fraction and could thereforbenqtiantified.

the high insolubility of Munc13 in detergents other than SDS or from a maskKithg geptides
in the MS spectrum by other more abundant peptides.

In our proteomic analysis, neither Mintl nor MALS could be identified. They hmave
been missed for the same reasons as for Muncl3 or they are reallyt abskeis fraction.
Genetic studies of MALS showed, that knock out of this protein results érrabt EPSC
amplitudes and an accelerated synaptic depression after high frecgtanaiation. This lead
to the assumption that this complex is involved in replenishing the readily relegsadd from
the reserve pool [112]. In this respect, the complex possibly disasseaftde docking of the
vesicle to the plasma membrane and as a consequence is not detected here.

Along with thea-liprins, also the less characterized isoform lipfiR-was detected, but did
not show an enrichment in the docked vesicle fraction (iTRAQ ratio of @B)is, this protein
appears to have a different localizationcaiprins and presumably is not involved in docking
of vesicles to the plasma membrane

3.2.3 SNARE proteins and trafficking molecules

In addition to synaptic vesicles and active zone components, all knownawnts of the
neuronal fusion machinery were identified with this approach.

Vesicle fusion in general is mediated by different groups of proteing\FENproteins form
the minimal machinery for membrane fusion and SM proteins bind trans-SNARplexes
thereby regulating their fusogenic activity. In addition complexin is thoughetootransmitter
release by grappling zippered SNARE complexes and releasing thencajoum influx. In
agreement with current literature it was shown here that the neuroMAREs SNAP25 and
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syntaxin 1a and b were enriched in the SPM fraction, whereas the v-E8dARmpl and
Vamp2 had iTRAQ ratios of approximately 1 and are localized to synaptic veggde table
[3.3). Furthermore the synaptic SM protein Munc18 and complexin are edrialthe docked
vesicle fraction.

Interestingly, a component of the SNARE recycling machinery was foandedl. NSF, a
member of the AAA family of ATPases, takes action after the fusion eventlmadsembles
cissSNARE complexes. However, the NSF adaptor protefBNAP was not detected.

Apart from the neuronal SNARES, only one non-neuronal SNARE dedected. Syntaxin
16 and its associated SM protein vps45 were enriched in the docked viegatlen. Synatxin
16 is ubiquitously expressed, but mainly localizes at the trans-Golgi nie{id81].

SNARE proteins and trafficking molecules

Gl number Gene symbol  Name # iTRAQ std
ratio
gi| 109471437  Stx16 Syntaxin-16 (Syn16) isoform 1 2 SPM
gi|25742604 Vps45 vacuolar protein sorting 45 homolog 2 SPM
gi|9507127 Snip SNAP25-interacting protein 3 59 1.9
gi|12408324 Cplx1 complexin 1 2 53 23
gi| 13591882 Snap25 synaptosomal-associated protein 25 3 42 0.1
gi|6981600 Stx1b2 syntaxin 1B2 3 34 0.1
gi| 13489067 Nsf N-ethylmaleimide-sensitive factor 3 33 1.6
gi|33667087 Stxla syntaxin 1A (brain) 3 3.0 01
gi|219275534  Vpsl3a vacuolar protein sorting 13 homolog A 2 28 0.1
gi| 13027430 Wdr7 rabconnectin 3 beta 2 2.5
gi|6981602 Stxbp1l Munc18-1 3 23 0.2
gi|62079163 Atg9a ATG9 autophagy related 9 homolog A 3 1.2 0.5
gi| 76443677 Vampl vesicle-associated membrane protein 1 3 09 0.1
gi|6981614 Vamp?2 Synaptobrevin 3 0.7 0.0

Table 3.3: The neuronal fusion machinery consisting of the SNARES syntaxin $&AP25 and Vamp2, Munc18
and complexin was identified in the analyzed fractions. All proteins eXoephe v-SNAREs Vampl and Vamp2
were enriched in the docked vesicle fraction.

3.2.4 Transporter, channel proteins and receptors

The presynaptic membrane contains an extensive array of moleculesahava@ved in the
signaling process across the synapse. Here we showed that theestreft¢the plasma mem-
brane purified with the docked vesicles contain a number of transporidrsrennels that
are involved in calcium homeostasis, modulation of synaptic strength, pH mantterand
neurotransmitter clearance at the nerve terminal.



50 Results

Transporter, channel proteins, receptors

Gl number Gene symbol Name # iTRAQ std
ratio

gi|31542335 Cacna2dl calcium channel, voltage-dependent, a2/8 subunit 1 2 SPM

gi|6978583 Cacnb3 calcium channel, voltage-dependent, 3 3 subunit 2 SPM

gi| 16758108 Henl hyperpolarization-activated cyclic nucleotide-gated 2 SPM

potassium channel 1
gi| 13929184 Kcnmal potassium large conductance calcium-activated 2 SPM
channel, subfamily M, alpha member 1

gi|155369700  TIr8 toll-like receptor 8 2 SPM

gi| 6981558 Slc9al sodium/hydrogen exchanger Nhel 2 SPM

gi|62644838 Slc27a4 fatty acid transporter, member 4 3 SPM

gi|157817045  Clcn6 chloride channel 6 2 SPM

gi| 13242269 Slc6al GABA transporter protein 2 SPM

gi|9507115 Slcla3 EAAT1 2 SPM

gi| 78126161 Slcla2 EAAT2 2 89 1.9

gi|148747253  Atplbl Na+/K+ -ATPase beta 1 subunit 3 84 1.2

gi| 6978543 Atplal Na+/K+ -ATPase alpha 1 subunit 3 7.8 0.7

gi|6978547 Atpla3 Na+/K+ -ATPase alpha 3 subunit 3 73 0.6

gi| 55925610 Itprl inositol 1,4,5-triphosphate receptor, type 1 3 6.9 1.0

gi| 16758008 Atp2bl plasma membrane calcium ATPase 1 3 63 2.8

gi|6978557 Atp2b2 plasma membrane calcium ATPase 2 2 6.2 3.9

gi| 148747140 Slc2a3 glucose transporter GLUT3 2 47 03

gi| 17530967 Slc8a2 sodium/calcium exchanger Ncx2 3 46 1.1

gi| 19705463 Slc12a5 Neuronal potassium-chloride transporter 3 42 1.2

gi|47576439 OIr1589 olfactory receptor Olr1589 2 2.1

Table 3.4: The docked vesicle fraction contains transporters and channels grtt@inare involved in calcium
homeostasis, modulation of synaptic strength, pH maintenance andmaesroitter clearance at the nerve terminal.

\oltage-gated calcium channels initiate the release of neurotransmitterspmefiymaptic
nerve terminal. Mainly N-type and P/Q-type calcium channels are respefisitpresynaptic
calcium influx at conventional synapses. Calcium channels are coohpbagoreformingx1
subunit that determines the pharmacological classification, and four destixiliary subunits:
an intracellulars-subunit, a disulfide linked complex @f26 and a~-subunit. In this work,
the subunits3 anda26 were detected, but not the transmembratesubunit. This made it
impossible to distinguish between L-, N- and P/Q-type calcium channels.

Second, calcium-dependent potassium channels (also known as BKetflamodulate
synaptic transmission by altering the duration of presynaptic action pote(i& [The BK
channel Kcnmal which localizes at presynaptic terminals|[183, 184] veasifi¢d in this
analysis as well as the hyperpolarization-activated cyclic nucleotidelgatassium channel
(HCN1). HCNL1 recently was reported to be present at active zonasyohmetric synapses
[185].
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Importantly, calcium has to be actively removed from the cell after neliexwtation.
Both of the calcium clearance systems were enriched in our docked vésict®n. The
plasma membran@a?* — ATPase (PMCA) and the plasma membraNe* /Ca?* exchanger
(NCX) exchanger extrude calcium from the cell and have been pralyioeported to enrich in
synaptic plasma membrane preparations. In fact, PMCA is known to clusteatotransmitter
release sites [186].

In addition to the calcium and calcium-dependent machinery, presynaphimtds require
a pH regulatory system to control intra- and extracellular pH-changese, Hve identified
the sodium/hydrogen exchanger NHE1. NHE1 remd¥ésfrom synaptosomes$ [187] and its
inhibition changes neurotransmitter release in dissociated hippocampaha¢L88].

Finally, also components of the neurotransmitter recycling machinery wearelfm the
SPM fraction. GAT1 is the predominant transporter responsible for thiptake of GABA
from the synaptic cleft, and is localized on presynaptic terminals of GABAendpibitory
neurons|[189]. Furthermore, the sodium-dependent glutamate tréersBAAT1 and EAAT2
were detected. Although these transporters are mainly distributed on gBat@lamembranes
[19Q], these transporters are also detected in synaptosomes and @ppeactly associate
with theNat /KT ATPase [191].

3.2.5 Adhesion and cell surface molecules

Synaptosomes were treated with proteases during the purification prese#tsng in a di-
gestion of proteins on the surface of the plasma membrane. This makes ttificatim of
adhesion and cell surface molecules difficult and possibly incompleteertieless, cell ad-
hesion molecules usually contain an intracellular domain that is expected toteetpd from
proteases. Therefore, several known plasma membrane proteindreasicem molecules bridg-
ing the synaptic cleft were found in the docked vesicle fractions (see3dble

Proteins involved in neurite formation and neuronal morphology were teete®he neu-
ronal Growth-Associated Protein 43 (GAP43) plays a role in neuraanadldpment [192] and
is one of the most abundant proteins in growth cones|[193]. Glycopsodba and M6b
are related proteolipid proteins. M6a is an axonal component of glutarnatergrons with
a suggested role in neurite outgrowth and stress respbonsel[194, AB%].Thy-1 enriches
in synaptosomes [196] and modulates neurite outgrowth, but it additiongjlyres calcium
influx through both N- and L-type calcium channels [197].

Among the identified synaptic adhesion molecules were NCAM , NeurexinM)E Aeu-
roplastin, sirpa and CD47. The latter finding is consistent with sirpa havidean orga-
nizing the clustering vesicles mediated by its interaction with CD471[198]. Alth@ygaptic
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Adhesion and cell surface molecules

Gl number Gene Name # iTRAQ  std
symbol ratio
gi|14091742 Cntnapl Neurexin 4 2 SPM
gi|157817081  Ctnna2  catenin alpha 2 2 SPM
gi| 157820047 Ctnndl  catenin delta 1 2 SPM
gi| 109464562 Ctnnd2 Neurojungin 3 SPM
gi|109478967 Crim1 Cysteine-rich motor neuron 1 protein 2 SPM
gi|30017437 Gpmé6a glycoprotein méa 3 SPM
gi|20301986 Gpm6b  glycoprotein méb 2 SPM
gi| 8850221 Hpca hippocalcin 2 SPM
gi|157817019  Pkp4 plakophilin 4 2 9.7 1.1
gi| 8393415 Gap43 growth associated protein 43 3 89 13
gi|46048609 Ctnnb1 catenin beta 1 3 84 34
gi| 13928706 Ncam1l neural cell adhesion molecule 1 2 79 0.7
gi| 114052921 Cadm3 cell adhesion molecule 3 2 70 0.1
gi|9506469 Cd47 Cd47 molecule 2 6.7 20
gi|9507073 Nptn neuroplastin 3 58 0.2
gi|31543529 Sirpa signal-regulatory protein alpha 2 53 0.6
gi|61557326 Reep6 receptor accessory protein 6 3 4.8 0.6
gi| 8393864 Hpcall hippocalcin-like 1 3 43 0.1
gi| 6981654 Thyl Thy-1 cell surface antigen 3 39 03

Table 3.5: Identification of synaptic plasma membrane proteins involved in neuritediion and neuronal mor-
phology (GAP43, M6a/b, Thy-1) and adhesion molecules (NCAM, Bear CAM3, neuroplastin, sirpa and
CDA47).

N-cadherins could not be identified, its intracellular binding partaerand 5-catenins were
present. a-catenin directly binds to the filamentous actin, linking the adhesion complex of
Cadherin/catenins to the actin cytoskeleton [199].

3.2.6 Endocytosis related proteins

Because exocytotic and endocytic sites are suggested to be in close praadirthiey plasma
membrane, the discovery of proteins belonging to endocytic pathways etasurprising.

However, proteins involved in clathrin-mediated endocytosis are notraaim the docked
vesicle fraction, except for clathrin itself (iTRAQ ratio 5[8)13.6. Componeaftthe AP2-

complex and endophilin were equally distributed in both fractions. This indicihit® the

free vesicle fraction is a mixture of the reserve and recycling pool dthess Presumably
only uncoated or partially uncoated vesicles could be immunoisolated with andytigainst
synaptophysin. This would explain the enrichment of clathrin in the doc&sidhe fraction but
not in free vesicle immunoisolates. However, a 1:1 ratio for endophilin wgsising, because
endophilin is suggested to function at endocytotic retrieval sites, presym@sia membrane
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bending molecule. But in line with our data, a recent study could show tlsaitdeacting at
the plasma membrane, the majority of endophilin is targeted to the SVI(pool [200].

Interestingly, proteins of clathrin-independent flotillin endocytotic pathwese also iden-
tified. Flotillin 1/2 oligomerizes in distinct membrane microdomains [201], but haes lni-
tially described as regeneration molecules in axons of goldfish retinaligargglls [202].
Related to this, flotillin microdomains have been reported to associate with T$gelséction
adhesion and cell surface molecules) suggesting a role of flotillin/Thy-&umnite outgrowth
and axon regeneration [203].

Endocytosis related proteins

Gl number Gene symbol Name # iTRAQ std
ratio

gi| 158636004 Flotl flotillin 1 3 SPM

gi|13929186 Flot2 flotillin 2 3 SPM

gi| 9506497 Cltc clathrin, heavy chain (Hc) 3 58 1.6
gi| 13928818 Ptprn2 protein tyrosine phosphatase (Phogrin) 3 20 0.6
gi|57527421 Sh3glb2 endophilin B2 3 14 1.0
gi| 18034787 Ap2bl adaptor-related protein complex 2, beta 1 subunit 3 08 0.2
gi|157823677  Ap2al adaptor-related protein complex 2, alpha 1 subunit 3 0.7 0.1
gi|162138932  Ap2a2 adaptor-related protein complex 2, alpha 2 subunit 3 0.7 0.1
gi| 16758938 Ap2m1l adaptor-related protein complex 2, mu 1 subunit 3 06 0.0
gi|56961624 Ap2sl adaptor-related protein complex 2, sigma 1 subunit 3 06 0.1

Table 3.6: Components of the clathrin-dependent and the flotillin-dependent giicipathway could be identified,
but only flotillins are enriched in the docked vesicle fraction.

3.2.7 Cytoskeletal and associated proteins

Cytoskeletal elements are essential for synapse morphology, stabilizéthereative zone and
vesicular transport in neurons. Also the high morphological plasticity ofyinapse requires
a dynamic cytoskeleton. Consequently, we identified a wide range of ejttakcomponents,
which are known to play a role in the synapse.

Actin and its motor protein myosin were detected. Actin is a major structural compone
of active zones, where it recruits vesicles to the docking sites andiaesowith synapsin
[125]. Among the identified myosins, myosin 5 interacts with syntaxinlaia’a -dependent
manner[[204]. Very recently, myosin 5a has been shown to directly iassedth Rab3a in its
active GTP-bound form, implicating a role in the transport of neuronatless[205]. Another
motor protein found in the docked vesicle fraction, myosin 10, has be@oged to have a role



54 Results

in neurite outgrowth [206]. Similarly, the microtubule cytoskeleton and spadifithe kinesin
motor KIF1b is involved in long distance axonal transport of synaptic lepiecursors [207].

Another component of the presynaptic cytomatrix are septins. Septinsgedilamentous
proteins and suggested to be part of the filamentous mesh of the activéhadie observed
by electron microscopy [55]. They might play a role in positioning SVs at tizeazone.
In particular septin5, which is detected here, seems to be crucial for txémpty of SVs
and active zone elements in the priming/docking stagel[208]. Septin5 additibireds to
syntaxinl in the SNARE complex, competing with SNAP25 [209]. Also septin3eistitied in
the docked vesicle fraction, a septin isoform that is exclusively exgddssneurons, enriches
in presynaptic terminals and co-localizes with SV markers|[210].

Furthermore parts of the spectrin-based membrane skeleton were fapectrins and the
associated ankyrins interact with with membrane channels and adhesiorules]eccluding
theNat /K* ATPase [211], the sodium-calcium exchanger NOX[212], and cadhefins][213

3.2.8 Signaling molecules

Signaling at the synapse is very complex and only poorly understoodiefbine, a detailed
analysis of the identified signalling proteins was not performed. Nevestheteny G-proteins
(guanine nucleotide binding-proteins) were found in the docked vesmttidn. G-proteins,
especially Gnag and Gnao, are involved in modulating neurotransmitteredfeageview see
[214]).

Not surprisingly, also 14-3-3 proteins are present in this fraction asdbeprise about
1% of the total soluble brain proteins. They are involved in many signalingegs®s, but in
the context of synaptic vesicle docking it is worthwhile mentioning that theg baen shown
to interact with Rim[[215] and presynaptic calcium channels[[216].

Also CaMKII was detected in our proteomic analysis. CaMKIl is a large coxplich
a well established role in postsynaptic signalling, but is also present ignaesc terminals
[217], associates with vesicles [218] and may have a role in modulatingsyisérength and
plasticity. Interestingly, irC. elegangresynaptic CaMKIl activates BK channels at the neuro-
muscular junction [219].
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Cytoskeletal and associated proteins

Gl number Gene symbol  Name # iTRAQ std

ratio
gi| 109472192  Dnahcé dynein, axonemal, heavy chain 6 3 SPM
gi| 109488370  Dnah2 dynein, axonemal, heavy chain 2 3 SPM
gi| 13591902 Actnl actinin, alpha 1 2 SPM
gi|29789307 Kiflb kinesin family member 1B 2 SPM
gi|13928704 Myh10 myosin, heavy chain 10, non-muscle 3 SPM
gi|6981236 Myh9 myosin, heavy chain 9, non-muscle 3 SPM
gi|72255527 Stoml2 stomatin (Epb7.2)-like 2 3 SPM
gi|109474612 Rpl Oxygen-regulated protein 1 2 SPM
gi|6981696 utrn utrophin 2 SPM
gi|157817598  Invs inversin 3 SPM
gi| 109467596  Ank2 ankyrin 2, neuronal 2 SPM
gi|9507085 Sept3 neuronal-specific septin-3 2 SPM
gi| 16758016 Dynll1 dynein, cytoplasmic, light peptide 3 9.9
gi|31543764 Sptanl spectrin alpha chain, brain 3 7.3 0.0
gi|61557085 Sptbn1l spectrin beta chain, brain 1 2 6.1 2.0
gi| 13592133 Actb actin, beta 3 5.2 2.4
gi| 13540714 Plec plectin 1 3 5.0 1.6
gi|90577179 Sept5 septin 5 3 4.7 1.3
gi|157819689  Sept8 septin 8 3 4.5 1.3
gi|57164143 Actr2 ARP2 actin-related protein 2 homolog 2 4.0 1.4
gi|9506371 Actal actin, alpha 1, skeletal muscle 2 3.7 0.8
gi|166091429  Sept7 septin 7 isoform a 2 3.6 0.4
gi| 109464350  Kif2 Kinesin-like protein KIF2 2 33 1.2
gi| 11560133 Tubala tubulin, alpha 1A 3 33 3.0
gi|47058982 Septb spectrin, beta, erythrocytic 2 3.2 3.2
gi|112984124  Tubalb tubulin, alpha 1B 3 31 2.6
gi| 11559935 Myo5a myosin Va 2 2.7 0.2
gi|158262004  Tubb4 tubulin, beta 4 3 2.1 0.9
gi| 27465535 Tubb5 tubulin, beta 5 3 2.1 1.0
gi| 145966774  Tubb3 tubulin, beta 3 3 1.9 1.0
gi|55741524 Tubada tubulin, alpha 4A 2 1.7 0.8
gi|109495859  Dnah10 dynein, axonemal, heavy polypeptide 10 3 1.2 1.0
gi|164698508  Sept9 septin 9 isoform 2 3 1.0 0.4
gi|109508026  Sntb2 Beta-2-syntrophin (Syntrophin 3) 2 1.0 0.2
gi| 148491097 Dynclhl cytoplasmic dynein 1 heavy chain 1 2 0.9 0.4
gi| 188595680  Sphkap A-kinase anchor protein SPHKAP 2 0.9 0.1
gi| 109480041 RGD1308350 similar to hypothetical protein MGC13251 3 0.7 0.1

Table 3.7: Components of the actin and microtubule cytoskeleton, septins and spkatkiyrins are present in the
docked vesicle fraction.
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Signaling molecules

Gl number Gene symbol Name # iTRAQ std
ratio
gi|109475021 Cdk5rap2 CDKS5 regulatory subunit associated protein 2 2 SPM
gi| 13592021 Pde2a phosphodiesterase 2A, cGMP-stimulated isoform 2 2 SPM
gi|155369271 Prkaca protein kinase, cAMP-dependent, catalytic, alpha 2 SPM
gi| 8394267 Shh sonic hedgehog 2 SPM
gi|157822659  Riok3 RIO kinase 3 2 SPM
gi|132626321 Slk STE20-like kinase 2 SPM
gi|6981712 Ywhaqg 14-3-3 theta 2 SPM
gi|25742825 Pidk phosphatidylinositol 4-kinase a 2 SPM
gi| 157818451 Arl8a ADP-ribosylation factor-like 8A 2 SPM
gi|109507443 Gnal Guanine nucleotide-binding protein G(olf), alpha 2 SPM
gi| 13592039 Rala v-ral simian leukemia viral oncogene homolog A 2 SPM
gi| 157821177  Trio triple functional domain (PTPRF interacting) 3 SPM
gi| 109458044 Nlrp12 NACHT, LRR and PYD domains-containing protein 12 2 SPM
gi| 13591957 Gnaq guanine nucleotide binding protein, alpha q 2 SPM
gi|9507061 Pcskl Neuroendocrine convertase 1 3 SPM
gi|9506737 Gnas GNAS complex locus gnasl-a 2 SPM
gi| 157820415 Rasall RAS protein activator like 1 (GAP1 like) 3 9.0 0.8
gi|19424316 Camkg calcium/calmodulin-dependent protein kinase Il y 3 8.2 1.7
gi| 148747524 Gnbl guanine nucleotide-binding protein, beta-1 subunit 3 8.0 15
gi| 108796657 Camkb calcium/calmodulin-dependent protein kinase Il 3 3 79 1.0
gi|29789261 Gnb2 guanine nucleotide-binding protein, beta 2 2 75 1.7
gi|6978593 Camka calcium/calmodulin-dependent protein kinase Il o 3 73 16
gi| 8394152 Gnaol GTP-binding protein alpha o 3 6.7 1.8
gi|6980962 Gnail guanine nucleotide binding protein a inhibiting 1 2 6.7 0.9
gi|6978595 Camkd calcium/calmodulin-dependent protein kinase Il & 2 6.1 2.3
gi|19173774 Rap2b RAP2B 2 57 0.7
gi|62990183 Ywhaz 14-3-3 zeta 2 49 04
gi| 12408298 Dpp6 dipeptidylpeptidase 6 2 45 0.2
gi|6981400 Prkcg protein kinase C, gamma 2 27 0.1
gi| 109464256 Cmya5 Myospyn 3 1.2 0.6
gi|42476092 Gpsl G protein pathway suppressor 1 2 1.1 0.0
gi| 109487963 Dock?2 dedicator of cyto-kinesis 2 3 08 0.2

Table 3.8: Signaling at the active zone includes G-proteins, members of the 1f#8i and CaMKIl.
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3.2.9 Unknown proteins

More than 30 unknown proteins were identified by our analysis of theattbegsicle fraction.
These proteins are predicted to be mostly transmembrane proteins andthevareunknown
function or localization. Some are indeed novel proteins. Considering themoount of
contaminations and the specificity of the proteins described above, theectiat many of
these proteins are in fact associated with the presynaptic membrane ishigther

Hypothetical proteins and transmembrane proteins with unknown function or

localisation
Gl number Gene symbol  Name # iTRAQ std
ratio
gi|157822793 Ccdc109a coiled-coil domain containing 109A 3 SPM
gi|56090369 Tmx2 thioredoxin-related transmembrane protein 2 2 SPM
8i|109484624 LOC683941 transmembrane protease, serine 4 3 SPM
gi|62651891 RGD1309995 (CG13957-PA 2 SPM
8i162660468 Wdr19 WD repeat-containing protein 19 2 SPM
gi|62718819 LOC501488 rCG41835-like 2 SPM
gi|157819311 RGD1308226 hypothetical protein LOC296968 2 SPM
8i|56605740 Wdfyl WD repeat and FYVE domain containing 1 2 SPM
gi|109478621  Setd3 SET domain containing 3 2 SPM
8i|109492012 Prp2l1 proline-rich protein isoform 1 2 SPM
gi|109461608 LOC687472 rCG54054-like 2 SPM
gi|62078483 OCIAD1 OCIA domain containing 1 2 SPM
gi|62079059 Cendl BM88 antigen 3 SPM
gi|157822273  RGD1309188 hypothetical protein LOC315463 3 SPM
gi|62079015 RGD1309676 hypothetical protein LOC361118 2 SPM
gi|157821195 LOC362419 hypothetical protein LOC362419 2 SPM
gi|157821401 LOC683512 hypothetical protein LOC683512 3 SPM
8i|158262028 RGD1302996 hypothetical protein MGC15854 3 SPM
gi|68342019 Lrrcl7 leucine rich repeat containing 17 2 SPM
gi|109499872  Fam193a Hypothetical protein 2 SPM
gi|109510841  ApoO hypothetical protein Apolipoprotein O 3 SPM
gi|109512114 RGD1562521 Similar to Ppnx 2 SPM
gi|71361663 Faml62a family with sequence similarity 162, member A 3 84 5.7
gi|157819829 RGD1565496 hypothetical protein LOC300783 2 4.8
gi|109481310 LOC681219 hypothetical protein LOC681219 2 4.8
gi|66730294 Abhd12 abhydrolase domain containing 12 2 44 25
8i162641302 RGD1564195 similar to hypothetical protein 2 3.7 0.1
gi|109473862  LOC686590 1Q motif and Sec7 domain 1 isoform 2 3 35 14
gi|51948472 Tmem30a transmembrane protein 30A 3 26 0.6
gi|61557143 Scrn3 secernin 3 2 2.2
gi|62078999 Traf3ip3 TRAF3 interacting protein 3 2 1.3
gi|67846010 Rogdi rogdi homolog 2 1.2 05
gi|189011652  Tmprssl3 transmembrane protease, serine 13 3 1.1 01
gi|56605828 Trappc3 trafficking protein particle complex 3 3 06 0.1
8i|109483746 RGD1307365 protein QN1 homolog 3 05 0.2
gi| 157786666 RGD1560058 hypothetical protein LOC287559 3 05 03
8i|109464586 Lrrecl leucine rich repeat and coiled-coil containing 1 3 03 0.1

Table 3.9: Proteins identified with unknown function or localization. Some of them avelnpredicted proteins.
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Figure 3.10: Schematic overview of the identified proteins. Proteins were arrangemtdieg to their function and interaction partners. Note, that cytoskeletal
components were only indicated to avoid overcrowding of the illustration.
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3.3 Effect of the Rab GTPase modulator GDI on synaptic vesicle
docking

The access to a defined docked vesicle fraction presents an excablestioinvestigate changes
in the presynaptic proteome in response to different treatments. We décideel this fraction
to investigate the effect of the Rab effector GDP dissociation inhibitor (6Bhe organiza-
tion of the presynapse. Rab GTPases are molecular switches, they etweteeh a GTP-bound
active state and a GDP-bound inactive state. In the GTP-bound statgr&®ams are local-
ized to their target membrane, mediating membrane attachment and specifyinglinkaa
membrane fusion reactions. They are bound to synaptic vesicles and babstantial role in
neuronal exocytosis [20]. For instance, Rab3 dissociates fronpgneesicles after stimula-
tion [149]. A removal of Rab3 from synaptic vesicles can also be indbge@DI. In general,
GDiI retrieves GDP-bound inactive Rabs from the membrane upon GiRlggis and forms
a soluble cytosolic complex until Rab proteins are actived again and rettaitee membrane
[220,[221]. Interestingly, Rab3 proteins can assemble into tripartite coagpleixh Rim and
Muncl3 that have been postulated to tether synaptic vesicles to the actzé¢6). Indeed,
reduced synaptic vesicle docking is observed in Rab3 mutant mice [28%}.aglegand79].
In this context, it was examined, whether a GDI-induced extraction of Rab3the SV has
an effect of vesicle attachment to the plasma membrane or of the protein dborpasthe
active zone.

3.3.1 Removal of Rab3 from the vesicle membrane does not alteesicle attach-
ment to the plasma membrane

The GDI dissociation protocol was adapted from [170]. Briefly, sampie® incubated for
30 minutes aB7 °C with purified GDI [0.5uM] in the presence of excess GDP or the non-
hydrolytic GTP analogon GT5 [0.5 mM]. GTP/S locks Rab3 in the active membrane-bound
state and thus prevents membrane extraction by GDI. A His-tagged vers®Dldrom rat
species was recombinantly expressed and purified accordihg to [@E8]can be introduced
at two stages in the established purification procedure (se€ Fig. 3.11d\jodim possibilities
were examined.

The earliest possible step at which GDI incubation could be applied is gftaptosomal
lysis prior to the gradient centrifugation step. Following treatment, the fragti@me collected
and the migration pattern of docked and free vesicles compared by WekierAs seen in Fig.
[3.11 B, no change in the distribution of the vesicle marker synaptobrevirohserved even
though GDI/GDP dependent Rab3 removal was successful. Samplesitvegh GDI/GDP
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showed two vesicle populations in the same fractions and in the same intensityrested
samples or samples incubated with GDI/G/BPor only GDP. Thus, despite the removal of
Rab3 from the membrane, GDI incubation appears to have no effect cattd@hment of
vesicles in this fraction. Clearly, a significant reduction in docked vesiakefiypothesized,
was not seen.
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Figure 3.11: (A) Schematic overview of GDI experiments. GDI was added to lysedsyisomes or directly to

the docked vesicle fraction. (B) GDI/GDP, GDI/G¥8, GDP were added to lysed synaptosomes. Samples were
incubated for 30 minutes &f °C, followed by a sucrose gradient centrifugation step as in[Eig. 3.1. Wvelsket
analysis of gradient fractions showed that Rab3 was removed efficieom the SPM, but GDI did not alter the
migration of docked vesicles.

The next plausible step to add GDI is the docked vesicle fraction. SPMdnacfrom
the gradient were incubated with GDI and GDP, or GEPfollowed by the immunoisolation
of synaptic vesicles. If synaptic vesicles are released from the plasmararemthe im-
munoisolates should be devoid of or be reduced in synaptic membrane cemgohs before,
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Rab3 was efficiently extracted from the membranes, but the immunoisolatesoat#iireed
the plasma membrane marken™ /K™ ATPase and components of the active zone (see Fig.
[3.12 A). Thus, synaptic membranes appear to remain attached to SVs. Desgtesence of
changes when selected proteins were analyzed after GDI treatmensikilggsemains that
only a release of few synaptic vesicles has occured that could notdeied with this method.
Few attached vesicle could remain sufficient to immunoisolate the complete daiteng

To investigate smaller changes in vesicle release, we examined vesicleglbgkioata-
tion assay and analyzed if a floatation of released synaptic vesicleshasdafter treatment
with GDI/GDP or GDP. Following GDI incubation, samples were overlaid with Ecah-
tinuous sucrose density gradient [SPM, 0.7 M, 0.32 M sucrose] andfaged for 3 hours.
Fractions were collected and analyzed by Western blotting. The distributitive anaterial
showed no difference between GDI/GDP and GDP treated samples. ltréatibhd and control
samples a minor floatation of membranous material was detected at the 0.7MesSél
interface. However, these likely do not respond to released synagiie&since parts of the
plasma membrane were still present evidenced by the presencedf th& ™ ATPase. More
likely this membranous material may represent a less dense portion of dogiegatic vesicles
(Fig.[3.12 B).

This flotation assay has been systematically changed to improve the sepafdatierma-
terial, parameters e.g. different sucrose densities, sample densitieage snditions were
tested. However, neither reducing the sucrose density overlaying ii@esaor diluting the
sample itself showed any effect in the distribution in the detected signal aejpsgnmarker
proteins (data not shown). Changes in the GDI assay, such as adttinge-incubation with
nucleotides or varying incubation time and temperature did not influence sesw&ul vesicle
docking, suggesting that under all conditions, synaptic vesicles remathadtdo the plasma
membrane. Thus, at the stage where vesicle are already docked, Redii@en does not
influence the adherence to the membrane.
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Figure 3.12: (A) Immunoisolation of a docked vesicle fraction after treatment with pdi@DI for 30 minutes at
37 °C. Western blot analysis showed that in the GDI/GDP treated docked vesictmh, immunoisolated synaptic
vesicles are devoid of Rab3 but appear to remain attached to the plagnizrame. (B) Floatation assay of GDI
treated docked vesicles. Following GDI treatment, samples were subjectisicontinuous floatation gradient
centrifugation. Fractions were collected and analyzed by Western blohbkéeous material was detected at the
0.7 M sucrose interface in all samples, but GDI-dependent vesielesefrom the membrane was not observed.
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3.3.2 GDltreatment does not remodel the protein compositio of the active zone

Rab3 null mutants ilD. melanogasterexhibit defetcs in the distribution of active zone compo-
nents. This indicated that that Rab3 plays and important role in regulatingdtesmpcomposi-
tion at vesicle release sités [224]. To determine whether removal of RaG®btreatment
also induced a change in already assembled mammalian active zones, weddecldok
at changes in the GDI treated samples using iTRAQ analyses. Similar to theyzrele-
scribed comparison of docked and free vesicle (see sdctibn 3.2), immolatessof untreated,
GDI/GDP, GDI/GTP/S and GDP incubated SPM fractions were labeled in parallel, combined,
purified, and analyzed. Because direct comparison is limited to two samples thith TRAQ
analysis, all modified samples were compared to the untreated immunoisolaiedento dis-
play enrichment and de-enrichment, a log2 scale was used in the Y-atkessgrBphs to allow
changes in ratios to be easily compared. With this, evenly distributed protemsahvalue of
zero, a two-fold change is illustrated as a value of one and was set astibff calue in this
experiments.

In line with the previous Western blot analyses, addition of recombinant I&DlIo a
significant decrease in the amount of Rab proteins detected in the peesieaxcess GDP.
Among the group of Rab proteins, members of the Rab3 family showed theshigtukeiction
as exemplified by log2 = 1.5 which is equal to a 3-fold reduction. As an indicatiche
specificity of the assay, no changes were observed in the levels of RRa®27, a recently
identified member of the exocytotic Rabs is known to be resistant to GDI-membraraction
[21]. Strikingly, except for the Rab proteins and GDI, no other compbakthe docked vesicle
fraction was significantly altered (Fig._3113 C).

Importantly, treatment with GDP alone or GDI in combination with the inextractalb8Ra
GTPyS, also did not change the proteome of the docked vesicle fraction. InDifeaBbne
negative control, none of the over 500 identified proteins were signifjceeduced or en-
riched compared to untreated symaples. Samples treated with GDj&&#hibited only an
enrichment of GDI among all detected proteins. These data indicate thatakoh&®ab3 does
not remodel the active zone at an assembled stage. More importantly,|sbeyeanonstrate
that the fraction (or the protocol) can be used to investigate other manipulatiaisanges in
the presynapse.
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Figure 3.13: Following incubation with GDI/GDP, GDI/GT4S or GDP, SPM fractions were immunoisolated and
analyzed by ITRAQ analysis as[in B.2. Peptides were labeled with iTRAGeMt8114-117 and ratios generated as
treated/untreated sample. Data are illustrated on a log2 scale. A valuewdi8 ad.:1 ratio showing that no change
had occured. (A) Incubation only with GDP did not result in any chaimgése proteome of the docking sites. (B)
When retaining Rab3 in its membrane bound state with €5,FGDI treatment showed no effect except for an
enrichment of GDI itself. (C) GDI/GDP incubation successfully remoRedb proteins, but no other components
were affected. The levels of Rab27, which is not extractable by GDd,umahanged.
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3.4 JBlis anovel transmembrane protein localized at presynaptic
nerve terminals

As previous mentioned [n 3.2.9, a large number of unknown proteins wesemtrin the docked
vesicle fraction. To facilitate selection of the most interesting candidateipsavere ranked
according to their mRNA expression level in the brain, domains compositiorestedt of
evolutionary conservation. Using this strategy, five proteins were aHosdurther character-
ization. Of the five, one of them, JB1, shows much promise as a novel ihtegraber of the
presynaptic membrane.

3.4.1 Identification and characterization of JB1

JB1 was exclusively found in the SPM (Talple]3.9). Officially named hypimthleprotein
LOC315463 by NCBI, this protein is largely uncharacterized and its functitknown. It is
267 amino acids long and has a predicted molecular weight of 30kDa.

Using the SMART (Simple Modular Architecture Research Tool) progiad?’ [226], a
web-based tool for the study of genetically mobile domains , JB1 was prédztontain a
domain of unknown function (DUF2366) and a transmembrane domain re®-terminus
(Fig. [3.14 A). However, the reliability of the transmembrane domain predictiondgrtain.
The transmembrane helix probability was close to the threshold. Additionbisasausing
other public available computational programs were done to confirm therédransmem-
brane domain. Unfortunately, theses transmembrane prediction anabisesyconflicting re-
sults: The number of identified transmembrane segments varied betweeHMVINR27]), 1
(HMMTOP [228]) and 2 transmembrane helices (DAS [229], TMPRED ywwh.embnet.org]).
A potential transmembrane domain can be supported by sequence eweéthg identified
iTRAQ peptides which exclude the predicted transmembrane segment (s€elBi®). Trans-
membrane sequences seldom contain the positively charged tryptic @estespand are there-
fore rarely detected.

Next, sequences homologous to JB1 were identified using BLAST (Basal IAddignment
Search Tool) . The identified sequences were then aligned using theuprdgCoffee [[230].
As seenin Fig._3.14 B, JB1 is highly conserved among mammals, but orth@ogeako found
in D. rerio, D. melanogasteandC. elegans Even in these model organisms, JB1 function is
unknown.

To investigate JB1 transcript distribution in the brain, we made use of the AllemsM
Brain Atlas, an open interactive, genome-wide image database of geressixm[[2311]. The
online available data are obtained by RNA in situ hybridization of tissuesatkfiom 8-week
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old male mouse brains and are integrated into a detailed digital reference/stlahown in
Fig.[3.14 C, JB1 transcripts were present in the brain with a particularlyléwghof expression
in the hippocampus.

To enable further characterization of JB1, a rabbit polyclonal antibody generated
against recombinant full length JB1 protein. In immunoblots, anti-JB1 antibecbgnised
a single 30 kDa protein band in crude synaptosomes in excellent agrewittetiie predicted
size of JB1 (Fig[.3.15 A). Lysates of HEK293 cells overexpressingla@BP fusion protein
additionally confirmed the specificity of the anti-JB1 antibody. Immunoblots withJB1
and anti-GFP antibody both recognized the fusion protein at approxim&@&pd. Lysates of
untransfected HEK293 cells did not show chemiluminescence indicating #&g ttells don
not express endogenous JB1 (Fig. 8.15 B).

3.4.2 JBlis atransmembrane synaptic protein

To determine if JB1 indeed contains a transmembrane region, we usedlapdatergents
to analyze the behavior of endogenous JB1 following detergent extmacfiBl was com-
pletely extractable from crude synaptosomal membranes by the non-idergeia Triton-X

100, partially soluble with zwitterionic detergent CHAPS and insoluble whextddewith al-

kaline Nas CO3. Alkaline NayCOg releases peripheral membrane proteins by converting
membrane into flat sheets [232]. The solubility pattern of JB1 resembled tjle siansmem-
brane domain-containing SNARE syntaxinlA (Fig._3.15 C). In contrastpthkispanning

transmembrane receptor NR1 remained insoluble in all conditions. Thus,shebes indicate
that JB1 indeed contains a bona fide transmembrane domain.

To determine the expression profile of JB1, multiple tissues were dissectacf6-week
old male wistar rat, homogenized and membrane fractions enriched usingraXritd4 phase
partitioning assay [166]. The highest amounts of JB1 were observeasiim fissues (cortex,
cerebellum, spinal cord), supporting that the main function of this proteintrbigimeuronal
(Fig. [3.1I5 D). JB1 is also present in heart and to a lesser extent in kahrgbpancreas. In-
terestingly JB1 was absent in skeletal muscle tissue, although both candiakedetal muscle
coordinate excitation-contraction coupling. In the pancreas, the antitbeisieted 3 protein
bands at 30 kDa, 35 kDa, and a major band at 50 kDa, respectivedylatder polypeptides
might indicate the existence of different splice variants in pancreas. dodedetection bi-
ases due to sample preparation, tissues were additionally probed foidhéausly expressed
mitochondrial protein SDHA as well as the Golgi SNARE syntaxin6. Thesteprs were
detected in all tissues.

—

he
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A Hypothetical protein LOC315463/ RGD1309188
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Figure 3.14: (A) Hypothetical protein LOC315463 (JB1) has one potential transmanebdomain and a domain
of unknown function (DUF2366). Data were obtained using the onlineS&ART. (B) Amino acid sequences
of JB1. Sequences were deduced from sequence analysis of t&enfmman, zebrafish, fly and worm. Black
lines denote peptides identified by iTRAQ. The green line highlights the pufBivdomain. (C) JB1 transcript
distribution in mouse brain. Strongest expression was observed in thedaimpal CA3 region and in the dentate
gyrus. Data were obtained from the Allen Mouse Brain Atlas (accesiorbruiM178619).



68 Results

Next the subcellular distribution of JB1 was analyzed by Western blotting isIBtrongly
enriched in the synaptosomal fraction P2’ and the presynaptic plasma nresikaetion LP1.
Importantly, it is completely absent from synaptic vesicles (seé¢ Fid.3.15deause in this
experiment synaptosomes were not protease treated, the LP1 fractimomstillned parts of
the postsynaptic density exemplified by the immunoreactivity of PSD95. PSk8bited a
strong co-enrichment with JB1. The SV protein synaptobrevin is diminishibe ibP1 fraction
and highly enriched in the synaptic vesicle fraction. These data agree @ifthRAQ result of
JB1 being only present in the docked vesicle fraction and essentially idsniBil as a novel
synaptic protein. However, attention should be paid to a remaining possibiliglobding a
postsynaptic component. Although the low postsynaptic contamination detedtediTTRAQ
data point to a presynaptic role of JB1, the employed subfractional anadysot sufficient to
completely exclude a postsynaptic localization.

3.4.3 JBlis associated with presynaptic structures

To exclude the possibility that JB1 is a postsynaptic contaminant, the develafiddtion
assay for the removel of postsynaptic components (see séction B.1.%.2ppléed to verify
the indicated presynaptic localization of JB1. Trypsinized and untreateapsysomes were
immunofluorescently labeled with a combination of antibodies against JB1 aagteyagmin
or JB1 and PSD95 and the distribution of the detected signals analyzedfogabmicroscopy.
As shown in Fid 3.16 A, signals observed for JB1 (green) and synaptiria(red) co-localize
extensively in untreated synaptosomes. Linescans drawn acrossitiia pnowed overlapping
signal intensity peaks for both proteins. This co-localization did not ahamdrypsinized
samples. Neither the signal intensity nor the number of puncta observéBIovas affected
as is observed for synaptotagmin. In contrast to this, in the samples ceestaith PSD95,
the extent of co-localization significantly decreased in trypsinized sysaptes. Moreover,
the number of PSD95 puncta was greatly diminished compared to untreat@ot@Esomes
while the amount of observed JB1 puncta appear to stay constant. Lisesdfied that the
remaining JB1 puncta were devoid of any postsynaptic signal.

The immunofluorescent images represented only a small fraction of the tptalapion
of synaptosomes. To analyze the total protein amount in the sample, the satitnf were
additionally compared by Western blotting (FUg._3.16 B). As expected, JBatidegraded
by protease treatment.The detected signal was comparable to untreatetbsymees, whereas
PSD95 levels was reduced significantly upon trypsin digestion.

Finally, we compared the endogenous distribution pattern of JB1 in rat ¢épmaal neu-
rons with synaptotagmin and PSD95. Hippocampal neurons were fixdddvland immuno-
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Figure 3.15: (A) Characterization of antiseren showed that JB1 is present in sys@ap&s. 229 synaptosomes
per lane were resolved by SDS-PAGE and transferred to a nitrocellmesgbrane. Different batches of serum
(1:2000) or affinity purified (1:500) anti-JB1 rabbit polyclonal antibadsre tested for their efficacy to recognise
endogenous JB1. A single protein band corresponding to the predidiedutar weight was detected since the
second bleeding. (B) Immunoblot of untransfected and transfecEx{i2BI3 lysates overexpressing a JB1-GFP
fusion protein. HEK293 cells were transiently transfected and harvaftezd4 h. JB1-GFP was detected with anti-
GFP antibody (left) and anti-JB1 antibody (right). (C) Solubility of JB1 frpalleted synaptic plasma membrane
fractions (LP1). LP1 pellets were resuspended in 1% Tx-100, 1% CH&PLOOMM sodium carbonate pH 11.4
and incubated for 30 minutes 4fC. The remaining insoluble parts were re-pelleted for 30 minutes at 100 000
g. Solubility of JB1 resembled that of syntaxin 1. (D) Expression of JBliffereént tissues. 1 mg of each
tissue homogenate was subjected to membrane extraction with Triton-4¥ritlléqual volumes loaded per lane.
(E) Western blot analysis of subcellular fractions from the rat brainugl®f homogenate (H), nuclear and large
membrane pellet (P1), crude brain cytosol and small organellesg®2)I cell organelles (P3), brain cytosol (S3),
crude synaptosomes (P2’), presynaptic plasma membrane (LRdg synaptic vesicles (LP2), synaptic cytosol
(LS2), (P1) and pure synaptic vesicles (SV) was loaded and prabd@f, a postsynaptic marker JB1 and the SV
protein synaptobrevin. JB1 is strongly enriched in synaptosomes asgnaptic membrane fraction.
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Figure 3.16: (A) Immunofluorescent staining of synaptosomes. Protease treadedghéreated synaptosomes pre-
pared as if_3.1.712 were co-labeled with antibodies directed againggd&dn) and synaptotagmin (red) or JB1
and PSD95. JB1 puncta were resistant to protease treatment. (B) Melsteanalysis of the total protein in the

fraction confirmed that JB1 remains present in shaved synaptosaineseas levels of PSD95 are depleted.
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labeled with antibodies against JB1 and synaptotagmin or PSD95. As sein B.E, JB1

labeling showed a punctate staining in neuronal processes. A closamatin of synaptic

nerve terminals revealed that these puncta partially overlapped with thetsywesicle protein

synaptotagmin (see arrowheads). In contrast to this, no overlap weagatbwith the dendritic
protein PSD95. Moreover, JB1 puncta appeared to be localized justhpmshe postsynaptic
density (see arrowheads).

In summary, the accumulated data agree with the iTRAQ results and demosteat#3th
is a bona fide novel presynaptic protein.



72 Results

Figure 3.17: Hippocampal neurons DIV14 were double labeled with antibodies agi¥isand synaptotagmin or
JB1 and PSD95. Immunostaining for JB1 (green) was observed inomauprocesses. Magnified views (boxed)
revealed a punctate staining for JB1 with a partial colocalization with the signagsicle protein synatotagmin in
contrast to the postsynaptic protein PSD95. Arrowheads highlight edeldistructures.



4 Discussion

4.1 A novel protocol to separate pre- and postsynaptic compart-
ments

As outlined in the introduction, excitatory synapses are characterizecelasdymmetric or-

ganization with a presynaptic nerve terminal containing synaptic vesicleghamtesynaptic

machinery, a synaptic cleft, and a postsynaptic signaling complex called sk&ypaptic den-

sity (PSD). Postsynaptic densities can be isolated from synaptosomesigrmo detergents

that solubilize the presynaptic, but not the postsynaptic specializatioh [TA2se PSD frac-

tions have been characterized extensively by proteomic approaebesling a large number of
proteins that are bona fide postsynaptic proteins ([233,133[ 13h, 28vever, these prepa-
rations are not exclusively postsynaptic as they also contain a numbegsyinaptic proteins
exemplified by the discovery of bassoon|[97].

On the other side, the isolation of presynaptic specializations has beerssédffor years,
but compared to the large number of postsynaptic density constituents, ativglgrfew
presynaptic components have been identified. Core active zone prh&iasheen mainly
found by low-throughput approaches such as yeast-two-hybmgssr Rim[[78], ERCs 1 and
2 [88], CASK [117] and Mint[[120]. These systems are very useftih@ndetection of pairwise
protein interactions, but cannot reveal the global constituents of theymaptic nerve termi-
nal. Thus, it is commonly believed that the molecular composition of the presyrsig is
incompletely characterized. The identification of presynaptic protein coemtsns mainly
limited by difficulties in obtaining a sufficiently active zone-enriched fracticat ik devoid
of postsynaptic contamination. Unfortunately, plasma membrane fractiontebdia density
gradient centrifugation still exhibit intact pre- and postsynaptic adhd&ic2]. Consequently,
no satisfactory and comprehensive characterization of the presypagtgome was previously
available, although a number of proteomic studies have been performatfite gynaptic pro-
tein constituents:

73
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e In 2001 and more comprehensively in 2005, Phillips and co-workestegpha detergent
based isolation of a presynaptic particle fraction [152,] 151]. This pobisdased on
a sequential pH-dependent Triton-X-100 extraction of synaptosoféisst extraction
with 1% Triton-X-100 in Tris pH 6.0 solubilizes the plasma membrane but paired pr
and postsynaptic structures remain in the insoluble pellet. A second extratwith
an elevated pH 8.0 solubilizes only the presynaptic network that is collectecepal-
leted after a dialysis back to pH 6.0. This was the first attempt to separatetympptic-
from the postsynaptic compartment, allowing the identification of proteins firoma
lated presynaptic fraction. Characterizing both fractions using MudRé¢Y,could show
that the presynaptic proteins dynamin, clathrin heavy chain, syntaxinAP38l and
Muncl8 are present in the presynaptic particle fraction, but consialgy bassoon, pic-
colo, Rim and synaptotagmin were exclusively found in the postsynaptittdra Other
known active zone components, e.g. Munc13, ERC2 or Liprins coulden@entified.

o A different approach to obtain the presynaptic fraction, that did notesdda separation
of pre- and postsynaptic compartments, but included an affinity purificatiem of a
docked vesicle fraction was developed by Morciano and co-worke2®» and 2009
[173,[153]. Briefly, synaptosomes were osmotically lysed, synaptic plasemabranes
fractionated by gradient centrifugation an immunoisolated with an antibodyfepker
the synaptic vesicle protein SV2. The analyzed immunoisolates containqutisywesi-
cle proteins, cytoskeletal elements, active zone molecules, plasma membrape-c
nents, mitochondrial proteins and metabolic enzymes. However, activepoteins
were mostly identified by additional Western blotting and some major componeihits suc
as Liprins, CASK and ERC2 remain undetected. Notably, an examination icB&
tamination was omitted.

¢ Using the protocol developed by Philipps and co-workes, Abul-Huah systematically
approached the presynaptic proteome by generating a comprehensifg@tissynaptic
proteins [235] by including known protein interactions derived from liten& mining
and combining them with their own data, the data from Phillips et al.|[151], aod M
ciano et al[[178]. The final "presynaptic core list" of 117 proteins inltotzluded only
proteins identified two or more times in their MS analyses and contained largepsy
tic vesicle proteins, plasma membrane components and cytoskeletal elemeikitsy|str
active zone proteins are completely absent from this list.

Here | have established a novel protocol that permits the immunoisolation ifsginaptic
compartment from proteolytically "shaved" synaptosomes. From this frattieas able to
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generate the first global protein composition of presynaptic docking siieg guantitative
mass spectrometry. Using this strategy, | was able to identify novel comizooktihe presy-
napse and characterize one of them in detail. Additionally, | showed tbegtgdytically treated
synaptosomes/immunoisolated presynaptic AZ fractions can be used to &bdy changes
in their proteome following external manipulations. In the following, the nevcgdare de-
scribed in this work will be compared to the existing studies in relation to sampbeu@igon
and analysis, and data quantity and quality.

4.1.1 Method

Two fundamental problems currently limit the characterization of the prggiyngroteome:
Sample complexity and the dynamic range of the analytes. Due to the large nofrpbateins
and the heterogeneity, proteins in low abundance have a high chaneéngfdbscured by
those of high abundance. Also highly hydrophobic proteins such amelsand transporters
remain challenging, because these proteins cannot be properly soldibitidere consequently
difficult to identify.

By removing the postsynaptic density (whicht itself contains several lkednuhoteins[[133,
135,[234]) is not only important to ascertain presynaptic localization of #ntified proteins,
but is also the most effective step to reduce the complexity of the sample. tldtisgy has
already been adressed by two groups, but a satisfactory separafioe+ @nd postsynaptic
compartments could not be achieved so far:

e The detergent based protocol reported by Philipps and coworkpgesnds on differential
solubilities of the proteins in the sample to achieve separation of both synaptic co
partments[[152]. However, transmembrane proteins and also scaffgditgins like
bassoon, piccolo and Rim have a tendency to be difficult to extract asdcthuld ex-
plain their existence in the detergent resistent postsynaptic pellet [236].

e A detergent-independent approach using a denaturing protocolepasted by Bern-
inghausen et al. By combining urea and DTT to disassemble the connectpe-of
and postsynaptic membranes, they enriched bassoon and piccolo ilyagmtis mem-
brane fraction together with syntaxin, SNAP25 and synaptotagmin whileymagisc
preoteins like NR1, GIuR1 and PSD95 are diminished. They could providdca-c
lated 3.2-fold enrichment, but did not achieve homogeneity of the pre-astdymaptic
membranes [237].

In this study the postsynaptic membrane was almost quantitatively removedyraptosomes
after a protease treatment step. Western blotting and immunofluorescenosaoyr con-
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firmed that trans- and postsynaptic components such as Neuroligin, N&éR1@nd PSD95
were successfully removed while presynaptic components and synapiitevproteins re-
mained intact. | further combined this depletion strategy with an enrichmentesf/paptic
proteins (affinity purification of a docked vesicle fraction). A separatigtih such a high
degree of efficiency has not been achieved before.

However, the novel protocol developed in this study is based on theobrtitecleavage
of the synaptic cleft. Unlike a detergent based strategy, using proteats!s the risk of un-
wanted protein degradation in the presynaptic compartment. Therefotepytic conditions
were carefully tested and optimized to minimize presynaptic protein degradatiostjll pro-
vide sufficient proteolytic activity to cleave the trans-synaptic connectiomsortantly, trypsin
activity could be immediately stopped at the desired time by adding an irrevessitite pro-
tease inhibitor. Furthermore, one need to keep in mind that the elevated t&um@@reubation
at30 °C might cause an increase of endogenous protease reactivity.

In contrast to the other separation strategies, the extracellular domairesghpptic trans-
membrane proteins and adhesion molecules are removed resulting in a paissiéfunction
of these proteins. Therefore studies of these proteins are limited with this dneilddition-
ally, synaptic adhesion molecules have been proposed to have a role irgémézation and
modulation of synaptic structure ([238, 289, 240]). Thus, a possildetadn protein stability
induced by the removal of these proteins cannot be completely excludedevdr, the large
number and identity of the detected proteins did not support a change irote@@ompaosition
as a consequence of protease usage. Even intracellular proteiesfpraiegradation like the
500 kDa protein piccolo or synapsin did not show major degradation aftézgse treatment.
This indicates that the presynaptic proteins inside of the membrane remagnveaks

Despite the successful removal of the postsynaptic density and a sebs@gmunoisola-
tion step, the presynaptic docked vesicle fraction remains a biological cosgigle. Sample
complexity often exceeds the capability of mass spectrometers although auocmstimprove-
ment in accuracy and throughput has taken place. This not only leadk$s & informa-
tion, it can also produce sample bias towards proteins with high abundémecemparison
to other proteomic analyses [153], we additionally employed an upstreatid@dmctiona-
tion by strong cation exchange chromatography (SCX) prior to LC-MS/Wyais. Such a
fractionation increases resolution and minimize ion suppression effectsplayading tryptic
peptides according to charge and hydrophobicity prior to the MS analyéigen analyzing
samples with large amounts and a diverse heterogeneity of proteins, thidhhaghsucceeded
conventional 1D SDS-PAGE protein separation [241], which is often limiyeahbunavoidable
band overlap due to the large protein amounts. Conventional 2D-gelaghotesis, separating
in the first dimension by isoelectric focusing point (IEF) and in the secamdmbsion by mass,
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has major problems resolving hydrophobic proteins [242] and is therdifoited for the use
of membrane proteins [243]. An alternative gel-based 2D-electropfib@eparation method
named BAC/SDS-PAGE has been applied by Morciano et al.l [173]. Th&radgon improves
the resolution of membrane proteins [244, 1245], but might be biased agguh®philic pro-
teins.

The SCX fractionation method has already been proven to be a good ¢bomgmaptic
plasma membrane preparationhs [246]. By doing a comprehensive stuthe anass spec-
trometric side of the analysis of crude synaptic plasma membranes, this drowpds that
a comparable amount of sequencing information could be obtained frdmS%@X fraction
as to the one-dimensional analysis of whole digest sample. This improvetoevechfor an
identification of a large number of proteins that have been underreypeelsia other studies, in
particular active zone components and transmembrane channels [BhlAdbther advantage
of a SCX purification is its ability to remove excess labeling chemicals and othstrates that
possibly interfere with MS analysis.

Finally, unlike previous proteomic studies of the presynapse, | have dppligiantitative
mass spectrometric strategy by using the stable isotope labeling reagent .iPRéCative
quantitation comparing the immunoisolates from the docked vesicle fractiorremddsicles
was done to enrich for presynaptic proteins and distinguish SV proteins.

4.1.2 Presynaptic proteome

What constitutes the proteome of presynaptic preparations? Clearlynpptie signature
molecules and organelles such as synaptic vesicles, active zone cartspand presynap-
tic channels have to be present. For the first time, with this novel protocatpuld identify
almost all active zone proteins and a large number of transmembranesthbgmass spec-
trometric analysis. In addition, synaptic vesicle proteins (SCAMPs, SV2aamutransmitter
transporters) that remained unidentified in the presynaptic particle frg&s@; 151], or were
only detected by Western blotting [153], were identified and quantified in tieipgpation,
providing a comprehensive list of SV proteins.

A good presynaptic proteome needs to be additionally devoid of postsymaptiamina-
tion. As a result of the successful removal of the postsynaptic dengtfintl immunoisolates
only exhibit three remaining proteins exclusively localized to the postsyndetisity among
500 identified proteins. Interestingly, in the immunoisolated docked vesiclemaptosomes
that have not been addressed for PSD removal as dorie by [17]3 PEI3 components were
also not detected by mass spectrometry. But unfortunately, the authonetdiiditionally
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test for postsynaptic contamination as it has been done for the undeteesgdaptic proteins
[153].

In this study we have performed the first correlation profiling of pregtiagroteins con-
tained in the docked synaptic vesicle and free synaptic vesicle fractiongiiRAQ quantifi-
cation. Originally established as a label-free approach to characteribeitien centrosome
[139] or map whole organelle5s [247], protein correlation profiling simplities analysis of
complex samples that can only be enriched by fractionation but not comppetefied to ho-
mogeneity. In our study, this strategy was used to discriminate genuinenppgyproteins
from synaptic vesicle constituents. It assumes that proteins which ar&irea in the synap-
tic vesicle would have the same degree of enrichment, whereas proteih&thim attaching
the SV to the plasma membrane or residing in the presynaptic membrane aret tiwolgie
a different degree of enrichment. Indeed, all detected proteins thatbdeen reported to be
localized to synaptic vesicles [138] were additionally confirmed as suchnmynanrichment
in the iTRAQ ratio.

However, some contaminants may behave biochemically similar and thereforeanay
purify with the docked vesicle fraction. An example could be the persistitectien of mito-
chondria in this study. However, this hypothesis remains debatable and odtwaiiria might
also represent integral components of the active zone. Although the infloorescent images
of the docked vesicle fraction did not show significant overlap betweerchotaria and the
active zone protein piccolo, other studies suggest a direct attachmibiig ofganelle to nerve
terminals via syntaphilin [248, 249]. Syntaphilin was not detected in this shuiyg possible
association at close sites at the plasma membrane but not directly at thezact@/eannot
be excluded. In fact, electron tomography showed evidence for akey¢dal structure that
connects mitochondria to the presynaptic membrane near active zonés J28€ supports
the idea that mitochondrial localization at active zones is essential to rethutatalcium con-
centration and metabolic demand of synaptic transmission.At the neuromugmdaon of
D. melanogasteran additional role for mitochondria in the assembly of the actin cytoskeleton
within presynaptic boutons [251] and mobilization of synaptic vesicle fronmegkerve pool to
the readily releasable podl [252] has been proposed.

In conclusion, the identification and quantification of the presynaptic sigmatolecules
together with a low detection of contaminants proves a high quality for this pap$ig prepa-
ration. As a consequence, the remaining proteins that were identified inigeterest. In
this study we could identify 506 proteins in the docked vesicle fraction. Afrbtraction of
217 mitochondrial localized proteins, 289 proteins remain associated todblgnaptic com-
partment. Strikingly, compared to the existing presynaptic proteomic studieantbent of
detected proteins has doubléed [153] or tripled [151]. A graphicalrg@sm and comparison
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73 236 52 4251

Abul-Husn et al. Boyken etal.

Morciano et al. Boyken et al. Corelist w/o mitochondria
Corelist w/o mitochondria w/o m'mCh‘?”d”a (298 proteins)
(135 proteins) (298 proteins) (99 proteins)

Figure 4.1: A significant overlap between the dataset of Morciano et al., Abul-ltish and the data obtained in
this work was observed. Mitochondrial proteins are substracted fliaiata.

of the data obtained by the different proteomic approaches [153, 2Blbkisated in Fig[4.1l.
An overlap between proteins that were identified in this study was obsersloverlapping
proteins include synaptic vesicle proteins, high abundant plasma membrarcieskend cy-
toskeletal components. A complete list of proteins detected in both appsesh®e found in
the appendix.

Among the proteins that were identified by Morciano et al. but were noteten this
study are dynamin 1/2, SNAR( 3, 7), several Rab proteins (1b, 11, 3D, 5A, 6B, 7A), GTP-
binding proteins (GNA11, GNAI2, GNAZ, GNG3), additional isoforms @f-3-3 (eta and
epsilon) and the plasma membrane calcium ATPase (PMCA3 and PMCAJ).date also in-
clude other adhesion molecules (NCAM2, N-CAM L1, contactin-1, hepdTand cytoskele-
tal components (actin and tubulin). Also the glial protein MBP was found. Silyiltre
presynaptic core list generated by Abul-Husn et al. contained moreginteelated proteins
such as dynamin, clathrin light chain and synaptojanin. This list also incladditional sig-
naling proteins (calmodulin, MAPK, LYN, protein phosphatase 2B, pholipéise C), other
adhesion molecules (LLCAM, contactin 1) and cytoskeletal components 2\Mi@d®inin 2/3,
tropomyosin, tubulin 6) that were not identified in this study. This list also doatethe glial
protein MBP.

What are these 298 proteins? For the first time, this study presents a gielbabn the
molecular architecture of the presynapse. The data proves evidencintiiar to the PSD,
neurotransmitter releasing sites exhibit a number of functionally differeréein groups that
all together form a highly organized network to ensure precise synaptismission. Aside
from the proteins responsible for regulating exocytosis, this includesga fmmmber of cy-
toskelatal elements and proteins involved in the mechanisms of calcium extamiameuro-
transmitter clearance as well as neurite outgrowth. Many of these protiesalready been
reported to be localized to synaptosomes or synaptic plasma membrane fagtather non-
proteomic approaches. For example, the plasma memliratie — ATPase [186] or EAAT1
and EAAT?2 [191] were detected in synaptosomes by Western Blotting. tHowhese prepa-
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rations have contained pre- and postsynaptic compartments. With this stuchnwet only
additionally validate the presence of these proteins by mass spectrometanitether prove
their localization to the presynaptic membrane. However, a dual existerivesaf proteins on
both sides of the synaptic cleft cannot be excluded, because the neg#isynmembrane was
removed in this approach. Although the number of identified proteins coufitbeased to al-
most 300 (500 with mitochondria), some known presynaptic proteins remdérnapresented.
For example presynaptic receptors such as kainate [253, 254] anf2&Fh were not iden-
tified in this study. This lack of identification may have been caused by the tryletiwvage
of molecules exposed to the synaptic cleft, but it also implies that the presypapteome
generated in this study, although being very comprehensive, remainspiete.

4.1.3 Identification of novel proteins

Coming back to the belief that the knowledge of the presynaptic proteome is lifatedany
proteins the detection at presynaptic sites was a novelty. Some of thesagpart already
characterized but have not been assigned to a presynaptic functikimgntikem interesting
candidates that are worthwhile to be investigated in more detail. Strikingly, alse timan
30 novel (predicted) proteins could be identified and enriched amongékgnaptic proteins.
Considering the quality of the preparation, these novel molecules havé alagce of being
true bona fide presynaptic constituents. One of these novel proteimgdeB1, was further
characterized and shown to be localized to presynaptic membranes. Thés ihaknovel
presynaptic protein of unknown function. JB1 shows no resemblancéhén neuronal pro-
teins and apart from a potential transmembrane region does not conyaim@mn domains.
Thus hypothesizing a function in synaptic transmission is difficult withouttmaa@l studies.
Nevertheless, JB1 is conserved and RNAI interferende.@legands embryonic lethal, sug-
gesting this protein plays an important role. A specific expression in exgitissues such
as brain and heart indicates a role in excitatory processes. Interestitlyugh expressed
in cardiac muscle, JB1 could not be detected in skeletal muscle. In cotutrsistletal mus-
cle, cardiac muscles require extracellular calcium for normal excitatiotraction to occur.
But implicating a calcium dependent role for JB1 only based on this is pweutgtion and
needs to be further elucidated. A continuation of the characterization wéfly reveal its
synaptic contribution.

4.1.4 \Versatility/usage of the method

The methods developed so far have been mainly used to identify and locatiaptis pro-
teins. A broader application of these protocols in combination with other tewbsig limited.
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The use of detergents limits many methods. For proteomic applications, thareesaenajor
disadvantages: First, a complete solubilization of all proteins contained irathpls cannot
be guaranteed. The proteomic data obtained by|[237] is indicative of this linmitefiecond,
all detergents interfere with mass spectrometry to some extent when theseaemipat high
concentrations. Triton-X-100 has a low critical micellar concentration (E§266] and thus
cannot be removed by dialysis. This also effects the identification of proteiplexes, be-
cause other detergents can only be used in addition, but not as antaleerngne Phillips
protocol [152] is additionally based on a Tris-buffered system. Thuantiative labeling
strategies that involve reactive amine groups (such as iTRAQ) canragdied. Furthermore
many functions of membrane proteins can only be studied in a lipid bilayer, whpgrturbed
or lost in detergents. Also spectophotometric monitoring can be ineligibly to sateate
because detergents such as Triton-X-100 strongly absorb UV light.

Urea, as used in the denaturing protocol [237], is a chaotropic rettygtrdenatures pro-
teins at high concentrations (4-8 M). Even at low concentrations (1 Mjritperturb protein
structure and alter protein functidn [257]. Due to the heterogeneity ofrthteips in synapto-
somes, the probability that the stability of some proteins is affected is ratherlhigldition
urea causes extensive changes in the behavior of the solvent engmbthat in turn weakens
or disrupts native protein complexes. Repetitive freeze/thaw cycles addifi@ffects protein
stability.

The protocol developed in this study provides the broadest applicatimeraThe use
of trypsin as a protease does not interfere with subsequent massospetcic applications.
The protocol is also compatible with immunofluroscence microscopy. Additigmatiiecular
complexes are retained and can be isolated at a later stage by subsaguanbisolation
strategies. But most important, proteins remain active within the synaptosomddnarge and
can be functionally addressed. This, in combination with the applied iTRAQtdication,
allows to study proteomic changes and protein interactions by targeting sgeoifeins with
effectors that promote or inhibit its function.

4.2 Investigation of proteomewide changes in synaptic vesicle dock-
ing site upon treatment with effectors

An example of this application is shown by the removal of Rab proteins fraraic vesi-
cles by GDI. A hypothesis that Rab3 plays an important role in synapticlgesicruitment
rather than docking has emerged over the years [258]. Although Rale3ahsuggested role in
regulating dense core vesicle dockihgl[16, 15], the precise functi®ab8 in synaptic trans-
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mission is still not fully understood. Rab3 directly interacts with the active zmaéfolding
protein Rim [75] providing a physical link between synaptic vesicles angrdsynaptic active
zone [68]. Additionally, a similar reduction of docked vesicles in Rab3-, RinRab3/Rim-
double mutants irC. elegansvere observed, assuming that this interaction might be crucial
for the tethering of synaptic vesicles [79]. On the other hand, a retey showed that Rab3
directly associates with the tail of the actin motor protein myosin5a. supportivig afrRab3
in the transport of neuronal vesicles rather than the attachment to the plasmiarane [205].
However, as outlined in the introductién 1.J1.1, docking is mainly defined as pholmgical
observation of vesicles located in close proximity to the plasma membrane. Thigrovides
a static picture at a given time point and does not reflect the dynamic acfidaslaed vesicles
that constantly undergo association and dissociation from the plasma meniBs&j. This
is further supported by the relative high amount of synaptic vesicleswasén the docked
vesicle fraction compared to the free vesicle fraction. Such a high nuresiales does not
reflect the morphologically observed low number of vesicles attached tétetbima membrane.

Here, alterations in the docked vesicle fraction were analyzed as aqummee of a GDI
induced removal of Rab proteins from synaptic vesicles. The effeGldftreatment on the
attachment of SVs as well as global changes in the presynaptic protea@reoasequence of
GDI incubation were examined using the iTRAQ based quantitation. In this,saddtion
of recombinant GDI only led to a significant decrease in the amount of Ratkips in the
presence of excess GDP, but synaptic vesicles remained attached tagima pnembrane.
This provides direct evidence that Rab3 is not required for attachingpsic vesicles to the
plasma membrane after docking had taken place. However, docking migib¢ nietermined
by a single protein-protein interaction. In fact, deletion of a large numbgradéins (Muncl8,
Muncl3, Rim [260], synaptotagmin_[47], syntaxin [2]) result in changethe amount of
vesicles attached to the plasma membrane, indicating that docking is possiblyteddua
a series of protein-protein interactions. Thus, Rab3 might only contributiv¢king as a
transient contact between vesicle and active zone, that is followed diticendl factors that
determine the attachment of vesicles to the plasma membrane.

e Muncl8 has been shown to promote dockingvivo [4), [7, (€], possibly mediated by
binding to the "closed" conformation of synatxin[1 [8, 9]. But at this stageritains
elusive if the attached vesicles are only docked or already primed. foherd is also
possible that Muncl18 binds to the "open" synatxin 1, stabilizing the SNAREpaor
complex [261] and thus facilitating SNARE assembly [262,263]. On the uksiside
synaptotagmin seems to be the prime candidate for docking aside from its fuastio
the neuronal calcium sensor. In chromaffin cells, synaptotagmin hassbesvn bind
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to the SNARE acceptor complex, anchoring vesicles and promoting SNASHnddy
[261,(47]. However, docking mechanisms in chromaffin cells might berdiftefrom
neurons, as these cells do not contain many of the active zone proteins.

e The SNARE complex is very stable [264]. Assuming that SNARE proteinslaeady
assembled at this stage (possibly as a consequence of Muncl8), thestioteitself
might be sufficient to keep vesicles attached.

e Cytoskeletal components, in particular the F-actin network, might entragpsgrvesi-
cles in the subplasmalemmal cytoskeleton. Actin dynamics play an important role in in
the presynaptic nerve terminal [265, 266] and interact with the vesicteipreynapsin
[125]. Considering the large number of cytoskeletal components identifitds study,
| assume that the cytoskeletal network persists in the isolated docked Viesatlen.
Apart from a possible direct interaction between the cytoskeleton arapsgrvesicle,
de-attachment of vesicles might just simply be abolished because theseordaielles
get physically entangled in these network.

e It cannot be completely ruled out that the Rab3 mediated effect on doisksndficiently
compensated by Rab27b. These Rab proteins share common|GEFG&2jah@appear
to have overlapping functions in synaptic vesicle exocytosis [21]. Similaabi8BRRab27
has also been shown to influence docking [17, 18], but in contrast b3,R@ab27 is
resistent to GDI-membrane retrieval [21]. Instead, inactive GDP-thdRab27b has
been suggested to persist on membrane as an inactive homadimer [269].

Strikingly, except for the reduction of Rab proteins, the molecular compositidhe active
zone remains constant. Precisely, the amount of more than 500 proteingetigaidentified
were unchanged. Surprisingly, this included the Rab3 interacting protein Rim proteins
are large multi-domain molecules that are proposed to function as centaalizegs interact-
ing with multiple proteins([87, 67, 85]. However, the Rab3-binding site is loedlito the
N-terminus, whereas other parts of Rim mediate different functions. »anple, the central
PDZ domain interacts with calcium channels, localizing them to the active zdhelf8por-
tantly, these domains appear to act autonomausly[270]. Thus, a disragptiba Rab3-Rim-
interaction does not interfere with Rim function in tethering calcium channekléase sites.
This possibly accounts for Rim localization at the active zone. Taken tegetiypothesize
that Rab3 is possibly involved in the first contact of synaptic vesicles witprgynaptic ac-
tive zone via its interaction with Rim and thus might initiate the attachment of vesictbs to
plasma membrane, but it does not restrict the diffusion of these vesitdeslatking.
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4.3 Conclusion and outlook

Proteomic analysis of subcellular compartments have a tremendous potentdb tonler-
standing complex processes such as synaptic transmission. Addressamgehging need to
comprehensively profile the presynaptic proteome, this thesis descréestdblishment and
use of a new proteolytic protocol that can immunoisolate active zones ingladgiep that
efficiently removes the postsynaptic density from synaptosomes. This steijfied more
than 500 proteins in a presynaptic docked vesicle fraction. In addition &ntiire active zone,
synaptic vesicle constituents, previously reported synaptic proteins, nledewrith a hitherto
unidentified synaptic function and novel proteins were detected. Thik &so uncovered a
novel presynaptic protein, JB1. However, its precise function remaibs &ucidated. Ongo-
ing knock-down and over-expression studie®irmelanogasteand rat hippocampal neurons
will hopefully shed some light on its neuronal function. Nevertheless, dtigeged presynaptic
proteome only represents an average molecular composition of all sylgppsen cortical and
hippocampal neurons and cannot distinguish between excitatory andomniynapses.

The established protocol allowed to measure quantitative changes in teenmomposi-
tion at these synapses. As an example, | analyzed the docked vestelerpecdownstream of
Rab3 removal by GDI treatment. Our results prove evidence that Rab3 @t@s not mediate
this attachment. Moreover, Rab3 removal after SV docking does nogetthe protein com-
position of active zones components, suggesting that the main role of Blbi3 targeting
synaptic vesicles to the active zone. The feasibility of this protocol prevadeowerful basis
to further dissect molecular interactions and mechanisms at the presynapczone. For
example, a quantitative comparison of immunoisolated docked vesicles freamgitergic ex-
citatory and GABAergic inhibitory synapses would significantly accountife understanding
of the molecular heterogeneity of central synapses.
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List of identified proteins in the docked and free vesicle fraction

Appendix |

Gl number # identified in  protein name biological biological biological average  standard protein localization/function
biological replicate replicate replicate enrichment deviation
replicates #1 #2 #3
gi| 11693170 3 2-oxoglutarate carrier SPM 4.5 7.5 6.0 2.1 mitochondria
gi| 55742813 3 3-hydroxybutyrate dehydrogenase, type 1 4.3 5.2 9.4 6.3 2.7 mitochondria
gi| 83977457 2 3-hydroxyisobutyrate dehydrogenase SPM SPM SPM mitochondria
gi|20304123 2 3-mercaptopyruvate sulfurtransferase 5.2 7.4 6.3 1.5 mitochondria
gi|189181716 3 3-oxoacid CoA transferase 1 SPM SPM 8.8 SPM mitochondria
gi| 13591900 3 4-aminobutyrate aminotransferase 4.7 7.4 7.0 6.4 1.5 mitochondria
gi|209969744 3 4-nitrophenylphosphatase domain and non-neuronal SNAP25-like protein homolog 1 5.9 7.3 7.9 7.0 1.1 mitochondria
gi|109478763 3 6.8 kDa mitochondrial proteolipid SPM SPM SPM SPM mitochondria
gi| 8392836 3 acetyl-Coenzyme A acetyltransferase 1 8.0 6.8 5.8 6.9 1.1 mitochondria
gi| 40538860 3 aconitase 2, mitochondrial 5.1 4.7 5.4 5.1 0.4 mitochondria
gi| 18543341 3 acyl-CoA synthetase long-chain family member 6 8.3 5.9 2.3 5.5 3.0 mitochondria
gi|62078649 3 acyl-CoA thioesterase 9 SPM 7.8 4.1 5.9 2.6 mitochondria
gi|197313734 2 acyl-Coenzyme A dehydrogenase family, member 9 SPM SPM SPM mitochondria
gi| 6978435 2 acyl-Coenzyme A dehydrogenase, very long chain SPM SPM SPM mitochondria
gi| 188595700 2 acylglycerol kinase 9.3 7.8 8.6 1.1 mitochondria
gi| 58865518 3 aldehyde dehydrogenase 1B1 SPM SPM SPM SPM mitochondria
gi| 109475727 2 aldehyde dehydrogenase 4 family, member A1 SPM 6.7 6.7 mitochondria
gi|34933197 3 Amine oxidase [flavin-containing] A (Monoamine oxidase type A) (MAO-A) 6.3 6.8 6.4 6.5 0.2 mitochondria
gi| 110189667 3 ATP synthase FO subunit 8 4.1 SPM SPM 4.1 mitochondria
gi| 19705465 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit B1 4.5 5.6 2.2 4.1 1.7 mitochondria
gi|9506411 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit d 5.7 2.7 3.6 4.0 1.5 mitochondria
gi| 17978459 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit E 5.7 SPM 4.9 53 0.6 mitochondria
gi| 109495163 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit f, isoform 2 32.7 8.6 SPM SPM mitochondria
gi| 16758388 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit F6 SPM SPM SPM SPM mitochondria
gi|47058994 3 ATP synthase, H+ transporting, mitochondrial FO complex, subunit G SPM SPM 6.0 6.0 mitochondria
gi| 40538742 3 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1 6.1 6.1 7.9 6.7 1.0 mitochondria
gi| 20806153 3 ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit SPM SPM SPM SPM mitochondria
gi| 20806139 3 ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit SPM 5.8 9.3 7.6 2.5 mitochondria
gi|39930503 3 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma subunit 2.9 33 6.7 4.3 2.1 mitochondria
gi| 77917538 2 ATPase family, AAA domain containing 3A SPM SPM SPM mitochondria
gi| 77917528 3 ATPase inhibitory factor 1 4.4 5.6 4.6 4.9 0.6 mitochondria
gi| 47058990 3 ATP-binding cassette, sub-family B, member 7, mitochondrial precursor SPM SPM SPM SPM mitochondria
gi| 157822275 3 AU RNA binding protein/enoyl-Coenzyme A hydratase 9.4 6.1 SPM 7.7 2.3 mitochondria
gi| 56090628 3 BCS1-like SPM SPM SPM SPM mitochondria
gi| 81295385 3 biphenyl hydrolase-like (serine hydrolase) SPM SPM SPM SPM mitochondria
gi|117647218 3 brain protein 44 8.1 4.3 6.6 6.3 2.0 mitochondria
gi]19424244 3 brain protein 44-like SPM 7.1 SPM SPM mitochondria
gi|62646841 3 Calcium-binding mitochondrial carrier protein Aralar2 SPM 2.6 8.7 5.6 4.3 mitochondria
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gi| 157824004 3 CDGSH iron sulfur domain 1 8.4 7.0 5.6 7.0 1.4 mitochondria
gi| 18543177 3 citrate synthase 5.6 7.0 5.9 6.2 0.8 mitochondria
gi| 157817027 3 coiled-coil-helix-coiled-coil-helix domain containing 3 4.4 8.0 5.1 5.8 1.9 mitochondria
gi| 157819769 2 coiled-coil-helix-coiled-coil-helix domain containing 6 SPM 2.0 mitochondria
gi| 48675371 3 complement component 1, g subcomponent binding protein SPM SPM SPM SPM mitochondria
gi| 60678254 3 creatine kinase, mitochondrial 1, ubiquitous 6.9 7.1 6.6 6.9 0.3 mitochondria
gi| 110189675 2 cytochrome b SPM 8.9 8.9 mitochondria
gi|61557037 2 cytochrome b5 reductase 1 SPM SPM SPM mitochondria
gi|20302049 2 cytochrome b5 reductase 3 2.5 7.6 5.1 3.6 mitochondria
gi|110189665 3 cytochrome c oxidase subunit | SPM SPM SPM SPM mitochondria
gi|110189718 3 cytochrome c oxidase subunit Il SPM SPM SPM SPM mitochondria
gi|110189669 3 cytochrome c oxidase subunit Ill SPM SPM SPM SPM mitochondria
gi| 8393180 3 cytochrome c oxidase subunit IV isoform 1 3.0 6.4 1.7 3.7 2.4 mitochondria
gi| 16758362 3 cytochrome c oxidase subunit Vb 2.2 3.2 10.4 5.3 4.5 mitochondria
gi|157821821 3 cytochrome c oxidase subunit Vlla polypeptide 2 like 2.6 SPM 53 4.0 1.9 mitochondria
gi|65301490 3 cytochrome c oxidase subunit Vilb SPM 7.3 7.4 7.3 0.1 mitochondria
gi| 24233541 3 cytochrome c oxidase, subunit Va 1.8 5.1 3.6 3.5 1.7 mitochondria
gi| 77736544 3 cytochrome c oxidase, subunit Vla, polypeptide 1 SPM SPM SPM SPM mitochondria
gi|109465447 3 cytochrome c oxidase, subunit VIb polypeptide 1 6.2 SPM 6.2 mitochondria
gi| 160333459 3 cytochrome c oxidase, subunit Vic SPM 9.6 5.8 7.7 2.7 mitochondria
gi| 11968072 3 cytochrome c oxidase, subunit Vlla 2 SPM SPM SPM SPM mitochondria
gi| 197927439 3 cytochrome c oxidase, subunit Vllc SPM SPM SPM SPM mitochondria
gi|6978725 3 cytochrome c, somatic SPM 5.0 SPM SPM mitochondria
gi| 194473626 3 cytochrome c-1 SPM 4.7 SPM SPM mitochondria
gi|109510612 2 Cytochrome c-type heme lyase (CCHL) (Holocytochrome c-type synthase) 10.4 SPM SPM mitochondria
gi| 19424210 3 dapit protein SPM 7.1 SPM SPM mitochondria
gi| 58865478 3 death associated protein 3 SPM SPM SPM SPM mitochondria
gi| 40786469 3 dihydrolipoamide dehydrogenase 9.8 53 6.8 7.3 2.3 mitochondria
gi| 78365255 3 dihydrolipoamide S-acetyltransferase 7.4 4.5 6.6 6.2 1.5 mitochondria
gi| 195927000 3 dihydrolipoamide S-succinyltransferase SPM 6.9 4.2 5.5 1.9 mitochondria
gi| 57527204 3 electron-transfer-flavoprotein, alpha polypeptide SPM SPM SPM SPM mitochondria
gi| 52138635 2 electron-transferring-flavoprotein dehydrogenase SPM SPM SPM mitochondria
gi|157821933 3 endo/exonuclease (5~-3~), endonuclease G-like precursor SPM SPM SPM SPM mitochondria
gi| 17530977 2 enoyl Coenzyme A hydratase, short chain, 1, mitochondrial 5.6 SPM SPM mitochondria
gi|51948422 2 esl protein 5.8 11.0 8.4 3.7 mitochondria
gi| 157786896 2 fission 1 (mitochondrial outer membrane) homolog SPM 5.1 SPM mitochondria
gi| 16758100 2 fractured callus expressed transcript 1 SPM SPM SPM mitochondria
gi| 158186722 3 fumarate hydratase 1 7.5 8.5 7.2 7.7 0.7 mitochondria
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gi|68163417 2 fumarylacetoacetate hydrolase domain containing 1 SPM SPM SPM mitochondria
gi|62945328 3 glioblastoma amplified sequence SPM 3.7 6.7 5.2 2.1 mitochondria
gi| 6980956 3 glutamate dehydrogenase 1 5.9 35 4.4 4.6 1.2 mitochondria
gi| 6980972 3 glutamate oxaloacetate transaminase 2 8.6 7.1 7.0 7.6 0.9 mitochondria
gi| 158303294 3 glutaminase isoform a 7.1 4.1 6.3 5.8 1.5 mitochondria
gi| 6980978 3 glycerol-3-phosphate dehydrogenase 2 7.5 3.9 6.2 5.9 1.8 mitochondria
gi|13324704 2 GrpE-like 1, mitochondrial 2.5 4.1 33 1.1 mitochondria
gi| 6981052 3 heat shock 10 kDa protein 1 7.0 SPM 244 15.7 12.3 mitochondria
gi| 206597443 3 heat shock protein 1 (chaperonin) 4.8 7.4 6.0 6.1 1.3 mitochondria
gi| 154816168 3 heat shock protein 9 6.7 5.0 7.6 6.5 1.3 mitochondria
gi|6981022 3 hexokinase 1 5.5 6.9 7.6 6.7 1.1 mitochondria
gi|38454320 3 hormone-regulated proliferation associated protein 20 SPM 9.5 SPM SPM mitochondria
gi| 109487466 3 hypothetical protein (NADH:Ubiquinone oxioreductase, 42 kDa (NDUO42)) 8.6 4.9 SPM 6.7 2.7 mitochondria
gi| 77917546 3 inner membrane protein, mitochondrial 9.7 5.4 5.8 7.0 2.4 mitochondria
gi| 109467571 2 inorganic pyrophosphatase 2 35 SPM mitochondria
gi|62079055 2 isocitrate dehydrogenase 2 (NADP+), mitochondrial SPM 0.0 8.9 4.5 6.3 mitochondria
gi| 16758446 3 isocitrate dehydrogenase 3 (NAD+) alpha 8.0 6.9 4.2 6.3 2.0 mitochondria
gi|55926203 3 isocitrate dehydrogenase 3, beta subunit 6.0 6.8 8.8 7.2 1.4 mitochondria
gi| 54020666 3 isocitrate dehydrogenase 3, gamma 8.9 8.6 5.2 7.6 2.1 mitochondria
gi| 54400736 3 leucine zipper-EF-hand containing transmembrane protein 1 2.4 0.7 0.9 14 0.9 mitochondria
gi| 19173766 2 lon peptidase 1, mitochondrial SPM 0.0 SPM SPM mitochondria
gi|42476181 3 malate dehydrogenase, mitochondrial 5.9 8.9 5.9 6.9 1.8 mitochondria
gi| 157817153 3 malic enzyme 3, NADP(+)-dependent, mitochondrial 5.4 SPM 9.5 7.5 2.9 mitochondria
gi| 56605654 2 metaxin 2 5.1 19 3.5 2.3 mitochondria
gi| 62660299 3 microsomal glutathione S-transferase 3 SPM SPM SPM SPM mitochondria
gi| 34875107 2 mitchondrial ribosomal protein S7 SPM SPM SPM mitochondria
gi| 54792127 3 mitochondrial ATP synthase beta subunit 7.2 5.8 8.2 7.1 1.2 mitochondria
gi|20302061 3 mitochondrial ATP synthase, O subunit 4.8 8.1 4.7 5.9 1.9 mitochondria
gi|197313797 3 mitochondrial carrier homolog 1 SPM SPM 5.2 SPM mitochondria
gi| 158819029 3 mitochondrial carrier homolog 2 5.2 SPM 7.4 6.3 1.6 mitochondria
gi|27695671 3 mitochondrial carrier triple repeat 1 SPM SPM SPM mitochondria
gi|109472570 2 Mitochondrial glutamate carrier 2 SPM 0.0 4.1 2.0 2.9 mitochondria
gi| 55741522 2 mitochondrial protein 18 kDa SPM SPM SPM mitochondria
gi|57164123 2 mitochondrial ribosomal protein L38 13 SPM mitochondria
gi| 157786906 2 mitochondrial ribosomal protein S17 SPM SPM SPM mitochondria
gi| 157824010 2 mitochondrial ribosomal protein S31 SPM SPM SPM mitochondria
gi| 109464325 3 mitochondrial ribosomal protein S36 SPM SPM 5.4 SPM mitochondria
gi| 148747393 2 mitochondrial trifunctional protein, alpha subunit 6.5 7.3 6.9 0.5 mitochondria
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gi| 148747472 2 mitofusin 2 SPM SPM SPM mitochondria
gi|6981260 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 5 7.4 4.1 34 5.0 2.1 mitochondria
gi| 47058992 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11 SPM SPM SPM SPM mitochondria
gi| 157818537 2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 8.1 SPM SPM mitochondria
gi| 164565371 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 12 3.7 6.5 2.7 4.3 1.9 mitochondria
gi| 27718097 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 33.2 2.2 3.7 13.0 17.5 mitochondria
gi|157817861 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 4.1 7.0 7.4 6.2 1.8 mitochondria
gi| 189085365 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 5.0 SPM 7.9 6.5 2.0 mitochondria
gi|194473636 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) SPM 5.8 SPM SPM mitochondria
gi| 157824069 2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) SPM SPM SPM mitochondria
gi|114145517 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 SPM 7.3 SPM SPM mitochondria
gi| 198278533 3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 3.7 2.8 5.6 4.1 1.4 mitochondria
gi| 82617686 2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4 34 SPM mitochondria
gi|157822261 3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 SPM SPM SPM SPM mitochondria
gi|157822851 3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 SPM SPM SPM SPM mitochondria
gi| 157823387 3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 SPM 7.2 8.8 8.0 1.2 mitochondria
gi| 157820465 3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 SPM SPM 5.1 SPM mitochondria
gi| 157823197 2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7 SPM SPM SPM mitochondria
gi| 187937028 3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 SPM SPM SPM SPM mitochondria
gi| 157820787 3 NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 SPM 8.2 9.3 8.8 0.8 mitochondria
gi|57164133 3 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 7.7 2.9 5.0 5.2 2.4 mitochondria
gi| 53850628 3 NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa 4.6 6.3 8.4 6.4 1.9 mitochondria
gi| 58865384 3 NADH dehydrogenase (ubiquinone) Fe-S protein 2 2.7 5.1 2.6 3.5 1.4 mitochondria
gi|157817227 3 NADH dehydrogenase (ubiquinone) Fe-S protein 3 4.5 8.4 6.7 6.5 2.0 mitochondria
gi| 68341995 3 NADH dehydrogenase (ubiquinone) Fe-S protein 4 SPM 5.5 6.9 6.2 1.0 mitochondria
gi| 72086149 3 NADH dehydrogenase (ubiquinone) Fe-S protein 5b 2.1 SPM 3.4 2.8 0.9 mitochondria
gi| 109460535 3 NADH dehydrogenase (ubiquinone) Fe-S protein 6 SPM SPM 10.0 SPM mitochondria
gi| 56606108 3 NADH dehydrogenase (ubiquinone) Fe-S protein 7 SPM SPM SPM SPM mitochondria
gi| 157821497 3 NADH dehydrogenase (ubiquinone) Fe-S protein 8 SPM 5.0 6.8 5.9 1.3 mitochondria
gi|55741424 3 NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa 8.0 7.5 5.1 6.9 1.5 mitochondria
gi|51092268 3 NADH dehydrogenase (ubiquinone) flavoprotein 2 7.2 SPM SPM SPM mitochondria
gi|162287192 2 NADH dehydrogenase (ubiquinone) flavoprotein 3-like isoform 1 SPM SPM SPM mitochondria
gi|110189663 3 NADH dehydrogenase subunit 1 4.9 7.3 7.1 6.5 1.3 mitochondria
gi|110189672 3 NADH dehydrogenase subunit 4 SPM 5.0 SPM SPM mitochondria
gi|110189673 3 NADH dehydrogenase subunit 5 SPM SPM SPM SPM mitochondria
gi|109467413 3 NADH-ubiquinone oxidoreductase B9 subunit (Complex I-B9) (CI-B9) SPM SPM SPM SPM mitochondria
gi| 109490343 3 NADH-ubiquinone oxidoreductase PDSW subunit 4.6 5.8 83 6.2 1.9 mitochondria
gi|11968102 2 ornithine aminotransferase SPM SPM SPM mitochondria
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gi]62945278 3 oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide) 6.3 7.5 5.2 6.3 1.1 mitochondria
gi| 157819765 2 oxoglutarate dehydrogenase-like SPM 31 mitochondria
gi|157819923 2 patatin-like phospholipase domain containing 8 SPM 7.2 SPM mitochondria
gi|11968132 3 peroxiredoxin 3 SPM 2.8 SPM 2.8 mitochondria
gi| 16758404 3 peroxiredoxin 5 precursor SPM 6.2 4.3 53 1.3 mitochondria
gi| 70608189 2 phosphoglycerate mutase family member 5 SPM SPM SPM SPM mitochondria
gi|13937353 3 prohibitin SPM 7.7 SPM SPM mitochondria
gi|61556754 3 prohibitin 2 9.0 5.0 5.2 6.4 2.3 mitochondria
gi|122427836 2 protein phosphatase 2C, magnesium dependent, catalytic subunit SPM SPM SPM mitochondria
gi| 157823607 3 pyrroline-5-carboxylate synthetase (glutamate gamma-semialdehyde synthetase) SPM SPM SPM SPM mitochondria
gi|31543464 3 pyruvate carboxylase 33 SPM 53 4.3 1.5 mitochondria
gi| 124430510 2 pyruvate dehydrogenase (lipoamide) alpha 1 6.5 5.2 5.8 0.9 mitochondria
gi| 56090293 3 pyruvate dehydrogenase (lipoamide) beta 9.3 6.5 5.7 7.2 1.9 mitochondria
gi| 113205496 3 pyruvate dehydrogenase complex, component X SPM 4.5 SPM SPM mitochondria
gi|32452540 2 ras homolog gene family, member T2 SPM SPM SPM mitochondria
gi| 148747459 3 RN protein 9.5 4.9 5.0 6.5 2.7 mitochondria
gi| 58865994 3 sideroflexin 1 8.4 9.6 7.0 8.4 1.3 mitochondria
gi|12621120 3 sideroflexin 3 SPM 8.2 2.9 5.6 3.8 mitochondria
gi|23463279 3 sideroflexin 5 SPM SPM 5.0 SPM mitochondria
gi| 34854800 3 solute carrier family 25 (mitochondrial carrier, Aralar), member 12 SPM 9.3 7.8 8.6 1.1 mitochondria
gi| 62078785 3 solute carrier family 25 (mitochondrial carrier, glutamate), member 22 5.0 6.8 10.1 7.3 2.6 mitochondria
gi| 109464795 2 solute carrier family 25, member 31 SPM SPM SPM mitochondria
gi|20806141 3 solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 6.5 7.6 10.2 8.1 1.9 mitochondria
gi| 8394297 3 solute carrier family 25, member 1 precursor SPM 9.7 8.8 9.3 0.6 mitochondria
gi|32189355 3 solute carrier family 25, member 4 3.7 6.3 8.0 6.0 2.1 mitochondria
gi|189491614 3 solute carrier family 25, member 46 SPM SPM 3.4 SPM mitochondria
gi|32189350 3 solute carrier family 25, member 5 4.4 6.1 8.8 6.4 2.2 mitochondria
gi|51948454 3 sorting and assembly machinery component 50 homolog SPM SPM 5.4 SPM mitochondria
gi| 18426858 3 succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 2.1 5.8 6.5 4.8 2.4 mitochondria
gi|209915614 3 succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 6.1 6.6 9.9 7.5 2.1 mitochondria
gi| 53850596 3 succinate dehydrogenase complex, subunit C SPM 5.0 7.4 6.2 1.7 mitochondria
gi|38454310 2 succinate dehydrogenase complex, subunit D, integral membrane protein SPM SPM SPM mitochondria
gi| 109504901 2 Succinate semialdehyde dehydrogenase SPM 7.0 SPM mitochondria
gi|139948224 3 succinate-CoA ligase, GDP-forming, alpha subunit 7.2 8.7 7.5 7.8 0.8 mitochondria
gi| 158749584 3 succinate-Coenzyme A ligase, ADP-forming, beta subunit SPM SPM SPM SPM mitochondria
gi| 8394331 3 superoxide dismutase 2 SPM 5.8 4.8 5.3 0.7 mitochondria
gi|62078811 2 threonyl-tRNA synthetase 2, mitochondrial SPM SPM SPM mitochondria
gi| 47058998 2 TOM22 protein SPM SPM SPM mitochondria
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gi| 25742598 3 translocase of inner mitochondrial membrane 10 homolog SPM 8.2 SPM SPM mitochondria
gi| 8394449 2 translocase of inner mitochondrial membrane 44 homolog SPM 9.9 SPM mitochondria
gi| 109461526 3 translocase of inner mitochondrial membrane 50 homolog isoform 2 SPM SPM SPM SPM mitochondria
gi|23097350 2 translocase of outer mitochondrial membrane 20 homolog SPM SPM SPM mitochondria
gi|47058988 3 translocase of outer mitochondrial membrane 70 homolog A 2.6 9.1 SPM 5.8 4.6 mitochondria
gi| 157821331 2 transmembrane and coiled-coil domain family 3 SPM SPM SPM mitochondria
gi| 157820845 3 Tu translation elongation factor, mitochondrial 8.0 5.0 53 6.1 1.7 mitochondria
gi| 55741544 3 ubiquinol cytochrome c reductase core protein 2 7.7 6.8 5.9 6.8 0.9 mitochondria
gi|109458613 3 ubiquinol-cytochrome c reductase binding protein 4.9 4.5 5.0 4.8 0.2 mitochondria
gi| 109500943 3 ubiquinol-cytochrome c reductase complex 7.2kDa protein isoform a SPM SPM SPM SPM mitochondria
gi|51948476 3 ubiquinol-cytochrome c reductase core protein | 4.1 4.6 6.7 5.1 1.3 mitochondria
gi| 57164091 3 ubiquinol-cytochrome c reductase hinge protein SPM 6.5 SPM SPM mitochondria
gi|109481568 2 ubiquinol-cytochrome c reductase subunit SPM SPM SPM mitochondria
gi| 68341999 3 ubiquinol-cytochrome c reductase, complex Ill subunit VII 4.1 4.8 8.1 5.7 2.2 mitochondria
gi|57114330 3 ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 33 10.3 4.5 6.0 3.7 mitochondria
gi| 13786200 3 voltage-dependent anion channel 1 6.3 3.2 6.0 5.2 1.7 mitochondria
gi| 13786202 3 voltage-dependent anion channel 2 SPM 2.7 6.1 4.4 2.4 mitochondria
gi| 13786204 3 voltage-dependent anion channel 3 SPM 4.2 11.3 7.8 5.1 mitochondria
gi| 56605990 3 leucine-rich PPR-motif containing SPM SPM 8.2 SPM mitochondria
gi|157822161 2 catechol-O-methyltransferase domain containing 1 SPM SPM SPM mitochondria
gi| 67846070 2 hydroxysteroid dehydrogenase like 1 5.8 SPM SPM mitochondria
gi| 71043858 2 hydroxysteroid dehydrogenase like 2 SPM SPM SPM mitochondria
gi|197927166 2 1-acylglycerol-3-phosphate O-acyltransferase 5 SPM SPM SPM mitochondria
gi|157821573 3 ganglioside-induced differentiation-associated protein 1-like 1 SPM 3.9 SPM SPM mitochondria
gi| 157821895 3 ganglioside-induced differentiation-associated-protein 1 SPM 31 34 3.2 0.2 mitochondria
gi| 109474876 2 hypothetical protein SPM SPM SPM mitochondria
gi| 77732522 2 outer membrane protein SPM 4.2 SPM mitochondria
gi| 158749559 3 bassoon protein SPM 8.0 6.8 7.4 0.8 Active zone
gi| 11559947 2 calcium/calmodulin-dependent serine protein kinase SPM SPM SPM Active zone
gi|25140983 3 ELKS/RABG6-interacting/CAST family member 2 6.3 SPM SPM SPM Active zone
gi| 109497902 3 Liprin-alpha-4 SPM SPM 9.2 SPM Active zone
gi| 10048483 2 piccolo isoform 1 SPM SPM SPM Active zone
gi| 157824053 2 liprin alpha 2 SPM 9.2 SPM Active zone
gi| 16306470 3 regulating synaptic membrane exocytosis 1 SPM 6.6 6.0 6.3 0.4 Active zone
gi|213972596 3 protein tyrosine phosphatase, receptor-type, F interacting protein, binding protein 2 0.5 0.2 0.4 0.4 0.1 Active zone
gi| 9507073 3 neuroplastin SPM 5.6 5.9 5.8 0.2 Adhesion and cell surface molecules
gi| 46048609 3 beta-catenin 9.4 4.5 SPM 8.4 3.5 Adhesion and cell surface molecules
gi| 157817081 2 catenin (cadherin associated protein), alpha 2 SPM 4.6 SPM Adhesion and cell surface molecules
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gi| 157820047 2 catenin (cadherin associated protein), delta 1 2.3 SPM SPM Adhesion and cell surface molecules
gi| 109464562 3 Catenin delta-2 (Neurojungin) SPM 9.3 44.4 SPM 24.9 Adhesion and cell surface molecules
gi| 114052921 2 cell adhesion molecule 3 6.9 7.0 7.0 0.1 Adhesion and cell surface molecules
gi| 14091742 2 contactin associated protein 1 SPM 7.9 SPM Adhesion and cell surface molecules
gi| 157817598 3 inversin 7.5 SPM SPM SPM Adhesion and cell surface molecules
gi| 157817019 2 plakophilin 4 8.9 10.5 9.7 1.1 Adhesion and cell surface molecules
gi| 9506469 2 Cd47 molecule 53 8.1 6.7 2.0 Adhesion and cell surface molecules
gi| 13928706 2 neural cell adhesion molecule 1 7.4 8.4 7.9 0.7 Adhesion and cell surface molecules
gi|61557326 3 receptor accessory protein 6 SPM 5.3 4.4 4.8 0.7 Adhesion and cell surface molecules
gi|30017437 3 glycoprotein m6a SPM SPM 4.3 SPM Adhesion and cell surface molecules
gi|20301986 2 glycoprotein méb 7.5 SPM SPM Adhesion and cell surface molecules
gi| 8393415 3 growth associated protein 43 7.8 8.8 10.3 9.0 1.3 Adhesion and cell surface molecules
gi| 8850221 2 hippocalcin SPM 4.6 SPM Adhesion and cell surface molecules
gi| 8393864 3 hippocalcin-like 1 SPM 4.3 4.4 4.3 0.1 Adhesion and cell surface molecules
gi|31543529 2 signal-regulatory protein alpha 5.8 4.9 5.3 0.7 Adhesion and cell surface molecules
gi|6981654 3 Thy-1 cell surface antigen 4.2 3.6 3.9 3.9 0.3 Adhesion and cell surface molecules
gi| 109478967 2 cysteine rich transmembrane BMP regulator 1 (chordin like) SPM SPM SPM Adhesion and cell surface molecules
gi| 109481923 2 centrosome protein cep290 SPM SPM SPM centrosome

gi| 109499926 2 spindle assembly associated Sfil homolog isoform a SPM SPM SPM centrosome

gi| 13242237 2 heat shock protein 8 5.4 7.2 6.3 1.3 Chaperones

gi| 28467005 2 heat shock protein 90, alpha (cytosolic), class A member 1 4.6 SPM SPM Chaperones

gi| 70794764 2 Dnal (Hsp40) homolog, subfamily A, member 4 2.7 2.9 2.8 0.1 Chaperones

gi| 157822779 2 Dnal (Hsp40) homolog, subfamily C, member 11 SPM SPM SPM Chaperones

gi|6981324 3 prolyl 4-hydroxylase, beta polypeptide 10.8 7.1 8.4 8.8 1.9 Chaperones

gi| 84370227 2 Dnal (Hsp40) homolog, subfamily A, member 3 isoform 1 SPM SPM SPM Chaperones

gi| 84781723 3 TNF receptor-associated protein 1 SPM SPM 5.9 SPM Chaperones

gi| 72255527 3 stomatin (Epb7.2)-like 2 SPM SPM SPM SPM Cytoskeletal and associated proteins
gi|6981696 2 utrophin SPM 6.2 SPM Cytoskeletal and associated proteins
gi| 148491097 2 cytoplasmic dynein 1 heavy chain 1 0.9 0.9 Cytoskeletal and associated proteins
gi| 9506371 2 actin, alpha 1, skeletal muscle 4.3 3.1 3.7 0.8 Cytoskeletal and associated proteins
gi| 13592133 3 actin, beta 7.9 4.4 3.2 5.2 2.4 Cytoskeletal and associated proteins
gi| 13591902 2 actinin, alpha 1 SPM SPM SPM Cytoskeletal and associated proteins
gi|57164143 2 ARP2 actin-related protein 2 homolog 5.0 3.0 4.0 1.4 Cytoskeletal and associated proteins
gi| 109480041 3 formin 3 CG33556-PA 0.6 0.8 0.8 0.8 0.1 Cytoskeletal and associated proteins
gi| 13540714 3 plectin 1 6.2 3.9 SPM 5.0 1.6 Cytoskeletal and associated proteins
gi| 11560133 3 tubulin, alpha 1A 6.7 2.1 1.1 3.3 3.0 Cytoskeletal and associated proteins
gi| 112984124 3 tubulin, alpha 1B 6.0 2.2 1.2 3.1 2.6 Cytoskeletal and associated proteins
gi| 55741524 2 tubulin, alpha 4A 2.3 1.2 1.7 0.8 Cytoskeletal and associated proteins
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gi| 145966774 3 tubulin, beta 3 2.9 1.9 0.9 1.9 1.0 Cytoskeletal and associated proteins
gi| 158262004 3 tubulin, beta 4 3.0 2.2 1.1 2.1 0.9 Cytoskeletal and associated proteins
gi| 27465535 3 tubulin, beta 5 3.0 2.2 1.1 2.1 1.0 Cytoskeletal and associated proteins
gi| 109472192 3 Dynein heavy chain at 16F CG7092-PA SPM SPM SPM SPM Cytoskeletal and associated proteins
gi| 109495859 3 Dynein heavy chain at 89D CG1842-PA 2.2 0.2 1.1 1.2 1.0 Cytoskeletal and associated proteins
gi| 109488370 3 dynein heavy chain domain 3 SPM 9.5 SPM SPM Cytoskeletal and associated proteins
gi| 16758016 3 dynein, cytoplasmic, light peptide SPM SPM 9.6 9.9 Cytoskeletal and associated proteins
gi| 29789307 2 kinesin family member 1B SPM SPM SPM Cytoskeletal and associated proteins
gi| 109464350 2 Kinesin-like protein KIF2 SPM 33 3.3 Cytoskeletal and associated proteins
gi| 11559935 2 myosin Va 2.9 2.5 2.7 0.2 Cytoskeletal and associated proteins
gi| 13928704 3 myosin, heavy chain 10, non-muscle SPM 4.4 SPM SPM Cytoskeletal and associated proteins
gi|6981236 3 myosin, heavy chain 9, non-muscle SPM SPM SPM SPM Cytoskeletal and associated proteins
gi| 109508026 2 Beta-2-syntrophin (Syntrophin 3) 0.8 SPM 1.0 Cytoskeletal and associated proteins
gi| 109474612 2 Oxygen-regulated protein 1 (Retinitis pigmentosa RP1 protein homolog) SPM 10.6 SPM Cytoskeletal and associated proteins
gi| 188595680 2 SPHK1 interactor, AKAP domain containing 0.8 0.9 0.9 0.1 Cytoskeletal and associated proteins
gi| 31543764 3 alpha-spectrin 2 SPM 7.3 7.2 7.3 0.0 Cytoskeletal and associated proteins
gi| 109467596 2 ankyrin 2 isoform 1 SPM 4.6 SPM Cytoskeletal and associated proteins
gi| 9507085 2 septin 3 SPM SPM SPM Cytoskeletal and associated proteins
gi|90577179 3 septin 5 SPM 3.8 5.6 4.7 1.3 Cytoskeletal and associated proteins
gi| 166091429 2 septin 7 isoform a 3.9 33 3.6 0.4 Cytoskeletal and associated proteins
gi| 157819689 3 septin 8 SPM 3.6 5.4 4.5 1.3 Cytoskeletal and associated proteins
gi| 164698508 3 septin 9 isoform 2 0.6 1.2 1.2 1.0 0.4 Cytoskeletal and associated proteins
gi| 47058982 2 spectrin, beta, erythrocytic 1.0 5.5 3.2 3.2 Cytoskeletal and associated proteins
gi|61557085 2 spectrin, beta, non-erythrocytic 1 SPM 7.3 6.1 Cytoskeletal and associated proteins
gi| 158636004 3 flotillin 1 SPM SPM SPM SPM Endocytosis-related proteins

gi| 13929186 3 flotillin 2 SPM SPM SPM SPM Endocytosis-related proteins

gi| 157823677 3 adaptor-related protein complex 2, alpha 1 subunit 0.9 0.7 0.6 0.7 0.1 Endocytosis-related proteins

gi| 162138932 3 adaptor-related protein complex 2, alpha 2 subunit 0.8 0.8 0.7 0.7 0.1 Endocytosis-related proteins

gi| 18034787 3 adaptor-related protein complex 2, beta 1 subunit 0.9 0.8 0.5 0.8 0.2 Endocytosis-related proteins

gi| 16758938 3 adaptor-related protein complex 2, mu 1 subunit 0.5 0.6 0.6 0.6 0.0 Endocytosis-related proteins

gi| 56961624 3 adaptor-related protein complex 2, sigma 1 subunit 0.7 0.6 0.6 0.6 0.1 Endocytosis-related proteins

gi| 9506497 3 clathrin, heavy chain (Hc) 7.6 4.6 5.2 5.8 1.6 Endocytosis-related proteins
gi|57527421 3 SH3-domain GRB2-like endophilin B2 2.6 1.1 0.7 1.4 1.0 Endocytosis-related proteins

gi| 13928818 3 protein tyrosine phosphatase, receptor type, N polypeptide 2 1.8 2.7 1.7 2.0 0.6 Endocytosis-related proteins

gi| 16758732 3 reticulon 1 SPM 7.3 5.6 6.4 1.2 ER/Golgi

gi| 109492083 2 inositol-requiring 1 alpha SPM SPM SPM ER/Golgi

gi| 13929188 2 reticulon 4 SPM SPM SPM ER/Golgi

gi|209915579 3 thioredoxin domain containing 13 SPM SPM 6.4 SPM ER/Golgi
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gi| 8392935 3 ATPase, Ca++ transporting, slow twitch 2 isoform a SPM 7.2 8.0 7.6 0.6 ER/Golgi
gi|25282419 3 calnexin SPM 4.1 5.2 4.6 0.8 ER/Golgi
gi| 109502306 3 kinectin 1 SPM SPM SPM ER/Golgi
gi|21489979 2 ADP-ribosylation factor GTPase activating protein 1 SPM SPM SPM ER/Golgi
gi| 77539456 2 complement component 4 binding protein, alpha SPM SPM SPM Extracellular
gi| 109498009 3 hemicentin 1 SPM SPM SPM SPM Extracellular
gi| 13928972 2 ST3 beta-galactoside alpha-2,3-sialyltransferase 3 SPM SPM SPM Extracellular
gi| 161783809 2 apolipoprotein B precursor SPM SPM SPM Extracellular
gi|31542401 2 brain creatine kinase 8.8 9.0 8.9 0.2 Metabolic enzymes
gi| 46485440 2 glucose phosphate isomerase SPM SPM SPM Metabolic enzymes
gi| 8393418 3 glyceraldehyde-3-phosphate dehydrogenase 0.3 0.4 0.3 0.3 0.0 Metabolic enzymes
gi| 58865398 2 leucine aminopeptidase 3 SPM SPM SPM Metabolic enzymes
gi| 13929002 3 phosphofructokinase, muscle SPM 0.5 0.6 0.6 0.1 Metabolic enzymes
gi|57977273 3 phosphofructokinase, platelet SPM 1.0 0.7 0.9 0.2 Metabolic enzymes
gi|62664437 2 aldehyde dehydrogenase family 7, member Al SPM SPM SPM Metabolic enzymes
gi| 142349612 2 glutamine synthetase 1 0.8 1.1 0.9 0.1 Metabolic enzymes
gi|201066365 2 3~-phosphoadenosine 5~-phosphosulfate synthase 2 SPM SPM SPM Metabolic enzymes
gi| 198386332 3 fumarylacetoacetate hydrolase domain containing 2A SPM SPM SPM SPM Metabolic enzymes
gi|62078999 2 TRAF3-interacting JNK-activating modulator 1.3 SPM 1.3 Novel
gi|62079059 3 BM88 antigen SPM SPM 9.3 SPM Novel
gi|62078483 2 OCIA domain containing 1 SPM SPM SPM Novel
gi| 109483746 3 F58G4.1 0.6 0.3 0.5 0.5 0.2 Novel
gi|62641302 2 tumor suppressor candidate 5 3.7 3.8 3.8 0.1 Novel
gi| 157822793 3 coiled-coil domain containing 109A SPM SPM SPM SPM Novel
gi| 56090369 2 thioredoxin-related transmembrane protein 2 SPM SPM SPM Novel
gi| 109484624 3 transmembrane protease, serine 4 SPM SPM SPM SPM Novel
gi|51948472 3 transmembrane protein 30A 3.2 2.4 2.1 2.6 0.6 Novel
gi|62660468 2 WD repeat membrane protein PWDMP SPM SPM SPM Novel
gi| 189011652 3 transmembrane protease, serine 13 1.0 1.1 SPM 1.1 0.1 Novel
gi| 71361663 3 family with sequence similarity 162, member A SPM 0.8 8.8 8.4 5.7 Novel
gi|62651891 2 CG13957-PA SPM 8.9 SPM Novel
gi|109478621 2 CG32732-PA SPM SPM SPM Novel
gi] 109492012 2 CG7896-PA isoform 1 SPM SPM SPM Novel
gi| 109461608 2 hypothetical protein SPM SPM SPM Novel
gi|62718819 2 hypothetical protein SPM SPM SPM Novel
gi| 109481310 2 hypothetical protein 4.8 SPM 4.8 Novel
gi| 157786666 3 hypothetical protein LOC287559 0.7 0.2 0.4 0.5 0.3 Novel
gi| 157819311 2 hypothetical protein LOC296968 7.3 SPM SPM Novel
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gi| 157819829 2 hypothetical protein LOC300783 SPM 2.3 4.8 Novel

gi| 157822273 3 hypothetical protein LOC315463 SPM SPM 8.3 SPM Novel

gi|62079015 2 hypothetical protein LOC361118 SPM SPM SPM Novel

gi| 157821195 2 hypothetical protein LOC362419 SPM SPM SPM Novel

gi| 157821401 3 hypothetical protein LOC683512 0.3 SPM SPM SPM Novel

gi| 158262028 3 hypothetical protein MGC15854 SPM 6.2 SPM SPM Novel

gi| 68342019 2 leucine rich repeat containing 17 SPM SPM SPM Novel

gi| 109499872 2 Protein C40rf008 homolog SPM SPM SPM Novel

gi| 109510841 3 hypothetical protein Apolipoprotein O SPM SPM SPM SPM Novel

gi| 56605740 2 WD repeat and FYVE domain containing 1 SPM SPM SPM Novel

gi| 56605828 3 trafficking protein particle complex 3 0.7 0.6 0.6 0.6 0.1 Novel

gi| 66730294 2 abhydrolase domain containing 12 2.7 6.1 4.4 2.5 Novel

gi| 109473862 3 1Q motif and Sec7 domain 1 isoform 2 2.5 SPM SPM 3.1 Novel

gi|61557143 2 secernin 3 2.2 SPM 2.2 Novel

gi| 109464586 3 leucine rich repeat and coiled-coil domain containing 1 0.2 0.4 0.3 0.1 Novel

gi| 67846010 2 rogdi homolog 1.5 0.9 1.2 0.5 Novel

gi| 109512114 2 testis serine protease 5 SPM SPM SPM Novel

gi| 157821409 2 bromodomain and PHD finger containing, 3 SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109499357 2 bromodomain, testis-specific SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109479775 2 chromosome 14 open reading frame 145 isoform 2 SPM 0.9 1.2 Nucleotide metabolism/Protein Synthesis
gi| 109510822 3 DNA polymerase alpha catalytic subunit 0.5 1.3 SPM 0.9 0.6 Nucleotide metabolism/Protein Synthesis
gi| 50054162 2 eukaryotic translation elongation factor 1 alpha 2 SPM 1.3 14 Nucleotide metabolism/Protein Synthesis
gi| 158631185 2 exportin 5 0.7 0.8 0.7 0.1 Nucleotide metabolism/Protein Synthesis
gi| 109497472 3 GCN1 general control of amino-acid synthesis 1-like 1 SPM SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109469681 3 general transcription factor IC, polypeptide 4 SPM SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi|62990189 2 heterogeneous nuclear ribonucleoprotein R SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109505578 2 jumoniji protein isoform 2 SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 71043842 2 myeloid leukemia factor 1 interacting protein 0.4 0.3 0.3 0.0 Nucleotide metabolism/Protein Synthesis
gi| 194474010 3 nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-like 2 SPM SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 157822347 2 nuclear receptor binding SET domain protein 1 0.2 0.4 0.3 0.1 Nucleotide metabolism/Protein Synthesis
gi| 109512329 3 TAF7-like RNA polymerase Il, TATA box binding protein (TBP)-associated factor SPM SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 38259192 3 topoisomerase (DNA) Il alpha 1.6 SPM 1.0 1.2 0.4 Nucleotide metabolism/Protein Synthesis
gi| 109459242 2 Transcriptional enhancer factor TEF-1 isoform 5 0.3 4.3 2.3 2.8 Nucleotide metabolism/Protein Synthesis
gi| 157818041 2 YEATS domain containing 2 SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 157823175 2 zinc finger CCCH type containing 7 A SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109504984 2 zinc finger protein 192 0.5 0.5 Nucleotide metabolism/Protein Synthesis
gi| 169259769 2 zinc finger protein 292 SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 109509122 3 ATP-binding cassette sub-family F member 1 (ATP-binding cassette 50) SPM 9.6 9.6 9.6 0.0 Nucleotide metabolism/Protein Synthesis
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gi| 13592077 2 ribosomal protein S27a 4.3 3.8 4.1 0.4 Nucleotide metabolism/Protein Synthesis
gi| 34328536 2 single-stranded DNA binding protein 1 SPM SPM SPM Nucleotide metabolism/Protein Synthesis
gi| 55926145 3 non-metastatic cells 2, protein (NM23B) expressed in SPM 9.0 8.5 8.7 0.4 Nucleotide metabolism/Protein Synthesis
gi| 9665227 2 post-synaptic density protein 95 SPM SPM SPM Postsynaptic
gi| 164663821 3 synaptic Ras GTPase activating protein 1 homolog isoform 1 6.7 SPM 3.9 5.5 1.9 Postsynaptic
gi| 14091744 2 kalirin, RhoGEF kinase SPM SPM SPM Postsynaptic
gi| 109483754 2 growth and transformation-dependent protein SPM 34 2.3 record removed
gi| 109483500 2 Dmx-like 2 SPM 0.8 0.9 record removed
gi| 109503754 2 WD repeat and FYVE domain containing 3 SPM SPM SPM record removed
gi| 109481805 3 CG1814-PA, isoform A SPM 5.6 6.4 6.0 0.6 record removed
gi| 109479730 2 CG33714-PB, isoform B 9.0 SPM SPM record removed
gi| 109470173 3 FLJ44048 protein SPM SPM SPM SPM record removed
gi| 109497812 3 hypothetical protein 0.6 0.8 1.1 0.8 0.2 record removed
gi| 109514756 2 hypothetical protein LOC363337 SPM SPM SPM record removed
gi| 8394267 2 sonic hedgehog SPM SPM SPM Signalling molecules
gi| 9507061 3 proprotein convertase subtilisin/kexin type 1 inhibitor SPM 5.4 SPM SPM Signalling molecules
gi| 109458044 2 PYRIN-containing APAF1-like protein 7 isoform 2 SPM SPM SPM Signalling molecules
gi| 157818451 2 ADP-ribosylation factor-like 8A SPM SPM SPM Signalling molecules
gi| 12408298 2 dipeptidylpeptidase 6 4.4 4.7 4.5 0.2 Signalling molecules
gi| 109475021 2 CDKS5 regulatory subunit associated protein 2 SPM SPM SPM Signalling molecules
gi| 13592021 2 phosphodiesterase 2A, cGMP-stimulated isoform 2 SPM SPM SPM Signalling molecules
gi|6978593 3 calcium/calmodulin-dependent protein kinase Il alpha 8.8 5.6 7.4 7.3 1.6 Signalling molecules
gi| 108796657 3 calcium/calmodulin-dependent protein kinase Il beta isoform2 8.5 6.8 8.4 7.9 1.0 Signalling molecules
gi|6978595 2 calcium/calmodulin-dependent protein kinase Il delta 4.5 7.7 6.1 2.3 Signalling molecules
gi| 19424316 3 calcium/calmodulin-dependent protein kinase Il gamma 9.7 6.4 8.5 8.2 1.7 Signalling molecules
gi| 155369271 2 cAMP-dependent protein kinase catalytic subunit alpha SPM SPM SPM Signalling molecules
gi| 109464256 3 cardiomyopathy associated 5 0.8 0.9 1.8 1.2 0.6 Signalling molecules
gi| 6981400 2 protein kinase C, gamma 2.6 2.8 2.7 0.1 Signalling molecules
gi| 157822659 2 RIO kinase 3 SPM SPM SPM Signalling molecules
gi| 132626321 2 serine/threonine kinase 2 SPM SPM SPM Signalling molecules
gi|6981712 2 14-3-3 theta polypeptide SPM SPM SPM Signalling molecules
gi162990183 2 14-3-3, zeta polypeptide SPM 5.1 4.9 Signalling molecules
gi| 25742825 2 phosphatidylinositol 4-kinase a SPM SPM SPM Signalling molecules
gi| 9506737 2 GNAS complex locus gnasl-a 9.7 SPM 8.7 Signalling molecules
gi| 109487963 3 dedicator of cyto-kinesis 2 0.7 0.8 1.0 0.8 0.2 Signalling molecules
gi|42476092 2 G protein pathway suppressor 1 1.1 1.1 1.1 0.0 Signalling molecules
gi| 8394152 3 GTP-binding protein alpha o 8.6 5.0 6.6 6.7 1.8 Signalling molecules
gi|6980962 2 guanine nucleotide binding protein (G protein), alpha inhibiting 1 7.4 6.1 6.7 0.9 Signalling molecules
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gi| 13591957 2 guanine nucleotide binding protein, alpha g polypeptide SPM 3.8 6.2 Signalling molecules
gi| 109507443 2 Guanine nucleotide-binding protein G(olf), alpha subunit 8.9 SPM SPM Signalling molecules
gi|29789261 2 guanine nucleotide-binding protein, beta 2 6.3 8.7 7.5 1.7 Signalling molecules
gi| 148747524 3 guanine nucleotide-binding protein, beta-1 subunit 9.0 6.3 8.7 8.0 1.5 Signalling molecules
gi| 19173774 2 RAP2B, member of RAS oncogene family SPM 5.2 4.7 Signalling molecules
gi| 157820415 3 RAS protein activator like 1 (GAP1 like) 10.0 8.4 8.7 9.0 0.8 Signalling molecules
gi| 13592039 2 ras related v-ral simian leukemia viral oncogene homolog A SPM SPM SPM Signalling molecules
gi| 157821177 3 triple functional domain (PTPRF interacting) SPM SPM SPM SPM Signalling molecules
gi|62079163 3 ATG9 autophagy related 9 homolog A 1.4 0.6 1.5 1.2 0.5 SNARE proteins and trafficking molecules
gi| 13027430 2 WD repeat domain 7 SPM 1.8 2.5 SNARE proteins and trafficking molecules
gi|6981602 3 syntaxin binding protein 1 2.5 2.1 2.2 2.3 0.2 SNARE proteins and trafficking molecules
gi| 9507127 3 SNAP25-interacting protein 3.9 6.2 7.7 5.9 1.9 SNARE proteins and trafficking molecules
gi| 13489067 3 N-ethylmaleimide-sensitive factor 5.1 2.4 2.2 3.3 1.6 SNARE proteins and trafficking molecules
gi|219275534 2 vacuolar protein sorting 13 homolog A 2.7 2.9 2.8 0.1 SNARE proteins and trafficking molecules
gi| 25742604 2 vacuolar protein sorting 45 homolog SPM SPM SPM SNARE proteins and trafficking molecules
gi| 12408324 2 complexin 1 7.0 3.7 5.3 2.3 SNARE proteins and trafficking molecules
gi| 109471437 2 Syntaxin-16 (Syn16) isoform 1 SPM SPM SPM SNARE proteins and trafficking molecules
gi| 13591882 3 synaptosomal-associated protein 25 4.3 4.2 4.1 4.2 0.1 SNARE proteins and trafficking molecules
gi| 33667087 3 syntaxin 1A (brain) 3.0 2.9 31 3.0 0.1 SNARE proteins and trafficking molecules
gi|6981600 3 syntaxin 1B2 35 3.4 3.4 3.4 0.1 SNARE proteins and trafficking molecules
gi| 76443677 3 vesicle-associated membrane protein 1 0.9 0.8 0.9 0.9 0.1 SNARE proteins and trafficking molecules
gi|6981614 3 vesicle-associated membrane protein 2 0.7 0.7 0.8 0.7 0.0 SNARE proteins and trafficking molecules
gi|45433570 3 RAB1, member RAS oncogene family 2.1 2.1 2.1 2.1 0.0 Synaptic vesicle
gi|61889071 3 RAB10, member RAS oncogene family 1.8 1.6 1.8 1.7 0.1 Synaptic vesicle
gi| 16758368 3 RAB14, member RAS oncogene family 2.8 1.9 1.9 2.2 0.5 Synaptic vesicle
gi| 16758202 2 RAB27B, member RAS oncogene family 2.6 SPM 2.5 Synaptic vesicle
gi| 13929006 3 RAB2A, member RAS oncogene family 1.9 1.8 2.0 1.9 0.1 Synaptic vesicle
gi|61556789 3 RAB35, member RAS oncogene family 2.2 2.0 1.9 2.1 0.1 Synaptic vesicle
gi| 157822741 3 RAB39, member RAS oncogene family 2.8 1.9 1.9 2.2 0.5 Synaptic vesicle
gi| 13592037 2 RAB3B, member RAS oncogene family 1.8 1.5 1.7 0.2 Synaptic vesicle
gi|61098195 3 RAB3A, member RAS oncogene family 2.3 1.9 1.9 2.0 0.2 Synaptic vesicle
gi| 158749626 3 secretory carrier membrane protein 1 3.2 1.2 1.0 1.8 1.2 Synaptic vesicle
gi| 13929020 3 secretory carrier membrane protein 5 0.6 0.6 0.6 0.6 0.0 Synaptic vesicle
gi| 109465077 2 Secretory carrier-associated membrane protein 3 1.0 1.1 1.1 0.1 Synaptic vesicle
gi| 109499663 3 ATPase, aminophospholipid transporter (APLT), class |, type 8A, member 1 1.6 1.3 1.4 14 0.1 Synaptic vesicle
gi| 16758754 3 ATPase, H transporting, lysosomal V1 subunit F 1.1 0.9 1.0 1.0 0.1 Synaptic vesicle
gi| 18677757 3 ATPase, H+ transporting, lysosomal 16kDa, VO subunit ¢ 0.6 0.7 0.8 0.7 0.1 Synaptic vesicle
gi| 58865424 3 ATPase, H+ transporting, lysosomal 38kDa, VO subunit d1 1.0 0.9 0.9 0.9 0.0 Synaptic vesicle
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gi| 13929110 3 ATPase, H+ transporting, lysosomal accessory protein 1 0.9 0.8 0.9 0.9 0.0 Synaptic vesicle

gi| 77627990 3 ATPase, H+ transporting, lysosomal VO subunit al 0.9 0.9 0.9 0.9 0.0 Synaptic vesicle

gi| 58865560 3 ATPase, H+ transporting, lysosomal V1 subunit C1 1.1 0.9 0.9 1.0 0.2 Synaptic vesicle

gi| 40786463 3 ATPase, H+ transporting, lysosomal V1 subunit D 1.1 1.1 1.0 1.1 0.0 Synaptic vesicle

gi|47059104 3 ATPase, H+ transporting, lysosomal V1 subunit G2 0.8 0.9 0.9 0.9 0.1 Synaptic vesicle

gi|62078587 3 ATPase, H+ transporting, lysosomal V1 subunit H 0.9 0.9 0.9 0.9 0.0 Synaptic vesicle

gi| 109493234 3 ATPase, H+ transporting, V1 subunit A, isoform 1 isoform 1 0.9 0.9 0.9 0.9 0.0 Synaptic vesicle

gi| 13162361 3 cysteine string protein 1.2 1.2 0.9 1.1 0.1 Synaptic vesicle

gi| 77157795 3 MAL2 proteolipid protein 0.9 0.8 0.8 0.8 0.0 Synaptic vesicle

gi| 160333093 3 mossy-fiber terminal-associated vertebrate-specific presynaptic protein 0.9 0.5 1.0 0.8 0.3 Synaptic vesicle

gi| 16758166 3 solute carrier family 17, member 6 1.0 0.8 0.8 0.9 0.1 Synaptic vesicle

gi| 16758726 3 solute carrier family 17, member 7 1.0 0.8 0.8 0.9 0.1 Synaptic vesicle

gi| 74271849 3 solute carrier family 6 (neurotransmitter transporter), member 17 1.7 14 1.4 1.5 0.2 Synaptic vesicle

gi|9507159 3 synapsin | isoform a 2.9 1.2 1.6 1.9 0.9 Synaptic vesicle

gi| 77404242 3 synapsin Il isoform 1 1.7 14 1.6 0.2 Synaptic vesicle

gi| 8394389 2 synapsin Il 1.8 1.9 1.8 0.0 Synaptic vesicle

gi| 148747227 3 synaptic vesicle glycoprotein 2a 0.8 0.8 0.8 0.8 0.0 Synaptic vesicle

gi| 17105360 3 synaptic vesicle glycoprotein 2b 1.0 0.8 0.9 0.9 0.1 Synaptic vesicle

gi| 9507167 3 synaptogyrin 1 0.5 0.6 0.6 0.6 0.0 Synaptic vesicle

gi| 157819371 3 synaptogyrin 3 0.5 0.5 0.4 0.5 0.0 Synaptic vesicle

gi|6981622 3 synaptophysin 0.6 0.7 0.7 0.7 0.0 Synaptic vesicle

gi| 13027428 2 synaptoporin 0.9 0.7 0.8 0.2 Synaptic vesicle

gi| 148356226 3 synaptotagmin 1 1.2 1.1 1.1 1.1 0.1 Synaptic vesicle

gi|6981624 3 synaptotagmin || 1.6 1.2 1.5 14 0.2 Synaptic vesicle

gi|9507171 2 synaptotagmin V 1.2 1.5 1.3 0.2 Synaptic vesicle

gi| 38454230 3 vacuolar H+ ATPase E1 0.9 1.1 0.9 1.0 0.1 Synaptic vesicle

gi| 17105370 3 vacuolar H+ATPase B2 0.9 0.9 0.9 0.9 0.0 Synaptic vesicle

gi| 13929106 3 vesicular inhibitory amino acid transporter 0.7 0.8 0.9 0.8 0.1 Synaptic vesicle

gi|61557417 3 zinc transporter ZnT-3 0.8 0.8 0.8 0.8 0.0 Synaptic vesicle

gi| 55925610 3 inositol 1,4,5-triphosphate receptor, type 1 6.2 SPM 7.6 6.9 1.0 Transporter/Channel Proteins/Receptors
gi| 9507115 2 solute carrier family 1 (glial high affinity glutamate transporter), member 3 10.2 SPM SPM Transporter/Channel Proteins/Receptors
gi| 157817045 2 chloride channel 6 SPM SPM SPM Transporter/Channel Proteins/Receptors
gi| 78126161 2 glial high affinity glutamate transporter isoform b 7.5 10.2 8.9 1.9 Transporter/Channel Proteins/Receptors
gi| 155369700 2 toll-like receptor 8 SPM SPM SPM Transporter/Channel Proteins/Receptors
gi|31542335 2 calcium channel, voltage-dependent, alpha2/delta subunit 1 isoform 1 SPM 8.9 SPM Transporter/Channel Proteins/Receptors
gi|6978583 2 calcium channel, voltage-dependent, beta 3 subunit SPM SPM SPM Transporter/Channel Proteins/Receptors
gi| 16758108 2 hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 SPM SPM SPM Transporter/Channel Proteins/Receptors
gi|6978543 3 Na+/K+ -ATPase alpha 1 subunit 7.8 7.1 8.6 7.8 0.7 Transporter/Channel Proteins/Receptors
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gi|6978547 3 Na+/K+ -ATPase alpha 3 subunit 8.0 7.1 6.8 7.3 0.6 Transporter/Channel Proteins/Receptors
gi| 148747253 3 Na+/K+ -ATPase beta 1 subunit 9.0 7.0 9.3 8.4 1.2 Transporter/Channel Proteins/Receptors
gi| 16758008 3 plasma membrane calcium ATPase 1 6.5 3.4 8.9 6.3 2.8 Transporter/Channel Proteins/Receptors
gi| 6978557 2 plasma membrane calcium ATPase 2 3.4 8.9 6.2 3.9 Transporter/Channel Proteins/Receptors
gi| 13929184 2 potassium large conductance calcium-activated channel, subfamily M, alpha member 1 SPM SPM SPM Transporter/Channel Proteins/Receptors
gi| 19705463 3 solute carrier family 12 (potassium-chloride transporter), member 5 2.9 4.6 5.2 4.2 1.2 Transporter/Channel Proteins/Receptors
gi| 148747140 2 solute carrier family 2 (facilitated glucose transporter), member 3 4.9 4.5 4.7 0.3 Transporter/Channel Proteins/Receptors
gi|62644838 3 solute carrier family 27 (fatty acid transporter), member 4 SPM SPM 6.6 7.0 Transporter/Channel Proteins/Receptors
gi| 17530967 3 solute carrier family 8 (sodium/calcium exchanger), member 2 53 3.4 5.2 4.6 1.1 Transporter/Channel Proteins/Receptors
gi|6981558 2 solute carrier family 9 (sodium/hydrogen exchanger), member 1 SPM 5.2 SPM Transporter/Channel Proteins/Receptors
gi| 13242269 2 GABA transporter protein SPM SPM SPM Transporter/Channel Proteins/Receptors
gi|47576439 2 olfactory receptor OIr1589 3.7 2.1 Transporter/Channel Proteins/Receptors



Proteins identified in this study matching proteins identified by Morciano et al. [153]

gene name
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Sept3
Sept5
Sirpa
Slc17a7
Slcla2
Slcla3
Slc30a3
Slc6al
Slc6al?
Snap25
Sptanl
Stx1b
Stxbpl
Synl
Syn2
Syp

Sytl
Thyl
Tubala
Tubalb
Tubb3
Tubb5
Vamp1l
Vamp2
Ywhaq
Ywhaz
Actal
Actb
Ap2bl
Atplal
Atpla3
Atplbl
Atp2bl
Atp6vOal
Atp6v0d1
Atp6v1lb2
Atp6vlcl
Atpévld
Atpévlel
Cacna2dl
Camk2a
Cd47
Cltc
Cntnapl
Dnajc5
Gnal
Gnaol
Gnaq
Gnb1l
Gnb2
Gpmé6a
Hsp90aal
Hspa8
Ncaml
Nptn

Nsf
Plecl
Prkcg
Rab14
Rab2a
Rab35
Rab3a

septin 3

septin 5

signal regulatory protein alpha
VGlutl

EAAT1

EAAT2

zinc transporter ZnT-3

GABA transporter protein
neurotransmitter transporter NTT4
SNAP25

spectrin, alpha

syntaxin 1B

Munc18-1

synapsin 1

synapsin 2

synaptophysin

synaptotagmin 1

Thy-1 cell surface antugen
tubulin, alpha 1A

tubulin, alpha 1B

tubulin, beta 3

tubulin, beta 5

synaptobrevin 1

synaptobrevin 2

14-3-3 theta

14-3-3 zeta

actin, alpha 1

actin, beta

AP2 complex, beta 1

Na/K ATPase alpha 1

Na/K ATPase alpha 3

Na/K ATPase beta 1

PMCA 1

lysosomal ATPase VO al
lysosomal ATPase VO d1
lysosomal ATPase V1 b2
lysosomal ATPase V1 cl
lysosomal ATPase V1d

lysosomal ATPase V1el

calcium channel a2/d subunit 1
CAMKII alpha

CD47 molecule

clathrin heavy chain

Neurexin 4

cysteine string protein

guanine nucleotide-binding protein G(olf) alpha
GTP-binding protein alpha o
guanine nucleotide-binding protein alpha q
guanine nucleotide-binding protein beta 1
guanine nucleotide-binding protein beta 2
glycoprotein méa

heat shock protein 90

heat shock protein 8

neuronal cell adhesion molecule 1
neuroplastin
N-ethylmaleimide-sensitive factor
plectin 1

protein kinase C, gamma

Rab 15

Rab2a

Rab 35

Rab 3a
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Proteins identified in this study matching proteins identified by Abul-Husn et al. [234]

gene name

protein name

Ap2bl
Ap2al
Ap2a2
Ap2m1l
Atp6v0al
Atpbvlel
Atp6vlal
Atp6vib2
Atp6vlcl
Atp6v0d1
Cltc
Dynclhl
Nsf
Rab3a
Rims1
Sh3gl2
Snap25
Stxla
Stxbpl
Synl
Syn2
Sytl
Syt2
Vamp2
Camk2a
Gnaol
Gnb1l
Gnb2
Gnail
Ywhaz
Atpla3
Ank2
Ncam1l
Actal
Actb
Actnl
Sept3
Sept5
Sept7
Sptanl
Sptbnl
Tubb4
Tubb3
Tubala
Hsp90aal
Hspa8
Thyl

adaptor-related protein complex 2, beta 1 subunit
adaptor-related protein complex 2, alpha 1 subunit
adaptor-related protein complex 2, alpha 2 subunit
adaptor-related protein complex 2, mu 1 subunit
lysosomal ATPase VO al

lysosomal ATPase V1el

lysosomal ATPase V1al

lysosomal ATPase V1 b2

lysosomal ATPase V1 cl

lysosomal ATPase VO d1

clathrin heavy chain

cytoplasmic dynein 1 heavy chain 1
N-ethylmaleimide-sensitive factor

Rab3a

Rim 1

endophilin B2

SNAP25

syntaxin 1A

Munc18-1

synapsin 1

synapsin 2

synaptotagmin 1

synaptotagmin 2

synaptobrevin 2

CAMKII alpha

GTP-binding protein alpha o

guanine nucleotide-binding protein beta 1
guanine nucleotide-binding protein beta 2
guanine nucleotide-binding protein alpha inhibiting 1
14-3-3 zeta

Na/K ATPase alpha 3

ankyrin 2, neurona

neuronal cell adhesion molecule 1

actin, alpha 1

actin, beta

actinin, alpha 1

septin 3

septin 5

septin 7

spectrin alpha chain, brain

spectrin beta chain, brain 1

tubulin, beta 4

tubulin, beta 3

tubulin, alpha 1A

heat shock protein 90

heat shock protein 8

Thy-1 cell surface antigen
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