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The brain is one of the most complex organs of the human body. An organ that without, we 

could not think, feel or move. The brain contains billions of interconnected communicating 

neurons surrounded by glia, that enable physiological and mental processes. Failure of nerve 

cells to properly communicate underlies a plethora of brain disorders, including common 

neurodegenerative disorders like Alzheimer’s disease (AD)1,2. For many brain disorders, the 

exact cause is unknown, and likely involves a complex interplay between environmental 

factors, genes and different cell (sub)types (i.e. excitatory and inhibitory neurons, astrocytes 

and microglia) of the brain2,3 .

Synaptic neurotransmission

Neurons are specialized in intercellular communication via electro-chemical signaling. Active 

signal transmission between neurons takes place at synapses. The most common are 

chemical synapses that convert axonal electric activity at the presynaptic terminal into a 

chemical message that subsequently activates receptors on the receiving post-synapse. Upon 

stimulation, pre-synaptic vesicles fuse with the synaptic membrane, releasing 

neurotransmitters into synaptic cleft4. Binding of neurotransmitters (in)directly results in 

opening or closing of ion channels, the activation or inhibition of intracellular signaling 

cascades, and modification of the electrical properties of the receiving cells5,6.

The downstream effect of presynaptic signal transduction on the post-synapse, depends on 

many factors including the molecular composition of the synapse, the timing of stimulation and 

the state of the synapse prior to receiving input. Importantly, the efficacy of synaptic 

transmission can be altered in an activity dependent manner also known as synaptic plasticity. 

Synaptic plasticity is regulated by many pre- and postsynaptic mechanisms, influenced by glial 

cells and can last from milliseconds to days and possibly even longer7. Multiple forms of short-

and long-term synaptic plasticity exist and are thought to form the molecular basis of higher 

order processes such as learning and memory7.

Neurotransmission involves a diverse set of synaptic proteins that act as part of protein 

complexes together forming an intricate molecular network8. Dysfunction of the molecular 

machineries regulating elementary synaptic processes are causal to many brain disorders, 

such as Autism9, Schizophrenia10 and Alzheimer’s disease1. These synaptic dysfunctions are,

also called synaptopathies11,12. Therefore, research into the organization of synaptic proteins 

and their relation to synaptic plasticity forms an important branch of molecular neuroscience. 

1
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Synaptic structure

The vast diversity of proteins present in the synapse (recently catalogued in the SynGO 

knowledgebase13), their differential expression across the brain and high number of isoforms 

underpins the complexity and diversity of the synaptic organelle13,14. Synapses can be 

subdivided based on the inhibitory or excitatory effect they elicit, and the type of 

neurotransmitter they release, including glutamate (excitatory) and glycine (inhibitory)14. All 

chemical synapses contain a presynaptic element opposing the post-synapse, which are 

connected through transsynaptic adhesion proteins that ensures the exact alignment of the 

transmitter release and signal-receiving protein components15.

Excitatory synapses are asymmetric in shape and form on dendritic spines (Figure 1a,b). Most 

inhibitory synapses are symmetrical and are formed directly on the dendritic shaft or cell soma 

(Figure 1a)16. The presynaptic structure of inhibitory and excitatory synapses are molecularly 

different, such as the enzymes and transporters involved in neurotransmitter production and 

vesicle loading17. In contrast, the excitatory post-synapse is characterized by a post-synaptic 

density (PSD) with variable thickness (20-50nm), whereas the post-synaptic scaffold of 

inhibitory synapses are much thinner (~12nm) and more uniform (Figure 1c)17.

Figure 1. Morphological features of excitatory and inhibitory synapses. (a) Cartoon showing the 

morphological difference between the excitatory and inhibitory synapse. Where excitatory synapses 

often occur at spines on dendrites, inhibitory synapses are most abundant on aspiny dendrites and cell 

soma. (b) Confocal image of a dendrite covered with dendritic spines. Taken from Basu et al. 2018. (c)

EM images of excitatory synapse (upper panel) and inhibitory synapse (lower panel). SV: synaptic 

vesicle. Arrows and lines in red highlight the thickness of the post-synaptic density. Taken from Tao et 

al. 2018. 
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Chapter 1



11 
 

The presynapse 

The pre-synaptic structure can be recognized by the presence of small (~40 nm diameter) 

clear core vesicles, waiting to be released17. These spherical membrane organelles are 

covered by dozens of integral membrane and associated proteins involved in vesicle release 

and recycling processes18. Only a subset of vesicles is docked and primed for fusion at the 

presynaptic active zone, an electron-dense interphase (0.2-0.5 μm in diameter) between the 

presynaptic terminal and synaptic cleft19.

Docking, priming and fusion involves a complex interplay between proteins of the release 

machinery20. The main components are proteins of the SNARE complex: the vesicular SNARE 

Synaptobrevin-2, and Syntaxin-1 and SNAP25 located in at the presynaptic membrane 20.

Essentially, during the process of priming and fusion Synaptobrevin, Syntaxin-1 and SNAP25 

bind through their coiled-coils, forming a tight “zipped” macromolecular complex20,21. This 

brings the vesicle and synaptic membrane in close proximity and drives membrane fusion20.

This reaction is controlled by accessory proteins that bind SNARE components, including 

vesicular Synaptotagmin-1 that is able to bind both SNARE proteins and phospholipids20.

Upon electrical stimulation, a strong local influx of Ca2+ activates synaptotagmin-1 enabling 

membrane fusion20.

After fusion, vesicles are recycled via clathrin-dependent and independent pathways (e.g. 

through kiss-and-run fusion, bulk or ultra-fast endocytosis), through endosomal intermediates 

or directly, ensuring a continuous supply of vesicles prepared to be released22. The reliability 

of vesicle release is highly variable across presynaptic terminals, even when originating of the 

same axon23. This is in part determined by the identity and feedback of the postsynaptic cell, 

and can be modulated by activity which allows for multiple forms of short- and long-term pre-

synaptic mechanisms of plasticity23.

The postsynapse 

A typical mature post-synapse can be recognized as a dendritic membrane protrusion (of  0.5-

2 μm in length) with a spine neck (of ~0.2 μm thickness) and a mushroom shaped spine 

head24,25. These types of synapses are mostly excitatory in nature, whereas inhibitory 

synapses are in general aspiny in shape26,27. The shape and size of the post-synapse is 

controlled by a dynamic network of globular and filamentous actin that regulates structural 

plasticity28. Synapse size shows a positive correlation with synaptic strength29. Larger 

synapses would therefore form stronger connections, although these correlations may not 

1
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hold true for all synapses30. Besides the actin network, the postsynaptic structure contains an 

endocytic zone, endosomes, ER for local protein synthesis, mitochondria, and most 

importantly the PSD formed by a set of proteins directly involved in synaptic transmission25.

The post-synaptic density

The PSD forms a characteristic post-synaptic structural platform that anchors receptor 

proteins. These post-synaptic receptors are crucial for synaptic transmission, as they allow for 

neurotransmitters to alter functional properties of the receiving neuron by (in)direct opening or 

closing of ion channels and modulation of intracellular signaling cascades. A framework of 

PSD scaffold proteins facilitates the functional organization of post-synaptic receptors, and 

other signaling and adhesion molecules25,31.

During the last two decades, synaptic receptors were shown to be highly dynamic regarding 

their localization32. Multiple types of evidence revealed that receptors are exchanged between 

subsynaptic domains and intrasynaptic compartments through lateral diffusion and membrane 

recycling respectively32. Changes in receptor traffic rates lead to alterations in receptor type 

and number at the PSD, which form important post-synaptic mechanisms of plasticity32. Data 

obtained on activity dependent modulation of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) trafficking at the excitatory synapse resulted in a 

multi-step model of synaptic plasticity (see figure 2)32,33. During long-term potentiation (LTP), 

receptors are first inserted into the membrane34. This exchange occurs at a distance from the 

PSD35. Second, in the membrane, receptors diffuse through Brownian motion between 

synaptic and exta-synaptic sites 36,37. As a last step, these receptors are reversibly trapped at 

the PSD through diffusion trapping36,37. Conversely, in this model during long-term depression 

(LTD), receptors that diffuse out of the synapse are endocytosed32,33. Functionally relevant 

receptors are trapped in so-called nanodomains at the PSD that when aligned with the 

presynaptic release machinery together are called nanocolumns38–40, likely depending on 

transsynaptic adhesion molecules15. The same mechanisms of receptor trafficking and 

clustering in nanodomains have been observed at the inhibitory synapse41–43, and seems to 

be a common way for regulating synaptic efficacy across synapse types32.

12
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Regulation of receptor trafficking and their biophysical properties largely depend on post-

translational modifications and interacting proteins44,45. Indeed, proteins including synaptic 

receptors are commonly assembled with interactors into multiprotein complexes46–48.

Importantly, as many receptor interactors show brain region or cell-type specific expression 

and involvement in specific circuitries, interactors are increasingly recognized as promising 

therapeutic targets49. The characterization of receptor complexes forms, for the main part, the 

focus of my studies in this thesis. In particular I focus on the AMPAR, the Glycine receptor 

(GlyR) and its major interactor Gephyrin, which are therefore introduced in the following 

sections.

Figure 2. A multi-step model of AMPAR trafficking during synaptic plasticity. AMPARs are

inserted into the plasma membrane (1), followed by lateral diffusion (2) and diffusion trapping at the 

post-synaptic density (3), leading to enhanced neurotransmission. Conversely, receptor diffusion out of 

the synapse followed by endocytosis results in reduced transmission (steps not depicted). Subsets of 

known AMPAR auxiliary subunits were shown to work at the synapse (in red) or ER (in green). 

1
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The AMPA-receptor

The AMPAR is responsible for most of the fast-excitatory neurotransmission in the brain50.

This ion channel directly binds glutamate, and when open, facilitates the flux of Na+, K+ and in 

some cases Ca2+ ions across the synaptic membrane50. Four different homologous AMPAR 

subunits exist (GluA1-4), that can assemble in distinct compositions and form the functional 

ion channel inner core51,52. The predominant forms of AMPARs are heterotetramers containing 

GluA1/2 subunits or GluA2/3 subunits53. Both subtypes contain two GluA2 subunits, that due 

to RNA editing of glutamine 607 to arginine in the channel pore region are impermeable for 

calcium54. In early development and specific populations of cells (e.g. parvalbumin neurons55), 

calcium permeable AMPARs have been observed as well44.

The AMPAR has been widely implicated in several forms of synaptic plasticity44,56. Especially 

GluA1/2 receptors are important for changes in synaptic transmission53,57, and show enhanced 

gating after phosphorylation58 and fast incorporation into the synapse upon induction of LTP59.

GluA2/3 receptors cycle constitutively in and out of the synapse in absence of activity, and 

replace newly incorporated GluA1/2 receptors over time59,60. GluA2/3 receptors also show 

differences in biophysical properties, such as faster decay kinetics and lower probability of 

opening, which can be enhanced in the presence of cAMP57,61. The exact roles of distinct 

AMPAR subtypes in synaptic transmission and plasticity remains to be fully understood.

AMPA-receptor interacting proteins

AMPARs are decorated by interacting proteins44,46. Early yeast-two hybrid studies have 

implicated a number of cytosolic proteins in organizing AMPAR insertion and removal from 

the synapse62. For example, GRIP1 and PICK1, that directly interact with the C-terminal 

domain of GluA263,64. Studies showed that phosphorylation of the GluA2 Ser880 residue by 

PKCα results in detachment of GRIP1, enhanced binding of PICK1, increased endocytosis 

and long-term depression (LTD)65. Interestingly, these and additional classical AMPAR

interactors (e.g. Protein 4.1 and NSF) are only sporadically detected using interaction 

proteomics, possibly due to the instable or transient nature of their interaction46,66,67.

More recent efforts using immuno-purifications and mass spectrometry (IP-MS), have resulted 

in the identification of around 30 transmembrane and secreted AMPAR interactors46,66,68. Most 

of the identified auxiliary proteins have been functionally characterized (see Table 1). In 

particular, proteins of the Transmembrane AMPAR Regulatory Protein (TARP) and Cornichon 

homolog (CNIH) families. These proteins decorate the majority of AMPARs and are 

14
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considered core proteins of the AMPAR complex46,69. TARP-γ2 (Stargazin) was the first 

discovered AMPAR auxiliary subunit70. Disruption of the TARP-γ2 gene in Stargazer mice

causes an epileptic and ataxic phenotype71 and loss of functional AMPARs in granule cells of 

the cerebellum70. Whereas TARP-γ2 shows clear functional importance and high expression 

in the cerebellum, TARP-γ8 is widely expressed in the hippocampus72. Both proteins interact 

with the scaffold protein PSD95 through their C-terminal, affecting lateral diffusion of the 

receptor in the plasma membrane73,74. In addition, both TARP proteins, CNIH2 and 3 are 

implicated in ER-exit, and slow AMPAR deactivation and desensitization68,72,75–78. Unlike 

TARPs, CNIH2 and CNIH3 do not contain a PDZ-binding domain, however, they do remain 

present with the AMPAR at the PSD68.

The sheer number of AMPAR interactors, and their distinct subcellular expression profiles79,

suggests these proteins assemble into distinct subcomplexes with different or overlapping 

protein compositions. In fact, previous studies revealed several interactors group in distinct 

AMPAR assemblies with different properties77,80 (Figure 2). FRRS1L together with CPT1C 

were reported to form a subassembly in the endoplasmic reticulum where they regulate 

AMPAR biogenesis77,80. This complex is distinct from synaptic complexes containing, among 

others,TARP-γ877,80. Both TARP-γ8 and FRRS1L compete for the same binding site on the 

AMPAR8, and are therefore part of at least two separate AMPAR populations80. In addition, 

several AMPAR interactors revealed preferred association with distinct AMPAR subunits46,81.

For instance, GRIP and PICK that interact with the AMPAR through a sequence (-SKVI) 

shared by GluA2 and GluA3, and lacking on GluA1 and GluA463,64. Also several more recently 

identified AMPAR interactors revealed stronger binding with specific AMPAR subunits46. For 

example, PRRT1 associates preferentially with GluA146,82, and GSG1L with GluA246. The 

identification of receptor subcomplex compositions, and their functional implications remains

a field of active research, and may prove diverse among brain regions, cell types and 

developmental stages69,83,84.

1
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Table 1. Functional implications of AMPA-receptor interactors that were discovered by 

proteomics analyses.  

Protein 
symbol

Alias AMPAR modulation Reference

TARP-γ2 CACNG2, 
Stargazin

Regulates surface expression, ER exit, gating 
properties and lateral diffusion by interacting with 
PSD95.

Cheng et al., 2001; 
Tomita et al., 2005; 
Kessels et al., 2009

TARP-γ8 CACNG8 Regulates surface expression, gating properties and 
synaptic localization by interacting with PSD95.

Rouach et al., 2005; 
Sumioka et al., 2011;
Zheng et al., 2005

CNIH2
Regulates AMPAR export from ER and gating 
properties (activation, deactivation and 
desensitization).

Schwenk et al., 2009; 
Herring et al., 2013; 
Boudkkazi et al., 2014

SHISA6 CKAMP52 Regulates lateral mobility and prolongs 
desensitization. Klaassen et al., 2016

SHISA9 CKAMP44 Regulates surface expression and recovery from 
desensitization.

von Engelhardt et al., 
2010;
Karataeva et al., 2014

GSG1L Regulates AMPAR trafficking, surface expression 
and gating properties.

Shanks et al., 2012; 
McGee et al., 2015

CPT1C CPT-1 Modulates AMPAR surface levels and assembly in 
the ER.

Gratacos-Batlle et al., 
2015; Fado et al., 2015;
Brechet et al., 2017

FRRS1L C9ORF4, 
CG6

Modulates AMPAR surface levels and assembly in 
the ER. Brechet et al., 2017

SAC1
PIP-PP
SAC1, 
SACM1L

Modulates AMPAR secretory trafficking and surface 
levels. Yang et al., 2013

ABHD6/12 Regulates AMPAR biogenesis in ER and surface 
delivery.

Wei et al., 2016; 
Schwenk et al., 2019

PRRT1 NG5, 
Syndig4 Regulates surface expression and gating properties. Matt et al., 2018

OLFM1 Noelin1, 
Pancortin

Regulates AMPAR lateral diffusion and synaptic 
localization. Pandya et al., 2018

NRN1 CPG15 Recruitment of AMPAR and PSD95 to the 
postsynapse.

Cantallops et al., 2000; 
Subramanian et al., 
2019

LRRTM4 LRRT-4 Regulates activity-dependent AMPAR trafficking. Siddiqui et al., 2013

RAP2B Modulates AMPAR surface trafficking (removal and 
reallocation).

Fu et al., 2007; 
Kielland et al., 2009

PORCN Regulates early formation of AMPAR in ER. Erlenhardt et al., 2016

16
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The Glycine-receptor

Ionotropic receptors on inhibitory synapses of the central nervous system mostly include 

GABAA-receptors, and in the brainstem and spinal cord GlyRs are more abundant85. The GlyR 

enables fast inhibitory neurotransmission through conduction of chloride, and is involved in 

generating rhythmic motor behaviors such as locomotion and respiration86,87, and 

nociception88..

The GlyR has five different subunits (α1-4 and β) that can form distinct pentameric 

compositions85,89. The α-subunits are ligand-binding and are targeted for modulation of GlyR 

functioning90. For instance, phosphorylation of the α3 subunit reduces glycinergic synaptic 

transmission in the spinal cord88. The β-subunit binds the scaffold protein Gephyrin, which is 

essential for clustering of GlyRs at the PSD91, although also different α-subunits were shown 

to affect the level of synaptic GlyR clustering89. Unlike the β-subunit, all α-subunits can form 

homomers in heterologous expression systems85. Also in vivo, α2 homomers are detected, 

however, their expression is restricted to embryonic neurons and decreases sharply after 

birth85. The majority of GlyRs in the spinal cord and brain stem are heteromers containing α1 

and β subunits, and were recently determined to be expressed in a 4:1 stoichiometry92. This 

GlyR subtype is the main mediator of glycinergic transmission in the adult brain85,93. Mutations 

in the α1 subunit of the GlyR are causative for hyperplexia, also known as human startle 

disease94,95. Additional GlyRs heteromers exist, containing α2, α3, or α4 in combination with 

the GlyR β subunit,  with roles in: (α2) cortical neuron migration96 and autism spectrum 

disorder (ASD)97; (α3) pain sensation caused by chronic inflammation88 and rhythmic 

breathing98; and (α4) early embryonic development99.

Compared to the GABA-receptor system, the glycinergic synapse has a low variety of

presynaptic neurotransmitter synthesizing enzyme isoforms and GlyR subunit 

compositions100. Due to this relative molecular simplicity, glycinergic synapses are thought to 

have a limited number of mechanisms underlying plasticity100.

The Glycine-receptor interactome

In line with the relative molecular simplicity of the GlyR, the number of reported GlyR 

interactors remains limited. The first and most well-established interactor of the GlyR is 

Gephyrin101. Additional interactions have been reported between the GlyR and PACN1, also 

known as Pacin1 (PACN1)102,103, VPS35104, Neurobeachin (NBEA)104, the Leptin receptor105,

Karyopherin α3 and α4 (KPNA3 and KPNA4)106. Both GlyR β and GlyR α1 were shown to 
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interact directly with PACN1102,103 Because removal of PACN1 in spinal cord neurons resulted 

in a reduction in size and number of GlyR clusters, PACN1 was proposed to play a role in 

GlyR trafficking and/or cytoskeletal anchoring102. GlyR β was revealed to interact with 

VPS35104 and NBEA104. Both proteins are involved in endosomal dynamics and surface 

expression of glutamate receptors107,108, and may likewise regulate GlyR trafficking. The 

functional implications of the GlyR interactions with VPS35 and NBEA have not been 

investigated further. 

All reported GlyR interactors have been identified with similar in vitro assays, using the large 

intracellular loop of the GlyR α1, α3 or β subunit as bait. For several interactors, colocalization 

experiments were performed in neuronal cells in support of their interaction with the receptor. 

Overlapping stainings with the GlyR were observed for PACN1102 and VPS35104. However, 

minor to no colocalization was reported with the Leptin receptor105, KPNA3 and KPNA4106. As 

suggested by the authors, this may point to non-stable interactions in vivo106. To date, the 

exact nature of their interaction or functional involvement in GlyR regulation remains unknown.  

Gephyrin, its interactors and isoforms

Gephyrin is the major scaffolding protein of the inhibitory PSD109. A single Gephyrin protein 

comprises three structural domains (G, C and E) (Figure 3a). Multiple Gephyrin proteins can 

self-aggregate through the N-terminal G- and C-terminal E-domains, which led to a model of 

Gephyrin forming a hexagonal lattice shaped framework (Figure 3b)110,111. In addition, the G 

and E domains are similar as the MogA and MoeA proteins, respectively, that are responsible 

for molybdenum cofactor (Moco) production in bacteria112. Also Gephyrin catalyzes the last 

step in Moco production, and is therefore a multifunctional protein112.   

The Gephyrin scaffold is necessary for receptor clustering at the inhibitory PSD, and 

conversely receptor binding stabilizes Gephyrin below the membrane100. Both the GlyR and 

GABAA-receptor bind the same receptor binding site at the E-domain of Gephyrin113. Their 

interaction strength determines their relative accumulation in the synapse, and can be 

modified by post-translational modifications109,114,115. GlyRs and GABAA-receptors can anchor 

together in “mixed” synapses, or in synapses exclusively containing one of both 

receptors116,117. The dynamic (dis-)assembly of Gephyrin and subsequent receptor 

accumulations allows for fast adaptations of synaptic strength118–120.

As a scaffold, Gephyrin interacts with many proteins itself, that belong to various functional 

classes (for an overview of all interactors see109). For instance, Gephyrin was shown to bind 

18
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the adhesion molecule Neuroligin-2 (NLGN2), which is important for synapse formation. 

NLGN2 is thought to drive the formation of Gephyrin-GABAA-receptor clusters at the PSD121.

A more recently identified Gephyrin interactor is IQSEC3, a brefeldin A-resistant ARF guanine 

nucleotide exchange factor (GEF)122. This protein has been implicated in maintenance of 

Gephyrin cluster size, and the correct apposition of GABAA-receptor-containing post-synapses 

with presynaptic terminals, in an Arf6 signaling dependent manner during synapse 

development123. Gephyrin also interacts with cytoskeletal (binding) proteins, like tubulin and 

Profilin1/2, and transport proteins including Kinesin heavy chain 5 (KIF5) and Dynein light 

chain 1 and 2 (DLC1 and DLC2). Gephyrin has been observed in intracellular GlyR-containing 

vesicles, where it interacts with motor protein complexes120,124,125. The preassembled 

Gephyrin-GlyR complexes were shown to comigrate with KIF5 and Dynein through neurites 

over time, suggesting Gephyrin to act as motor-cargo adaptor protein enabling intracellular 

GlyR transport 120,125.

Interestingly, several isoforms of Gephyrin are created through alternative splicing126, and

show biochemical differences in affinity for the GlyR127,128, folding128, aggregation129,

phosphorylation128 and subcellular localization128. These splice-isoforms can therefore control 

important aspects of inhibitory synapse function. For example, in some neurons GlyRs are 

excluded from the synapse along the course of development, which has been proposed to be  

regulated by the expression of the Gephyrin G2 (also called C5 or C5’130) isoform100,131. To 

understand the importance of Gephyrin isoforms and their regulation further research is 

required.   

Figure 3. Gephyrin structure and self-aggregation model. (a) The Gephyrin protein containing an 

N-terminal G domain and C-terminal E domain connected by a C-linker region. (b) Gephyrin monomers 

can trimerize through its G-domain and dimerize through its E-domain, forming a hexagonal lattice. 

Binding of the Glycine receptor to the E-domain of Gephyrin stabilizes the oligomer100.

1
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The molecular composition of the synapse in Alzheimer’s disease

Aberrant functioning of the synapse has been implicated in several brain disorders11,12,

including AD1. Reduced synapse density strongly correlates with cognitive decline in AD132. In 

addition, Amyloid-beta (Aβ), a cleavage product of APP and one of the pathological hallmarks 

of AD, appears to play an important role in synapse toxicity2. As part of my research on 

synaptic proteins, I therefore explored the synapse proteome alterations induced by 

overexpression of Aβ using the APP/PS1 mouse model of AD. 

AD is a progressive neurodegenerative disorder and the most common cause of dementia3,133.

In the initial stages, AD can be recognized by the inability to store new memories and, as the 

disease progresses, previously stored memories get lost and essential cognitive functions are

affected. The majority of patients suffers from sporadic AD, that mostly occurs starting at the 

age of 653. With age being its highest risk factor, and an increasing worldwide life expectancy, 

the number of AD cases is expected to increase further in the coming decades3,133. Currently, 

there is no cure for AD, and available treatments provide only temporary symptomatic relief. 

Major efforts are made to search for (preventive) therapies and understanding of AD etiology,

which have resulted in big advances134–137. However, to date, the causal mechanisms 

underlying AD pathology remain unknown.  

The accumulation of Aβ is believed to play an important role in AD pathogenesis138,139. Aβ

peptides are products of the transmembrane Amyloid Precursor Protein (APP) that is cleaved 

by Presenelin 1 and 2 (PSEN1 and PSEN2) containing γ-secretases (see Figure 4). Mutations 

in the APP and PSEN1/2 genes are disease-causative for cases of familial AD, and form the 

genetic basis of the APP/PS1 mouse model140,141. In addition to accumulations of Aβ in 

extracellular plaques, the brains of AD patients are characterized by neurofibrillary tangles

(intraneuronal aggregates of hyperphosphorylated tau), synapse loss, astro- and microgliosis 

and neuronal death2.

Synapse dysfunction and loss is the strongest correlate to cognitive decline in AD patients 
142,143. Already in early stages of AD a large reduction in synaptic protein expression is 

observed in both humans and mouse models of AD144,145. In APP transgenic mice synapse 

dysfunction and loss is observed before the onset of plaque formation, and correlates well with 

the increase of soluble oligomeric Aβ145. Indeed, multiple animal studies have shown that 

oligomeric Aβ reduces synaptic strength, impairs synaptic plasticity and causes synapse loss 

and cognitive deficits145,146,. Several studies suggest oligomeric Aβ can induce the formation 

of tau tangles147. In addition, removal of phospho-tau can prevent synapto-toxic effects of 
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oligomeric Aβ, demonstrating a close link between the two pathological hallmarks and 

synapto-toxicity148,149. Exactly how oligomeric Aβ causes the synaptic defects, and its relation 

with tau and AD etiology is unclear, as this peptide comes in many oligomeric forms, and binds 

a plethora of receptors triggering different pathways150. In addition, distinct types of synapses 

and neurons may be affected differentially151.

Reactive glia in the AD brain are increasingly considered as key players in disease 

pathogenesis, and not only treated as a consequence of pathology136,152. Astrocytes and 

microglia are the major cell types responsible for the inflammatory response in the brain, and 

are observed in activated state around Aβ plaques in the AD mouse and in human AD152.

Several genetic risk factors for AD are highly expressed by astrocytes and microglia (e.g. 

Apolipoprotein E (APOE), Clusterin (CLU) and Triggering receptor expression on myeloid cells

2 (TREM2)), suggesting a causal role for these cell types in AD pathology136. In addition, 

microglia and the complement system were shown to be involved in early synaptic loss in AD 

mice153. The exact mechanisms involving astrocytes and microglia in AD, and whether they 

are harmful or protective are not fully understood. 

Figure 4. Amyloidogenic pathway of processing the Amyloid Precursor Protein (APP). The 

transmembrane protein APP undergoes proteolytic cleavage by secretases. Cleavage of APP by β-

and α-secretase, results in the production of Aβ that can accumulate into oligomers and eventually 

aggregate into plaques. Known AD associated mutations in the APP gene, and genes coding for PSEN1 

and PSEN2 (part of the γ-secretase complex) causes enhanced production of Aβ.
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Aim and outline of this thesis

The primary aim of this thesis was to determine protein complex compositions of major 

synaptic proteins of the excitatory and inhibitory synapse, using a combination of several 

proteomics approaches. More precisely, we aimed to push for further specification of the GlyR, 

Gephyrin and AMPAR interactomes, by focusing on their subcomplex compositions and the 

differential protein assemblies of AMPAR subtypes and Gephyrin isoforms. The specification 

of GlyR, Gephyrin and AMPAR protein assemblies is intended to add to the understanding of 

their functional regulation, in health and disease. 

In chapter 2 the GlyR interactome in the brainstem was determined using an 

immunopurification (IP)- mass spectrometry strategy with multiple antibodies against the GlyR 

and Gephyrin. The excitatory synapse protein IQSEC2, and IQSEC3 known as Gephyrin 

interactor in GABAA-receptor containing synapses, were shown to be part of GlyR containing 

complexes. Additional separation of GlyR complexes with an IP-Blue Native/Mass 

spectrometry approach, demonstrated that this novel GlyR-Gephyrin-IQSEC2/3 assembly 

forms a small and distinct high molecular weight population of GlyRs.

The scaffolding protein Gephyrin has multiple splice isoforms with different biochemical 

properties. In chapter 3 we designed specific antibodies against the major Gephyrin-C3 and 

C4A splice isoforms, and validated their specificity. With these novel antibodies, we 

determined Gephyrin-C3 and -C4A cellular expression, their interaction profiles with 

overlapping and specific interactors and subcomplex compositions. The neuronally expressed 

Gephyrin-C4A revealed strong binding to the GlyR, IQSEC3 and Nitric oxide synthase 1 

(NOS1), whereas Gephyrin-C3 revealed high expression in astrocytes, reduced binding to the 

GlyR and specific interaction with NLGN2.

In chapter 4 I moved to the excitatory synapse and analyzed the complex compositions of the 

two most abundant AMPAR subtypes in the hippocampus. We performed quantitative and 

interaction proteomics on wildtype and GluA1- and GluA3 gene deleted mice. Whereas 

GluA1/2 co-purified TARP-γ8, PRRT1 and CNIH2 with highest abundances, GluA2/3 

receptors revealed strongest co-purification of CNIH2, TARP-γ2, and OLFM1. Additional IP-

MS, IP-BN-PAGE/MS and microscopy analysis revealed a direct interaction between TARP-

γ8 and PRRT1 and their co-assembly into an AMPAR subcomplex especially near the 

synapse.  

Alzheimer’s disease, one of the most well-known disorders of the brain, is characterized by 

early hippocampal memory deficits and dysfunctional synapses. In chapter 5 I study the 
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proteome of a synapse enriched fraction obtained from the hippocampus of the APP/PS1 

mouse model of AD at 6 and 12 months of age using data independent acquisition (DIA) mass 

spectrometry. We first assessed the usefulness of a recently improved directDIA analysis 

workflow as an alternative to conventional DIA analysis using a project specific library. We 

subsequently applied this workflow to our datasets, and revealed most regulation at 12-

months. In particular proteins involved in Aβ homeostasis and microglial-dependent 

processes.

In chapter 6 the results of the proteomics analyses on the GlyR, Gephyrin isoforms, AMPAR 

protein assemblies and the APP/PS1 proteome are summarized, and their implications are 

discussed. In addition, the challenges and future perspectives for the study of synaptic 

proteins complexes and (interaction) proteomics are highlighted. 
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Abstract

The pentameric glycine receptor (GlyR), comprising the α1 and β subunits, is a major inhibitory 

ionotropic receptor in brainstem and spinal cord. GlyRs interact with Gephyrin (GPHN), a

scaffold protein that anchors the GlyR in the plasma membrane and enables it to form clusters 

in glycinergic postsynapses. Using an interaction proteomics approach, we provides evidence 

of the ArfGEFs IQ motif and Sec7 domain 3 (IQSEC3) and IQ motif and Sec7 domain 2 

(IQSEC2) as two novel synaptic proteins interacting with GlyR complexes. When the affinity-

isolated GlyR complexes were fractionated by blue native gel electrophoresis and 

characterized by mass spectrometry, GlyR α1β-GPHN appeared as the most abundant 

complex with a molecular weight of approximately 1 MDa, and GlyR α1β-GPHN-IQSEC3 as 

a minor protein complex of approximately 1.2 MDa. A third GlyR α1β-GPHN-IQSEC2 complex 

existed at the lowest amount with a mass similar to the IQSEC3-containing complex. Using 

yeast two-hybrid we demonstrate that IQSEC3 interacts with the GlyR complex by binding to 

the GPHN G domain at the N-terminal of the IQSEC3 IQ-like domain. Our data provide direct 

evidence of the interaction of IQSEC3 with GlyR-GPHN complexes, underscoring a potential 

role of these ArfGEFs in the function of glycinergic synapses.
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Introduction

The glycine receptor (GlyR) is an anion-selective ligand-gated ion channel expressed mainly 

in the brain stem and spinal cord. GlyRs mediate fast inhibitory neurotransmission, and are 

involved in the regulation of locomotion, respiration and nociceptive processes154; e.g., 

malfunction of the major adult α1β subunit containing GlyR is known to cause startle 

disease/hyperekplexia95. The glycinergic synapse has a relatively simple postsynaptic density 

at the ultra-structural level100. It consists of multiple GlyRs, each composed of a pentamer of 

α1 and β subunits clustered by the synaptic scaffolding protein Gephyrin (GPHN), and is 

thought to have limited ability for plastic change100. Recent interaction proteomics studies on 

ligand-gated ion channels and membrane receptors, such as GABAA and glutamate receptors, 

have revealed the presence of many protein interactors46,47,84,155,156. However, the relatively 

simple composition known of the GlyR complex (GlyR α1β-GPHN) may in part be explained 

by the low sensitive biochemical methods used in the previous studies, leaving additional 

interactors undetected. While some potential GlyR interactors have been characterised, 

including karyopherin 3 and 4106, Vacuolar Protein Sorting 35 and Neurobeachin104, and 

syndapin I102, a detailed proteomics analysis of synaptic GlyRs is currently lacking. In this 

study, we used immuno-precipitation (IP)-based interaction proteomics to characterize GlyR 

associated proteins from a brain stem extract. Using the AMPAR interactome as background 

to identify candidates84, we identified two ArfGEFs: IQ motif and Sec7 domain 3 (IQSEC3, 

also known as BRAG3/SynArfGEF) and, to a lesser extent, IQ motif and Sec7 domain 2 

(IQSEC2, also known as BRAG1/IQ-ArfGEF) as new GlyR interactors. The IQSEC3 and 

IQSEC2 interaction with GlyR complexes was validated by using a multi-dimensional IP-Blue 

native gel electrophoresis (BN)-mass spectrometry (MS) approach. IP-captured protein 

complexes were size-fractionated by BN and analysed by quantitative proteomics. Correlation 

profiling of protein migration patterns on the BN gel distinguished several GlyR complexes, of 

which the main pool consisted of GlyR α1β-GPHN. At the higher molecular weight range 

IQSEC2 and IQSEC3 were also detected, corresponding to the complexes GlyR α1β-GPHN-

IQSEC3 and GlyR α1β-GPHN-IQSEC2. Using yeast two-hybrid, we demonstrated that 

IQSEC3 interacts with the GlyR complex through the binding of the GPHN G domain with a 

unique motif (amino acids 160-210) N-terminal of the IQSEC3 IQ-like domain.
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Results

In this study we examined the interactome of the major adult GlyR (α1β) subtype by immuno-

precipitating the GlyR subunits GlyR α1, β and GPHN and identifying interacting proteins by 

mass spectrometry. For this we used a commercially available GlyRα1 antibody obtained from 

Genscript (anti-GlyR α1a) and three custom-made antibodies raised against GlyRα1 (anti-

GlyR α1b), GlyRβ and GPHN, which recognised the bait proteins specifically (Supplementary 

Fig. 1A, see also Supplementary Materials and Methods). In addition, to distinguish the bulk 

of proteins binding in the IPs from GlyR-specific interactors 156,157, two custom-made 

antibodies raised against the AMPA-receptor subunits GluA2/3 and GluA4 (Supplementary 

Fig. 1A) were used as background to identify candidates.

In the first instance, we examined the effect of different detergents on integrity of the GlyR 

protein complex. Brain stem proteins were extracted in 1% DDM, NP-40 and Triton X-100, 

and run on a blue-native gel and stained for GlyR β. Clear immuno-reactivity for the GlyR was 

observed around 1 MDa for all three extraction conditions, and a lack of signal around 50 kDa, 

i.e., the molecular weight of single GlyR subunits. Triton X-100 and NP-40 conditions showed 

immuno-reactivity around 700 kDa, which may implicate mild breakdown of the protein 

complex during extraction (Supplementary Fig.1B). In addition, DDM was previously found as 

preferred detergent for maintaining the integrity of the AMPA receptor protein complex84. We 

therefore used 1% DDM for subsequent experiments.
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Figure 1. Putative GlyR interactors in brainstem extract. (A) Proteins identified by interaction 

proteomics that were present in > 75% of the GlyR/GPHN IPs with an iBAQ enrichment of ≥10 folds 

compared to the mean iBAQ intensity observed in GluA2/3 and GluA4 IPs. (B) Reverse IP with an 

antibody against IQSEC3 showed the presence of GlyR α1 and GPHN. iBAQ intensity values are shown 

as a log10 value.

To obtain high consistency in our IP-MS/MS experiment, volumes, protein concentrations and 

amount of antibody used, were kept constant. In addition, four biological replicates for all 

GlyR/GPHN and AMPAR antibodies were performed in a single batch.  The IP samples were 

run on SDS-PAGE gel, cut into three fractions, trypsin digested and analysed by LC-MS/MS. 

This classic approach is more labour intensive and time consuming than the recently 

developed FASP and SP3 methods156,158. However, the advantages are that it allows for 

quality control of the IP experiments by staining the proteins on the SDS-PAGE gel 

(Supplementary Fig. 2), while the fractionation and separate LC-MS/MS of each fraction 

increases the depth of the proteomics analysis. The control GluA IPs in brainstem and 

hippocampus consistently purified the previously reported AMPA receptor interactors46,84,

which were not present in the GlyR and GPHN IP sets, indicating the reliability and high 

sensitivity of the approach (Supplementary Fig. 3). For enrichment analysis, only brainstem 

GluA-IPs were used to filter out background proteins. Figure 1A shows the iBAQ intensity 

values of proteins present in >75% of the GlyR/GPHN IP experiments (i.e. > 12 out of the 16 

IP experiments) with an iBAQ enrichment of ≥10 fold compared to the GluA2/3 and GluA4 IPs. 

The complete list of proteins detected in each individual IP of all antibodies used in this 

analysis is given in supplementary Table 1. Overviews of the IP data per antibody, highlighting 

the fold change ranking of the interactors are provided in Supplementary figure 4. 
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The core proteins GlyR α1, GlyR β and GPHN, were recovered from the GlyR α1 and GlyR β 

IPs, in here GPHN was detected as the most abundant protein. Similar results were obtained 

from GPHN IPs. GlyR α2 and α3 were detected as well, albeit at a considerable lower amount. 

Interestingly, we detected two ArfGEFs, IQSEC3 and IQSEC2, which were purified at 10 to 

100 fold lower levels, respectively, than the GlyR and GPHN. Two additional potential 

interactors were present at similar low detection level, NRXN3 and GPC1. 

Among the several novel potential GlyR interactors, IQSEC3 is detected at the highest level 

that is nevertheless about 10 fold lower than GlyR and GPHN. To validate the GlyR-IQSEC3 

interaction, we performed reverse IPs on IQSEC3 (Fig. 1B, supplementary Table 2). GPHN 

was recovered at a 5x lower level than IQSEC3, and GlyR α1 at a 20x lower level. This 

suggests a primary interaction between IQSEC3 and GPHN, with the GlyR as secondary 

interaction via GPHN. IQSEC2 was not recovered from the IQSEC3 IPs, suggesting that 

IQSEC2 and IQSEC3 are contained in distinct complexes.

To discern different protein complexes, we extended the IP approach with mass separation of 

native protein complexes by blue-native gel electrophoresis followed by their proteomics 

analysis (IP-BN Proteomics; Fig. 2A), focussing on the core proteins GlyR α1 and GlyR β. As 

a protein contained in a complex likely will spread out across multiple BN gel fractions resulting 

in a lower protein amount in individual BN gel fractions, the IP experiments were scaled-up 

ten-fold to compensate for the dilution across gel fractions. To reveal the validity of the BN-

MS approach, we first tracked unique tryptic peptides derived from a single protein as these 

should provide the same migration pattern on the BN gel. A representative example is 

provided by the three tryptic peptides of GlyR α1 on the GlyR β IP-BN (Figure 2B). We 

observed pronounced intensity differences between the peptides. When the intensities are 

normalized to 100% at their maximum, their highly correlated migration patterns become 

apparent (Pearson’s correlation ≥ 0.99) (Fig. 2C). 
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Figure 2. Analysis of the GlyR protein complex by IP-BN proteomics. (A) Workflow of the IP-BN 

proteomics. Bait protein was immunoprecipitated from tissue extract, and then competed off from the 

antibody with a synthetic peptide corresponding to the epitope of the antibody. The eluted complexes 

were size-fractionated by blue native gel electrophoresis. The gel was cut into multiple slices, and 

analysed by conventional proteomics approach. (B-E) IP-BN mass spectrometry of GlyR β shows 

identical migration profiles on the BN gel for GlyR α1, GlyR β and GPHN. (B) Three unique GlyR α1 

peptides curated in Skyline show similar migration profiles but pronounced differences in intensity 

values. (C) Normalization of peptide peak intensities to their maximum intensity value reveal the high 
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degree of correlation among the different peptides derived from the same protein (Pearson correlation 

≥0.99). (D) GlyR α1, GlyR β and GPHN co-migrate in a molecular weight range peaking at 

approximately 1 MDa. (E) The normalized data reveals more clearly the high degree of correlation 

among the different proteins (Pearson correlation ≥0.99) and the presence of a small population of GlyR 

α1β complex without GPHN that migrated at a mass between 480-720 kDa. Four marker proteins were 

included in each IP-BN run as reference for molecular weight, which are depicted on the x-axis. The 

number of peptides used for peak-picking are shown in brackets.

To achieve the most accurate migration profiling of the proteins across the gel, the summed 

intensities from individually peak-picked peptides in Skyline were plotted (Fig. 2D). Peptides 

chosen for curation in Skyline included those that are unique for the protein of interest, 

preferably unmodified and most abundant. Highly correlated migration profiles of GlyR α1, 

GlyR β and GPHN (Pearson’s correlation ≥ 0.99) were observed, implying that they are part 

of the same complex (Fig. 2E). Of note, four marker proteins were included as reference for 

molecular weight. The main GlyR-GPHN complex peaked at approximately 1 MDa. In addition, 

a small fraction of the GlyR subunits were detected in a lower mass range between 480 and 

720 kDa without GPHN. IQSEC2 and IQSEC3 were recovered at a ten to hundred-fold lower 

level than the GlyR and GPHN from IP experiments (Fig. 1). Both proteins were also recovered 

from the IP-BN experiments. When plotted against the subunits of the GlyR, IQSEC3 has a 

lower intensity (Fig. 3A) and peaked at the high mass range of the GlyR complex in the BN at 

approximately 1.2 MDa (Fig. 3B). Thus, the GlyR-GPHN-IQSEC3 protein complex presents 

as a minor component with a larger MW than the average of the GlyR-GPHN complex (Fig. 

3A-B). IQSEC2 showed a similar migration pattern on the BN gel. It was present also at slightly 

lower MW than IQSEC3 and with substantially lower intensity. 

The initial IP-MS analysis (Fig. 1) showed the presence of several additional putative GlyR 

interactors at low intensities. In the IP-BN proteomics experiments, NRXN3 and GPC1 both 

migrated at a low MW range of <420 kDa that do not overlap with the detection of the GlyR 

subunits (Fig. 3 C-D). To conclude, the majority of the GlyR protein complex represents the 

GlyR receptor and GPHN, and a small population of the GlyR complex contains IQSEC2 or 

IQSEC3.

To reveal the reproducibility of this approach, we isolated the GlyR complexes using two 

different anti-GlyR α1 antibodies, and examined their migration pattern on the BN gel (Fig. 3E-

H). Similar to the results of the GlyR β IP-BN-MS experiment, GlyR α1-β-GPHN show highly 

correlated migration profiles and peaked at approximately 1 MDa. IQSEC2 and IQSEC3 again 

appeared in the higher mass range of the GlyR complex with substantially lower intensities 
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than the GlyR core proteins. Low MW complexes were also present including one that peaked 

at approximately 480 kDa that contained GlyR α1 and β subunits but not GPHN.

To unequivocally identify the binding partner of IQSEC3 in the GlyR α1β-GPHN complex, we 

utilised the GAL4 yeast two-hybrid system. While we were unable to detect interactions 

between IQSEC3 with GlyR α1 or β subunit baits (data not shown), robust interactions 

between IQSEC3 and GPHN were detected. To map the reciprocal binding sites for the 

GPHN-IQSEC3 interactions, we assessed interactions with IQSEC3 and GPHN G, C and E 

domains, using GPHN G domain trimerisation, and GlyR β-GPHN E domain interactions as 

positive controls. The GPHN E-domain interacted with GlyR β (Fig. 4A). Interestingly, this 

analysis revealed that full-length IQSEC3 and the N-terminus of IQSEC3 (amino acids 1-649) 

interacted with the GPHN G domain, but not the C or E domains (Fig. 4A). Furthermore, we 

screened 8 overlapping IQSEC3 baits against GPHN G domain to reveal the specific binding 

site of IQSEC3 to GPHN. A single bait (amino acids 160 and 210 of IQSEC3) yielded strong 

signal, situated upstream of the regulatory IQ-like domain (at amino acids 316-326, Fig. 4B). 

Taken together, we validated the IQSEC3-GPHN interaction and located to a core GPHN G 

domain binding motif on IQSEC3.

Discussion

Our interaction proteomics study suggests that the major adult GlyR α1β subtype contains 

mainly GlyR α1, GlyR β and GPHN. This organization was initially demonstrated three 

decades ago by the affinity isolation of the GlyR on an aminostrychnine-agarose column which 

showed the presence of three main protein bands after separation of the receptor complex on 

the SDS-PAGE gel159. We now provided evidence that the ArfGEF IQSEC3 is an additional 

partner in GlyR complexes, via an interaction between the IQSEC3 N-terminus and the GPHN 

G domain. Existence of additional more labile interactors, and interactors shared by the GlyR 

and AMPAR cannot be excluded.
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Figure 3. Analysis of GlyR sub-complexes. (A-D) IP-BN mass spectrometry of GlyR β. (A) IQSEC2 

and IQSEC3 migrated at the highest molecular weight range of the GlyR. Both IQSEC2 and IQSEC3 

show low intensity values (right scale) compared to the GlyR subunits and GPHN (left scale). (B) 

Normalization of protein peak intensities to their maximum intensity shows that IQSEC2 and IQSEC3 

are both present at a high molecular weight (Pearson correlation of IQSEC3 with the GlyR subunits and 

GPHN is between 0.54-0.56, and of IQSEC2 0.73-0.76). (C) Additional potential GlyR interactors 

NRXN3 and GPC1 were detected with low intensities (right scale) compared to the GlyR subunits and 

GPHN (left scale). (D) Normalized data shows a clear detection of NRXN3 and GPC1on the BN gel 

outside the range of the major GlyR peak (Pearson correlation between -.15 and -0.1), currently 

excluding these proteins as true interactors. (E-H) Two anti-GlyR α1 IP-BN mass spectrometry (E-F

and G-H for two different antibodies, respectively) recapitulate the results obtained for the anti-GlyR β 

IP-BN. (E and G) The GlyR subunits and GPHN show high intensities (left scale), and IQSEC2 and 

IQSEC3 were detected with low intensities (right scale) in the GlyR α1 IP-BN experiment. (F and H) 

Normalized data reveals a tight co-migration of the GlyR subunits and GPHN (Pearson correlation ≥0.87 

for F; ≥ 0.97 for H), a small GlyR population without GPHN in the low molecular weight range and 

IQSEC2 and IQSEC3 at a high molecular weight (F: Pearson correlation IQSEC3 with the GlyR subunits 

and GPHN is between 0.40-0.44, and of IQSEC2 between 0.84-0.86. H: IQSEC3 with the GlyR subunits 

and GPHN is between 0.60-0.65, and of IQSEC2 0.91-0.93).

Immuno-precipitation of a protein using an antibody followed by proteomics analysis is a well-

established technique to reveal the individual components of protein complexes158. In addition 

to the quality of the antibody, the ability to filter contaminants is equally critical to the success 

of the experiment. Often, hundreds of proteins are identified in a single IP, most of them are 

false positives bound non-specifically to the antibody or beads causing random noise. 

Furthermore, antibodies may show cross-reactivity, recognizing additional proteins with their 

specific sites yielding false positives, or target the bait protein at the site of protein-protein

interaction giving rise to false negatives. Multiple strategies can be used to reveal false 

positives, including the use of gene knockout tissue66,156, peptide-blocking the antibody 

specific site using the antigen peptide157, or including multiple antibodies against other non-

related target proteins. 

In the present study, we used a comparative analysis of four antibodies against GlyR α1, GlyR

β and GPHN, and two antibodies against the excitatory AMPAR. Using the criterion of 

abundance difference, resulting in a high percentage of true positives for the AMPAR, we were 

able to select potential GlyR-specific protein interactors. Subsequent BN-PAGE MS/MS 

revealed the interaction of IQSEC 2 and 3 to GlyR forming sub-complexes with higher masses 

(>1 MDa). 

2

35

Glycine receptor complex analysis using IP-BN-MS



36 
 36

Chapter 2



37 
 

Figure 4. Validation of protein-protein interaction by yeast two-hybrid assay. (A) The GAL4BD-

IQSEC3 N-terminal fragment (amino acids 1-649) and full-length IQSEC3 interact with GPHN G domain 

(amino acids 1-173) and full-length GPHN (1-736), but not the GPHN C domain (173-323) or E domain 

(323-736). G domain:G domain, and GlyR β subunit:E domain interactions utilised as controls, 

demonstrating that all GPHN preys were correctly expressed. (B)The amino acid sequence of the rat 

IQSEC3 N-terminus (1-310) depicting the GPHN binding region and IQ-like domain. (c) Assays for 

overlapping 50-amino acid IQSEC3 baits with GAL4AD (Empty prey), the GPHN G domain, or full-

length GPHN, where only fragment IQSEC3 160-210 mediated a robust interaction with the GPHN G 

domain and full-length GPHN. 

With our IPs we were able to identify both IQSEC3 and IQSEC2 as part of GlyR complexes, 

and we confirmed that IQSEC3 is an interactor of the GPHN G domain. The observation that 

IQSEC3 and IQSEC2 exist in the GlyR IPs at lower amount than GlyR-GPHN, suggests that 

they are found in sub-complexes of the α1β GlyRs. To improve insight into these GlyR sub-

complexes, we used a combination of immunoprecipitation and BN for their separation and 

identification.

Stable constituents of a protein complex should co-migrate in a biochemical separation 

medium in which the migration pattern of the complex is defined by the overall physico-

chemical properties of the protein constituents. Various native separation methods have been 

used to fractionate intact protein complexes, which include ion-exchange chromatography, 

sucrose gradient centrifugation, size exclusion chromatography and BN160. The commercially 

available BN gel enables the reproducible separation of protein complexes that span between 

200-1400 kDa. We combined IP with BN to size separate and then characterize the distinct 

protein sub-complexes of the GlyR. The highest intensities were observed for the three core 

GlyR proteins. The ~3 times higher mean intensity of GPHN compared to GlyR α1 and GlyR 

β, and the high apparent molecular weight of the GPHN containing complex(es) is in line with 

the clustering ability and scaffolding function of GPHN. The two terminal domains of GPHN 

(G and E) can trimerize and dimerize, respectively, and oligomerize into hexagonal scaffolds. 

These lattices can be stabilized by GlyR binding and are thought to exist in different packing 

densities100. Pearson correlation of IQSEC3 migration pattern to that of GlyR-GPHN is around 

0.4-0.6, which is substantially lower than the ~0.9 among GlyR subunits and GPHN. IQSEC3 

co-migrated with a subfraction of the GlyR-GPHN complex at the high mass end of 1.2 MDa. 

The lower intensity of IQSEC3 may indicate the interaction of this protein to the protein lattice 

containing multiple copies of GlyR-GPHN. 
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By using a yeast two-hybrid approach, we validated the IQSEC3-GPHN interaction and 

identified the binding site in a previously uncharacterized region of IQSEC3 (between amino 

acids 160 and 210), upstream the IQ-like domain. Interestingly, IQSEC3 was found interacting 

with the G domain of GPHN, whereas GlyR β-subunit bound to the E domain. This suggests 

that IQSEC3, GPHN and GlyR can coexist within the same protein complex, in agreement 

with our previous experiments. IQSEC3 may influence the trimerization of GPHN by interacting 

with the G domain, leading to the regulation of GPHN clustering and inhibitory synapse 

formation122.

Previous studies have also revealed the co-localization of IQSEC3 with GPHN, GABAARs and 

GlyRs at inhibitory synapses in mouse retina161 and biochemical interactions with GPHN122,123.

Labelling with iBioID using Bira-GPHN demonstrated the presence of IQSEC3 in the vicinity 

of GPHN within GABAergic synapses162. Thus, previous studies have indicated evidence that 

IQSEC3 may be part of inhibitory GABAAR complexes. In the pHluorin/Myc-tagged GABAAR

pulldown experiment that identified 149 putative GABAAR interactors, IQSEC3 ranked in the 

middle of the protein list in terms of peptide count163. However, IQSEC3 was not identified in 

a recent GABAAR 2-subunit pull down study155. Nonetheless, IQSEC3 is clearly involved in 

the organisation of GABAergic synapses, in particular the correct alignment of the GABAergic 

pre- and postsynaptic compartments123. Curiously, we also identified IQSEC2, a known 

constituent of excitatory post-synaptic densities164, in GlyR α1β complexes. While this may 

appear unusual, IQSEC2 was also recently shown by others to interact with GPHN in an in 

vitro system122, and was clearly identified in our GlyR and GPHN IPs. Taken together, our 

findings suggest that both IQSEC2 and IQSEC3 interact with GPHN and may play roles in 

inhibitory glycinergic synaptic transmission, extending the role of IQSEC2 beyond excitatory 

synaptic transmission.

Another two putative interactors, the presynaptic NRXN3 and the extracellular matrix 

component GPC1, were detected at a lower molecular weight than the GlyR in the IP-BN 

experiment. This includes the possibility that both NRXN3 and GPC1 are false positive 

interactors. Alternatively, the affinity of NRXN3 and GPC1 to GlyR might be labile causing their 

dissociation from the GlyR complex during the long process of antibody elution/protein 

complex concentrating and the BN gel electrophoresis. Future studies using, for example, a

crosslinking agent to stabilize the interaction may be used to validate their interaction. 

Finally, previous studies have reported several interactors of the GlyR that were not identified 

in our IPs106. For example, karyopherin 3 and 4 were identified as GlyR interacting partners 

using Y2H and GST-pulldown with the TM3-4 loop of GlyR α3 and GlyR α1, respectively. 

However, the authors found only minimal colocalization between the GlyR and karyopherins 
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using subsequent confocal immunocytochemistry and suggested there might be no strong 

static interaction between the proteins in vivo. The recovery of these types of interactors may 

also benefit from stabilization of the interaction prior to the IP-MS procedures in future studies. 

Materials and Methods

Immuno-precipitation / SDS-PAGE fractionation. One mouse brainstem was used per IP 

experiment. Brainstem tissue was homogenized in 1% n‐dodecyl β‐d‐maltoside buffer 

containing 25 mM HEPES, 150 mM NaCl (pH 7.4) and proteinase inhibitor (Roche), and 

incubated for 1h at 4ºC. After centrifugation at 20,000 x g, 10 µg of antibody was added to the 

supernatant, and incubated overnight at 4ºC. The antibody was captured by 0.1 mL protein 

A/G plus agarose beads (Santa Cruz). After washing four times with 0.1% Triton-X buffer 

containing 25 mM HEPES and 150 mM NaCl (pH 7.4), the beads were mixed with SDS sample 

buffer and heated to 98°C for 5 min. Proteins were separated on a 10% SDS polyacrylamide 

gel and stained with Coomassie Blue. Each sample lane was cut into three fractions, each 

fraction was further cut into small gel pieces and transferred to a 96 well plate (0.45 µm filter; 

MultiScreen-HV 96 well filter-plate from Millipore). The proteins were destained, digested with

trypsin overnight at 37°C and dried in a speedvac as described previously165.

The IPs of GluA2/3 and GluA4 have also been performed on the hippocampal extract, with 

one mouse hippocampus per IP experiment, as a control for sensitivity of our IP-MS approach.

A commercially available GlyR α1 antibody (A01636-100; labelled as GlyR α1a), and custom-

made antibodies against GlyR α1 (NTTNPPPAPSKSPE; labelled as GlyR α1b), GlyR β

(NGLGKPQAKNKKPP), GPHN (PTPKQIRRPDESKG), GluA2/3 

(QNFATYKEGYNVYGIESVKI) and GluA4 (RQSSGLAVIASDLP) obtained from Genscript 

were used for IP-analysis. The IQSEC3 antibody (sc-324895) was obtained from Santa Cruz. 

Immuno-precipitation / peptide elution / BN. The protein input, antibody, and beads used 

for IPs followed by peptide elution experiments were scaled up 10 times. To elute protein 

complexes from the antibody, synthetic peptide (0.5 mg/mL) corresponding to the antibody 

epitope was dissolved in wash buffer, added to the beads after IP and washing, and incubated 

for 45 min at room temperature. Protein complex elution was performed twice and the 

supernatant was pooled. Using a 30 kDa cut-off centrifuge filter (Vivaspin 500 from Sartorius), 

supernatant was concentrated to about 30 µL as input material for BN, while the synthetic 

peptide was largely removed. The peptide eluted sample was mixed with 5 µL 8× BN loading 

buffer, 0.5 µL of molecular weight marker and 1 µL 5% G-250 Coomassie blue and loaded on 

a pre-cast Invitrogen NativePAGE 4-16% Bis-Tris Gel (ThermoFisher). The gel was run at 

4°C, 150 V for 1.5h, followed by 250 V for 1h. The gel was fixed overnight, washed 3× in water, 

2

39

Glycine receptor complex analysis using IP-BN-MS



40 
 

and cut with a grid cutter (The Gel Company) into 48 equal sized pieces. Each piece was 

transferred individually to a well in a 96-well filter plate (0.45 µm filter; MultiScreen-HV 96 well 

filter-plate from Millipore) for destaining and trypsin digestion.

Trypsin digestion. The gel pieces in the well of a 96-well filter plate were destained with 

sequential application and centrifugation removal of 50 mM NH3HCO3/50% acetonitrile and 

100% acetonitrile with incubation times of 20 min and 5 min, respectively, and NH3HCO3/50% 

acetonitrile incubation overnight. After dehydration in 100% acetonitrile, the gel pieces were 

incubated with MS grade endo lysC/Trypsin (Promega) at 37 ºC overnight. The resulting 

peptides were extracted with 0.1% TFA in 50% and 80% acetonitrile, 20 min each, dried in the 

SpeedVac and subjected to MS analysis.

HPLC-ESI MS/MS and data analysis. The TripleTOF 5600+ MS was coupled to an Ultimate 

3000 LC system (Dionex, Thermo Scientific). 

For IP-BN samples, the MS was run in nano-mode. Peptides were re-dissolved in 7 µL of 2% 

acetonitrile with 0.1% formic acid, loaded onto a 5 mm Pepmap 100 C18 column, and then 

fractionated on a 200 mm Alltima C18 homemade column (100 µm i.d., 3 m particle size) 

using 0.1% formic acid with a linear gradient of increasing acetonitrile concentration from 5% 

to 30% in 35 min, to 40% at 37 min and to 90% for 10 min at a flow rate of 500 nL/min. Peptides 

were electro-sprayed into the MS using an ion spray voltage of 2500 V, ion source gas at 2 

p.s.i., curtain gas at 35 p.s.i and an interface heater temperature of 150°C. 

For IP samples, the MS was run in micro-mode. Peptides were fractionated on a 200 mm 

Alltima C18 column (300 μm i.d., 3 μm particle size) at a flow rate of 5 μl/min, with the same

gradient as the nano-mode. The eluted peptides were electro-sprayed with a micro-spray 

needle voltage of 5500 V. 

The MS survey scan range was m/z 350–1250 acquired for 250 ms. The top 20 precursor ions 

were selected for 90 ms per MS/MS acquisition, with a threshold of 90 counts. Dynamic 

exclusion was 10 s. Rolling CID function was activated, with an energy spread of 5 eV. The 

MS/MS spectra were searched against the Mouse database (UP000000589_10090) using 

MaxQuant software166 (version 1.6.3.4). For IP-BN data, unique high-quality peptides were 

manually curated in Skyline167 for further analysis.

IQSEC3 IPs were processed with FASP and analysed using a LTQ-Orbitrap156 (see 

supplementary material and methods).

Yeast two-hybrid assays. Yeast two-hybrid assays and LacZ freeze fracture assays were 

carried out as previously described, using the yeast strain Y190 and GAL4 vectors pYTH16 

and pACT168. GPHN constructs encoded the rat GPHN G domain (amino acids 1-173), C 
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domain (173-323), E domain (323-736) or full-length GPHN (1-736), while those for rat 

IQSEC3 encoded amino acids 1-649 (N-terminus), 1-1182 (full length) or 50 amino acid 

overlapping N-terminal fragments (1-50, 40-90, 80-130, 120-170, 160-210, 200-250, 240-290, 

etc). Control baits for the rat GPHN G domain (1-173) and GlyR β subunit intracellular loop

were as previously described168. Co-transformed yeast were plated on selective dropout 

media lacking leucine and tryptophan (Takara) and incubated at 30°C for 3-6 days to allow 

prototropic colonies to emerge. 
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Supplementary Figures 

Supplementary figure 1. Antibody and detergent testing. (A) Custom made GlyR/GPHN and 

AMPAR antibodies tested on brainstem homogenate for bait recognition and crossreactivity. Anti-GlyR

α1 b, anti-GPHN and anti-GluA2/3 stain proteins with the molecular weight of their respective bait 

proteins of GlyR α1 around 53kDa, GPHN at 93kDa and GluA2 and 3 at 100kDa. Anti-GluA4 recognizes 

multiple proteins outside GluA4 at 100 kDa. (B) Brain stem protein extracts were run on a BN-gel and 

immunoblotted for GlyR β. For all three detergents, GlyR β is present around 1-1.2 MDa. In the 

conditions of NP40 and Triton-X, a second band is observed around 720 kDa. No staining is seen 

around 56 kDa, the size of single GlyR β subunits. 
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Supplementary figure 2. SDS-PAGE gels of the IP experiments. All GlyR/GPHN and AMPAR IPs 

performed on brainstem or hippocampus homogenate were run on gel, and fractioned in three sections 

before trypsin-digestion and LC-MS/MS analysis.
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Supplementary figure 3. IP-MS detection of known AMPAR interactors. A high recovery of known 

AMPAR interactors is observed in GluA2-4 IPs performed on both hippocampus and brainstem, serving 

as a control for sensitivity of the IP-MS approach used. Only GluA2, SAC1 and PRRT2 were observed 

in GlyR/GPHN IPs, sporadically and with low iBAQ values. iBAQ intensities are shown as a log10 value.
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Supplementary figure 4. Overview of IP-MS analysis shown per antibody. (A-D) Proteins are 

ranked on log2 fold change, as the mean iBAQ intensity observed/ the mean iBAQ intensity of  all 

brainstem GluA2-4 IPs taken together for (A) anti-GlyR α1a (B) anti-GlyR α1b (C) ant-GlyR β and (D) 

anti-GPHN. Proteins that meet the criteria of being enriched ≥10 fold in >75% of all GlyR/GPHN IPs are 

labeled in each plot. (E-F) Proteins are ranked on log2 fold change, as the mean iBAQ intensity 

observed/the mean iBAQ intensity of all GlyR/GPHN IPs taken together for (E) anti-GluA2/3 and (F) 
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anti-GluA4. All known AMPAR interactors are labeled in each plot. The number of times a protein is 

observed with an antibody is shown as count.

Supplementary data

Supplementray Table 1. All raw IP data associated with Figure 1A 

(PMID: 31984645; DOI:10.1002/pmic.201900403).

Supplementary Table 2. The raw data from IQSEC3 IPs

(PMID: 31984645; DOI:10.1002/pmic.201900403)

Supplementary Material and Methods

Protein extraction/ immunoblot analysis. Brainstem tissue was first homogenized in buffer 

containing 5mM HEPES/NaOH (pH 7.4), 0.32M sucrose and proteinase inhibitor (Roche), and 

protein concentration was determined using a Bradford protein assay (Biorad).

For antibody testing, samples were mixed with SDS-loading buffer, boiled at 98 ºC for 5 min. 

and run on a 10% home-made polyacrylamide gel. Next, proteins were transferred to a PVDF 

membrane (Biorad) at at 4°C, 40V, blocked in 5% non-fat milk for 1 h at room temperature, 

and incubated with primary antibody overnight at 4ºC in 3% non-fat milk. After 1h incubation 

with HRP-conjugated secondary antibody at room temperature, the proteins were visualized 

with ECL substrate (Pierce), using the Odyssey FC Western Blot Detection System (LI-COR).

For testing detergents on GlyR protein complex integrity, sample was diluted with extraction 

buffer (1:1) to an end concentration of 1% DDM, NP-40 or Triton X-100, 25 mM HEPES and 

150 mM NaCl (pH 7.4). After 1h incubation at 4ºC, the samples were centrifuged at 20,000 

x g for 20 min. Around 50ug of supernatant per condition was mixed with 5 µL 8× BN loading 

buffer and 1 µL 5% G-250 Coomassie blue and loaded on a pre-cast Invitrogen NativePAGE 

4-16% Bis-Tris Gel (ThermoFisher). The gel was run at 4°C, 150 V for 45 min using the dark 

blue cathode buffer, followed by 150 V for 45 min and 250 V for 20 min using the light blue 

cathode buffer. Next, the gel was incubated in transfer buffer for 15 min, and transferred to a 

PVDF membrane (Bio-Rad) overnight at 4°C, 40V. The PVDF membrane was subsequently 

destained in 100% MeOH for 10 sec. while shaking, and immuno-stained as described above, 

using anti-GlyR β.

Immunoprecipitation and HPLC-ESI MS/MS of IQSEC3. IP-MS analysis of IQSEC3 

followed the IP protocol described in the main text. After the IP, the beads were incubated with 

2% SDS, and the proteins subjected to a filter-aided sample preparation, as described 
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previously156. The samples were analysed using a LTQ-Orbitrap Discovery. Peptides were re-

dissolved in 10 µL 0.1% acetic acid, and trapped on a 5 mm Pepmap 100 C18 (Dionex) 

trapping column (300 µm ID, 5 µm particle size). Peptides were fractionated on a 200 mm 

Alltima C18 homemade column (75 µm ID, 3 µm particle size), starting with 5% acetonitrile 

and 0.5% acetic acid). Acetonitrile concentration was increased linearly from 5% to 32% in 80 

min, and to 72% in 10 min, at a flow rate of 400 nL/min. Peptides were electrosprayed into the 

mass spectrometer in a data dependent manner with one MS survey scan ranging from m/z 

350-2000. The MS scan followed by MS/MS on the five most abundant ions, with an exclusion 

window of 20 sec.
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Abstract

Gephyrin is the major scaffolding protein of the inhibitory synapse. At the post-synaptic 

membrane, Gephyrin dynamically clusters the Glycine receptor (GlyR) and GABAA-receptor 

(GABAAR), and is therefore a crucial regulator of inhibitory neurotransmission. Interestingly, 

several Gephyrin isoforms can be generated through alternative splicing. Previous in vitro 

studies revealed isoform differences in folding, aggregation and binding affinities to the GlyR. 

However, characterization of the major Gephyrin isoforms in the mammalian brain is lacking. 

In the current study we created Gephyrin-C3 and -C4A isoform specific antibodies that were 

used for a first characterization of these isoforms in mice. We revealed Gephyrin-C3 and -C4A

protein expression in the brain and cell types expressing these isoforms, and their differential 

interacting partners. Whereas Gephyrin-C4A binds the GlyR, IQ motif and Sec7 domain 3 

(IQSEC3) and Nitric oxide synthase 1 (NOS1) and is expressed in neurons, Gephyrin-C3 

reveals highest expression in astrocytes and specifically binds to the GlyR and Neuroligin-2

(NLGN2). This first dissection of Gephyrin isoform assemblies provides a framework for future 

molecular and functional studies.
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Introduction

Gephyrin is the most abundant scaffold protein of the inhibitory synapse and core component 

of the inhibitory synaptic scaffold169. This scaffolding protein contains three structural domains,

an N-terminal G-domain, a C-terminal E-domain, and a linker C-domain in between. This 

protein can trimerize and dimerize through its G- and E-domains, respectively, which has led 

to a model where Gephyrin forms a hexagonal lattice onto which the Glycine receptor (GlyR)

and GABAA receptor (GABAAR) are anchored111,170,171. Dynamic alterations in Gephyrin

aggregation and receptor clustering at the inhibitory post-synaptic membrane allows for fast 

adaptations of synaptic strength118–120. In addition, Gephyrin catalyzes Molybdenum Cofactor 

(MoCo) synthesis like its G- and E-domain homolog proteins in bacteria172, and reveals high 

expression in the liver129. In the brain Gephyrin produces MoCo in glia cells specifically129.

Gephyrin interacts with a variety of proteins including cytoskeletal, vesicle-associated, 

signaling and adhesion proteins, that mediate transport and clustering of GlyRs and 

GABAARs109. For instance, Gephyrin binds the adhesion molecule Neuroligin-2 (NLGN2),

which is important for synapse formation, and drives the formation of Gephyrin-GABAA-R

clusters at the synaptic scaffold121. A more recent identified Gephyrin interactor is IQ motif and 

Sec7 domain 3 (IQSEC3), a brefeldin A-resistant ARF guanine nucleotide exchange factor 

(GEF)122. This protein is involved in the maintenance of Gephyrin cluster size and the correct 

apposition of GABAA-R containing post-synapses with presynaptic terminals during synapse 

development123. Gephyrin binding to dynein light chain 1 and 2 (DYL1 and DYL2) has been 

associated with intracellular trafficking of GlyRs120,125.

Several Gephyrin isoforms are generated through alternative splicing, which contain a 

canonical backbone and presence of additional exons, or cassettes126,130. The main isoforms 

previously studied contain a C3, C4A-D or G2 (sometimes called C5 or C5’130) cassette and 

show biochemical differences in their affinity to the GlyR127,128, folding128 and aggregation127,129.

For instance, heterologous overexpressed Gephyrin containing the C3 cassette (Gephyrin-

C3) or C4C cassette both form hexagonal oligomers of ~600 kDa128, whereas an additional 

high-oligomeric form of ~900 kDa is exclusively formed by Gephyrin containingthe C4C

cassette128. The C-linker domain was proposed to control domain movement required for 

Gephyrin oligomerization, and is altered by insertion of the different cassettes128. In addition, 

insertion of a G2 cassette prevents GlyR binding127, and insertion of C3 lowers the GlyR 

binding affinity 128. C3 cassette insertion in the C-domain reduces stability of the E-domain128,

which contains the binding site for the β-subunit of the GlyR111,173 likely causing this reduction 
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in affinity174. Alternatively spliced cassettes influence important Gephyrin properties, which 

may affect additional interactions beyond the GlyR.

The C3 and C4A cassette are consistently identified cassettes in previous reports on rodent 

and human brain tissue 130, which were therefore chosen as target for the current study. Here 

we created antibodies against the C3 and -C4A cassette sequences and revealed their 

expression in the brain, the cell types expressing the Gephyrin-C3 and -C4A isoforms and 

their differential interacting partners in mouse cortex and brainstem. Gephyrin-C4A revealed 

neuronal expression, and binding to the GlyR, IQSEC3 and NOS1. In contrast, Gephyrin-C3 

revealed highest expression in astrocytes, and specific binding to the GlyR and NLGN2. 

Together these data provides a first description of the differential Gephyrin isoform 

assemblies, a framework supporting future molecular and functional studies. 

Results 

As no antibodies are available that are specific for Gephyrin splice isoforms, we designed and 

custom-made antibodies against the specific sequences of Gephyrin-C3 (anti-C3) and

Gephyrin-C4A (anti-C4A) splice cassettes, and a sequence that overlaps with C4A and the 

shared backbone of Gephyrin (anti-C4A+) (Figure 1a). We tested the antibodies on specificity 

for the Gephyrin isoforms, by overexpressing Gephyrin isoforms in HEK cells, separately, 

followed by their immuno-purification (IP) (Figure 1b). Because Gephyrin is endogenously 

expressed by HEK cells, we made use of Flag-tagged Gephyrin isoform-specific expression 

constructs. Gephyrin-C3 and -C4A revealed equal levels of overexpression, however, IP using 

anti-C3 exclusively purified Gephyrin-C3 (Figure 1b). Likewise, anti-C4A only isolated 

Gephyrin-C4A, demonstrating these antibodies specifically recognize their target isoform

(Figure 1b). Not surprisingly, anti-C4A+ purified both Gephyrin-C3 and -C4A, albeit with a 

large preference towards C4A (Figure 1b). 
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Figure 1. Specificity of Gephyrin-C3 and -C4A isoform antibodies.  (a) Antibodies against Gephyrin-

C3 and -C4A were raised against isoform specific sequences. An additional antibody was raised against 

a sequence overlapping with the canonical backbone of Gephyrin and Gephyrin-C4A. (b) Gephyrin 

isoform specificity tested by immuno-purification of overexpressed Gephyrin-C3 and -C4A;4C in HEK 

cells. IP: immuno-purification; IB: immunoblot.   

Next, these antibodies were used to determine the relative expression levels of Gephyrin 

isoforms in different brain areas, and their enrichment in a membrane enriched fraction (Figure 

2). Gephyrin-C3 revealed highest expression in cortex and brainstem, followed by 

hippocampus and cerebellum (Figure 2). Enrichment in the membrane enriched fraction was 

observed in brainstem only (Figure 2). Similar expression was observed for Gephyrin-C4A

(Figure 2). This suggest that the majority of Gephyrin-C3 and -C4A in brainstem has a 

membrane, potentially synaptic, localization, whereas in other brain regions the synaptic

localization may be limited. Cortex and brainstem were used for further experiments.   
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Figure 2. Gephyrin isoform expression in different brain areas. Immunoblots of Gephyrin 

isoforms using the isoforms specific and canonical antibodies. H: homogenate; P2: crude 

membrane fraction; CX: Cortex; CB: Cerebellum; HC: Hippocampus; BS: Brainstem; IB: 

immunoblot.

A previous report revealed Gephyrin-C3 transcripts in glial cells and Gephyrin-C4A in 

neurons129. In the current study, we detected the Gephyrin isoforms in cortical neurons and 

astrocytes by immunoblotting with our antibodies (Figure 3a). Gephyrin-C3 revealed 

expression in cultures of both cell types, albeit with a 3.8-fold increased expression level in 

astrocytes (Figure 3a). In contrast, Gephyrin-C4A revealed exclusive expression in neurons 

(Figure 3a). In line with these observations, immunohistochemistry of Gephyrin-C3 in mouse 

cortex revealed staining of cells reminiscent of astrocytes stained for glial fibrillary acidic 

protein (GFAP)175 in deeper layers of the cortex and corpus callosum (Figure 3b). Gephyrin-

C3 stained cells that lack colocalization with the neuronal nuclear marker (NeuN) (Figure 3d). 

In addition, staining of Gephyrin-C3 revealed puncta, with limited apposition towards vesicular 

GABA transporter (vGat) positive synapses (Figure 3d). In contrast, anti-C4A revealed a 

homogenous distribution throughout the cortex (Figure 3c) and a punctate staining (Figure 3e) 

matching a neuronal dendrite and synapse expression. Together these data reveals Gephyrin-

C3 expression in astrocytes, and possible expression in neurons, whereas Gephyrin-C4A

expression is limited to neurons. Minor presence of astrocytes in neuronal cultures and 

antibody cross-reactivity towards proteins other than Gephyrin (e.g. GFAP) in immunolabeling 

of slices cannot be excluded.
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Figure 3. Differential expression of Gephyrin-C3 and -C4A in neurons and astrocytes. (a)

Expression of Gephyrin-C3 and -C4A in cultured neurons and astrocytes. (b) Gephyrin-C3 and (c)

Gephyrin-C4A distribution in cortex and corpus callosum revealed in sagittal sections of the mouse 

brain. (d) Higher magnification images of cortical Gephyrin-C3, and (e) Gephyrin-C4A, stained together 

with the inhibitory presynaptic marker vGat and neuronal nuclear marker NeuN. Scale bar 10 m.

Arrowheads point out Gephyrin-C3 or C4A puncta opposing the presynaptic marker vGat. Inset shows 

zoom in of the marked area (dotted square). N: Neurons; A: Astrocytes; IB: immunoblot; CX: Cortex; 

CC: Corpus Callosum. 

To characterize differential associations of the two Gephyrin isoforms with known Gephyrin 

interactors (taken from Tyagarajan et. al. 2014109 and Um et. al. 2016122) we performed IPs on 

cortex and brainstem homogenate with our isoform specific antibodies followed by mass 

spectrometry analysis (IP-MS) (Figure 4). To exclude non-specifically bound proteins from the 

analysis, we used antibodies raised against the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) subunits GluA1 and GluA3 as negative control 

(Supplemental Table 1 and 2). Gephyrin was purified with highest abundance in all IPs (Figure 

4). In brainstem, anti-C4A and -C4A+ revealed clear copurification of the Glycine receptor 

alpha 1 (GlyR α1) and Glycine receptor beta (GlyR β) subunits of the GlyR (Figure 4a). Anti-
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C3 copurified both proteins with a ≥ 8-fold lower abundance, in agreement with a lower affinity 

of the Gephyrin-C3 for the GlyR (Figure 4a). Of interest, peptides that could originate from 

both NLGN2 or NLGN1 (NLGN2;1) and peptides from NLGN3 were isolated by anti-C3 

exclusively, whereas IQSEC3, Nitric oxide synthase 1 (NOS1) and Protein phosphatase 1 

catalytic subunit alpha (PP1A) were copurified by anti-C4A and/or anti-C4A+ (Figure 4a). 

In cortex, GlyR β, the direct binding partner of Gephyrin, was retained in IP-MS using anti-

C4A and anti-C4A+ only (Figure 4b). Relative to Gephyrin, GlyR β was co-purified with lower 

abundance than observed in brainstem (Figure 4a,b). The lower abundance values of GlyR β

in cortex IP-MS, and the absence of GlyR α1, are in agreement with a reduced expression of 

the GlyR in this brain area as documented at the transcript level in the Allen Brain Atlas. Also 

in cortex, only anti-C3 co-isolated NLGN2;1 and 3, whereas IQSEC3 and NOS1 were 

copurified by anti-C4A and/or anti-C4A+ (Figure 4b). 

PP1A was detected using anti-C4A (Figure 4b). Anti-C3 and anti-C4A+ also isolated PP1A

(Figure 4b), however, with similar abundance values as observed in the negative controls

(Supplemental Table 2). In addition, Heat shock cognate 71 kDa protein (HSP7C) was 

detected in Gephyrin IPs at similar levels as the negative controls in both brain regions 

(Supplemental Table 1 and 2). SLIT-ROBO Rho GTPase Activating Protein 3 (SRGAP3) and 

DYL2 were only detected in cortex, also at similar levels as the negative controls 

(Supplemental Table 2). As only part or none of the HSPC7, SRGAP3 and DYL2 signal may 

come from association with Gephyrin, IP-MS data on these proteins was not further interpreted 

(Figure 4). Together these data revealed consistent association between Neuroligins and 

Gephyrin-C3, and subunits of the GlyR, IQSEC3, NOS1 and PP1A with Gephyrin-C4A, in both 

cortex and brainstem.
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Figure 4. Characterization of Gephyrin-C3 and -C4A interactions and sub-complexes. (a) IP-MS 

of Gephyrin-C3 and -C4A in brainstem and (b) cortex. Protein abundances of Gephyrin and known 

interactors are shown as mean log10 iBAQ intensity values, and color coded from high abundance (red) 

to low abundance (blue). 

We then continued to reveal potential Gephyrin sub-complexes by IP/blue-native-PAGE/mass 

spectrometry (IP-BN-MS), as previously described176. Native Gephyrin complexes were 

isolated by IP followed by elution using an epitope mimicking peptide, and subsequently size 

separated on a Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) gel. The blue 

native gel was cut into 50 slices, and each slice was subjected to trypsin digestion and 

analyzed by MS individually. Proteins that form part of the same complex are expected to co-

migrate to the same location on the gel. 

All IP-BN-PAGE/MS experiments revealed similar abundance values of Gephyrin across the 

gel, and a two-to-300-fold lower abundance for the known interactors (Supplemental Figure 

1-4). For further analysis we normalized protein abundances to their maximal intensity 

detected across the gel (Figures 5-8). In brainstem, Gephyrin-C4A(+) revealed migration 
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across a wide range of molecular weights, and highest abundance at ~720 kDa and ~1 MDa, 

whereas Gephyrin-C3 revealed one abundance peak at ~720 kDa, consistent with previous 

observations (Figure 5a)128. In addition, low level of Gephyrin was observed just below the 480 

kDa marker (peak abundance at slices 18-20) in all experiments (Figure 5a).

In agreement with IP-MS, GlyR α1 and GlyR β were identified with anti-C4A(+) with high 

abundances compared to anti-C3 (Supplemental Figure 1b). These two GlyR subunits co-

migrated at ~1 MDa (Figure 5b). IQSEC3 was exclusively detected when Gephyrin-C4A was 

purified, and revealed co-migration with Gephyrin and GlyR subunits, at the highest molecular 

weight range of ~1.2 MDa (Figure 5b), as observed in previous GlyR IP-BN-PAGE/MS 

experiments176. Also, NOS1 was detected specifically in experiments containing Gephyrin-

C4A, and revealed highest abundance between the 720 and 480 kDa markers (Figure 5c). 

NLGN2 was detected exclusively with anti-C3 and co-migrated with Gephyrin-C3 towards the 

lower molecular weight complex of ~720 kDa (Figure 5c).

In IP-MS additional known Gephyrin interactor HSP70C was detected with similar abundances 

as the negative controls (Supplemental Table 1). In IP-BN, HSP7C revealed relative high 

abundances migrating separate from Gephyrin-C3 and -C4A in all three IP-BN experiments, 

likely resulting from non-specific binding (Figure 6b, Supplemental Figure 2b). Of interest, 

HSP7C revealed a second co-migration peak with both Gephyrin isoforms at ~1.2 MDa (Figure 

6b). 

In cortex, peak abundance of Gephyrin at ~1 MDa was strongly reduced in all IP-BN-

PAGE/MS experiments (Figure 7a). Both Gephyrin isoforms revealed highest abundance 

towards the 720 kDa marker and low abundance just below 480 kDa (Figure 7a). Reduced 

abundance of GlyR β was observed in Gephyrin-C4A and -C4A+ IP-BN-PAGE/MS 

(Supplemental Figure 3b), and revealed the same migration profile as observed in brainstem 

(Figure 7b). IQSEC3 and NOS1 were detected with Gephyrin-C4A exclusively (Figure 7b-c), 

while NLGN2 was detected with Gephyrin-C3 (Figure 7c). These proteins revealed similar 

migration profiles as observed in brainstem (Figure 7b-c), albeit with lower abundances and 

more sporadic detection (Supplemental Figure 3). 
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Figure 5. Subcomplex analysis of Gephyrin-C3 and -C4A in brainstem by IP-BN-PAGE/MS. (a)

Migration profile of Gephyrin-C3 and -C4A native protein complexes in brainstem on a blue native gel. 

(b) Subset of Gephyrin interactors that revealed co-migration with the high molecular weight complex 

of Gephyrin-C3 and -C4A. (c) Gephyrin interactors that co-migrated with the low molecular weight 

complex of Gephyrin-C3 and -C4A. Protein abundances were normalized to the maximum intensity 

across the gel. On the x-axis slice numbers are shown, relative to the 1048 kDa spiked-in marker 

protein. Arrowheads point to the location of molecular weight markers on the gel: 1236 (black), 1048 

(red), 720 (blue) and 480 (green).  
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Figure 6. Migration profile of HSP7C obtained by IP-BN-PAGE/MS of Gephyrin-C3 and Gephyrin-
C4A in brainstem. Protein abundances normalized to the maximum intensity across the gel, revealing 

the migration profiles of (a) Gephyrin and (b) HSP7C in brainstem. On the x-axis slice numbers are 

shown, relative to the 1048 kDa spiked-in marker protein. Arrowheads point to the location of molecular 

weight markers on the gel: 1236 (black), 1048 (red), 720 (blue) and 480 (green).  

In IP-MS on cortex, HSP7C, SRGAP3 and DYL2 were detected at similar abundances as the 

negative controls (Supplemental Table 2).  In IP-BN, SRGAP3 was not detected. HSP7C and 

DYL2 both revealed relatively high abundances migrating separate from Gephyrin-C3 and -

C4A (Figure 8b,c). The second HSP7C co-migration peak at ~1.2 MDa was also detected with 

both Gephyrin isoforms in cortex albeit with reduced abundance compared to brainstem 

(Figure 8b). DYL2 revealed a clear second co-migration peak with Gephyrin-C3 and -C4A at 

720 kDa (Figure 8c). In both brain regions, NLGN1 and 3 and PP1A only revealed extreme 

low abundance and sporadic detection and were not further analyzed (Supplemental Figure 1 

and 3).
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Figure 7. Subcomplex analysis of Gephyrin-C3 and -C4A in cortex by IP-BN-PAGE/MS. (a)

Migration profile of Gephyrin-C3 and -C4A native protein complexes in cortex on a blue native gel. (b)

Subset of Gephyrin interactors that revealed co-migration with the high molecular weight complex of 

Gephyrin-C3 and -C4A. (c) Gephyrin interactors that co-migrated with the low molecular weight complex 

of Gephyrin-C3 and -C4A. Protein abundances were normalized to the maximum intensity across the 

gel. On the x-axis slice numbers are shown, relative to the 1048 kDa spiked-in marker protein. 

Arrowheads point at the location of molecular weight markers on the gel: 1236 (black), 1048 (red), 720 

(blue) and 480 (green).  
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Figure 8. Migration profiles of HSP7C and DYL2 obtained by IP-BN-PAGE/MS of Gephyrin-C3 
and Gephyrin-C4A in cortex. Protein abundances normalized to the maximum intensity across the 

gel, revealing the migration profiles of (a) Gephyrin, (b) HSP7C and (c) DYL2 in cortex. On the x-axis 

slice numbers are shown, relative to the 1048 kDa spiked-in marker protein. Arrowheads point at the 

location of molecular weight markers on the gel: 1236 (black), 1048 (red), 720 (blue) and 480 (green).  

Together these data revealed a high molecular weight complex (~1 MDa) that contains the 

GlyR, IQSEC3 and HSP7C, and is most abundantly present in brainstem and -C4A containing 

Gephyrin. In addition, both Gephyrin isoforms revealed a low molecular weight complex (~720 

kDa) containing DYL2. Whereas the low molecular weight complex of Gephyrin-C4A in part 

contains NOS1, this complex of Gephyrin-C3 is decorated by NLGN2. 
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Discussion

Our proteomics analysis revealed differences in Gephyrin-C3 and -C4A complexes. In 

addition, we confirmed a neuronal expression of Gephyrin-C4A, whereas Gephyrin-C3 has a 

strong astrocytic expression.

Our current BN-PAGE results on native Gephyrin obtained from brain lysates revealed two 

major migration peaks, one at ~720 kDa and one at ~1MDa. Previous research revealed 

migration of heterologous overexpressed Gephyrin on BN-PAGE to an apparent mass of ~640 

kDa, which is roughly the size of a Gephyrin hexagon171. This suggests the 720 kDa peak we 

observed is a Gephyrin hexagon with little added molecular weight by interactors. The ~1 MDa 

complex was only abundant in presence of high GlyR α1 expression and affinity for the GlyR 

(Gephyrin-C4A(+) in brainstem). In addition, co-migration of the GlyR subunits was observed 

at this high molecular weight of ~1 MDa, which is roughly the size of one GlyR (~250 kDa) and 

a Gephyrin hexagon (~640 kDa)171.

IQSEC3 co-migrated at the high end of the large molecular weight complex (~1.2 MDa), in 

agreement with IP-BN-PAGE/MS of the GlyR176. And revealed specific binding to Gephyrin-

C4A that contains higher affinity for the GlyR than Gephyrin-C3. This tight relation between 

IQSEC3 and the GlyR suggests these proteins are also functionally related. HSP7C 

additionally co-migrated with the high molecular weight complex of Gephyrin. Both IQSEC3122

and HSP7C177 were previously implicated in induction/maintenance or reduction/prevention of 

Gephyrin clustering, respectively. Further investigation is required to determine the exact roles 

and interplay between IQSEC3, HSP7C and the GlyR in relation to Gephyrin. 

Immunoblot analysis revealed enrichment of Gephyrin in the membrane enriched fraction of 

brainstem. This observation coincided with increased presence of the GlyR containing high 

molecular weight complex in this brain region. Conversely, in cortex, Gephyrin did not reveal 

enrichment in the membrane fraction, which coincided with a severely reduced level of the 

GlyR containing high molecular weight complex.  Instead, in cortex the majority of Gephyrin is 

of 720 kDa. Of interest, this smaller molecular weight complex co-migrated with DYL2. 

Previous research revealed binding of Gephyrin to DYL1/2178, forming a motor-cargo adaptor 

protein for intracellular GlyR trafficking120,125. Association of DYL2 with this small molecular 

weight complex, suggests this Gephyrin assembly at least in part is not synaptic. In Gephyrin-

C3 IP-BN, this complex tightly co-migrated with NLGN2, and in Gephyrin-C4A IP-BN in part 

with NOS1. Further research is required to determine the relation between DYL2, NLGN2 and 

NOS1 and the different Gephyrin isoforms.   
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Whereas Gephyrin-C4A revealed exclusive expression in neurons, Gephyrin-C3 expression 

was largely observed in astrocytes at the corpus callosum. A previous report revealed 

Gephyrin-C3 in glial cells as the main, if not exclusive, source of Moco synthesis in the brain129.

In addition, Gephyrin-C3 has been observed with high expression levels in the liver179,

suggesting a strictly enzymatic function of this isoform. However, binding of Gephyrin-C3 to 

the GlyR, DYL2 and NLGN2 as revealed in the current study, suggests this isoform additionally 

mediates a transport and scaffolding function.  

GlyRs90 and Neuroligins180 are typically considered neuronal proteins, and therefore seem 

unlikely binding partners for astrocytic Gephyrin-C3. However, expression of the GlyR181 and

Neuroligins180 by astrocytes has been reported recently. In addition, despite Gephyrin-C3 RNA 

repression in neurons by NOVA proteins, low levels of Gephyrin-C3 expression in neurons 

cannot be excluded182. The (sub)cellular location of the GlyR, DYL2 and NLGN2 interactions 

with Gephyrin-C3 remains unknown, and will be important for interpreting non-enzymatic 

functionalities of Gephyrin-C3 in future studies. 

The data we obtained in the current study is a first exploration of Gephyrin-C3 and -C4A

protein complexes. The differential interaction data reveals high consistency throughout the 

IP-MS and IP-BN-PAGE/MS experiments, which recapitulates several observations from 

literature in addition to providing novel insights. However, the detection of differential 

interactions as a result from antibody selection bias or antibody induced protein complex 

disruption cannot be excluded. Differential binding between Gephyrin-C3 and -C4A with 

IQSEC3, NOS1 and NLGN2 may be validated using total Gephyrin IP-MS in wildtype and 

Gephyrin- isoform specific knock-outs, inclusion of additional Gephyrin-C3 and -C4A specific 

antibodies and/or colocalization studies in mouse brain. For these validations, and further 

exploration of Gephyrin isoform interactions and functionalities, Gephyrin knock-out mice will 

be useful. Additionally, we did not identify GABAARs in the current IP-MS data, likely due to 

their low affinity for the Gephyrin protein113. Stabilizing the interaction with a cross-linking 

chemical agent prior to IP-MS may be an interesting strategy to dissect its binding to Gephyrin-

C3 and/or -C4A isoforms.   
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Materials and methods

Animals- The use of mice in this study was approved by the animal ethical care committee of 

the Vrije Universiteit Amsterdam. 

Antibodies- All primary antibodies used in the current study are listed in Table 1. Secondary 

antibodies used for immunoblotting included goat-anti-mouse (Dako Agilent, Santa Clara, CA, 

USA, P0447), goat-anti-rabbit (Dako Agilent, Santa Clara, CA, USA, P0448) and rabbit-anti-

goat HRP (Dako Agilent, Santa Clara, CA, USA, P0449) HRP conjugated antibodies, and were 

all used at 1:10.000. Secondary antibodies used for immunohistochemistry included anti-

rabbit Alexa 488 (Invitrogen, Waltham, MA, USA, A-11008) and anti-mouse Alexa 568 

(Invitrogen, Waltham, MA, USA, A11011) and were both used at 1:400.

Table 1. Primary antibodies used in the current study. IP: immuno-purification, IHC: 

immuno histochemistry; IB: immunoblot; Conc.: concentration in μg/μL 

 
Antibody Company Catalogue # Epitope sequence Experiment IB

conc.
IHC
conc. 

Anti-C3 Genscript Custom CSYSHHATGSADKRI IB; IP; IHC 1:250 1:500

Anti-C4A Genscript Custom QIRRPDESKGVASRC IB; IP; IHC 1:250 1:500

Anti-C4A+ Genscript Custom CPTPKQIRRPDESKG IB; IP; IHC 1:1000 1:500

Anti-GluA1 Genscript Custom RTSDSRDHTRVDWKRC IP - -

Anti-GluA3 Genscript Custom NFKPAPATNTQNYC IP - -

Anti-FLAG Sigma F1804 DYKDDDDK IB 1:1000 -

Anti-vGat SySy 131 011 a.a. 75-87 rat vGat IHC - 1:1000

 

Immuno-purifications- Immuno-purifications (IPs) were done as described in176. In short,

cortex or brainstem were homogenized in a 1% n-Dodecyl β-D-maltoside (DDM) (Thermo 

Fisher, Waltham, MA, USA) buffer containing 25 mM HEPES, 150 mM NaCl, pH 7.4 and 

protease inhibitor (Roche, Basel, Switzerland). After protein extraction for 1 hour at 4 °C, 

samples were centrifuged two times at 20,000 x g for 20 min at 4 °C. Following incubation 

overnight with 10 μg of antibody, samples were incubated with 80 µL of protein A/G PLUS-

Agarose beads (Santacruz, Dallas, TX, USA) for 1 h at 4 °C. Samples were then centrifuged 

at 1000 x g for 1 minute and washed four times with 1 mL of a 0.1% DDM buffer containing 

25 mM HEPES, 150 mM NaCl, pH 7.4. 1x Laemmli buffer was added to the final pellet, boiled 

at 98 °C and run on a home-made 10% SDS polyacrylamide gel.
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in-gel digestion-MS- Samples were digested as described in176. In short, gels were fixed in 

50% ethanol 3% phosphoric acid, washed and stained with colloidal Coomassie blue. Samples 

were then cut in 3 slices, which were cut in smaller pieces, transferred to a Multiscreen HV 

filter Plate (Sigma-Aldrich, St. Louis, MO, USA), washed and destained with a mix of 50 mM 

ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) in acetonitrile (VWR, Radnor, 

PA, USA). After drying of the gel pieces in acetonitrile, samples were incubated with trypsin 

(Mass Spec Grade, Promega, Madison, WI, USA) overnight at 37 °C dissolved in 50 mM 

ammonium bicarbonate. Peptides were extracted with 0.1 % Trifluoroacetic acid (Protein 

sequence grade; Applied Biosystems, Warrington, UK) in 50% acetonitrile twice, and in 0.1% 

trifluoracetic acid in 80% acetonitrile once. Samples were then dried in a speed vac (Savant, 

Thermo Fisher, Waltham, MA, USA) and stored at -20 °C until mass spectrometry analysis. 

Peptides were analyzed on an LTQ-Orbitrap discovery (Thermo Fisher, Waltham, MA, USA) 

mass spectrometer, coupled to a High-Performance Liquid Chromatography (HPLC) and 

electro-spray system (Eksigent, Sciex, Framingham, MA, USA).  Peptides were re-dissolved 

in 20 µL 0.1% acetic acid (VWR, Radnor, PA, USA), and loaded on a 5 mm Pepmap 100 C18 

(Dionex, Thermo Fisher, Waltham, MA, USA) column (300 µm ID, 5 µm particle size).

Separation of peptides was done on a 200 mm Alltima C18 homemade column (100 µm ID, 3 

µm particle size) with a linear gradient of increasing acetonitrile (VWR, Radnor, PA, USA) 

concentration from 5% to 35% in 45 min, and to 90% in 5 min, and a flow rate of 400 nL/min. 

The mass spectrometer was operated in a data dependent manner with one MS (m/z range 

from 330 to 2000) followed by MS/MS on five most abundant ions, and an exclusion window 

of 25 sec. Obtained MS/MS spectra were searched against the Mouse database 

(UP000000589_10090, 2017_04) with the MaxQuant software (version 1.5.2.8). The search 

parameters were set to digestion with trypsin, and activated match-between-runs set at 2 min.  

IP-BN-PAGE/MS- IPs were done using to the protocol described above, using 100 μg

antibody and 1000 μL of beads. After pull-down and washing, samples were incubated twice 

with 500 µg antigen peptide dissolved in 1 mL 0.1 % Triton-X buffer containing 25 mM HEPES, 

150 mM NaCl, pH 7.4 for 1 h. Samples were concentrated on a 30 kDa Vivaspin 500 filter

(Sartorius Stedim Biotech, Göttingen, Germany) for 30 min at 14,000 x g, mixed with blue-

native-PAGE loading buffer (Invitrogen, Waltham, MA, USA), 0.5 µL Molecular weight marker 

(Invitrogen, Waltham, MA, USA) and 1 µL Coomassie G-250 mix (Invitrogen, Waltham, MA, 

USA). Samples were run on a 3-12% blue native PAGE gel (Invitrogen, Waltham, MA, USA), 

at 150 V for 1.5 h followed by 250 V for 1 h at 4⁰C. Gels were fixed overnight in 50% ethanol, 

3% phosphoric acid, washed and stained with Colloidal Coomassie Blue. Each sample was 

cut into 48 slices using a grid cutter (Gel Company, San Francisco, CA, USA), and transferred 
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to a Multiscreen HV filter Plate. Slices were then incubated with 1 mM TCEP in 50 mM 

ammonium bicarbonate for 30 minutes at 37⁰C, and 4 mM MMTS in 50 mM ammonium 

bicarbonate for 15 minutes at room temperature. Next, samples were prepared and stored 

following the in-gel digestion protocol described above.

Each slice was analyzed separately on the Triple TOF 5600 Sciex, Framingham, MA, USA)

in DDA mode as described previously176. The MS/MS spectra were searched against the 

Mouse database (UP000000589_10090, 2017_04) using MaxQuant software (version 

1.5.2.8). The search parameters were set to digestion with trypsin and MMTS (C), and match-

between-run activated. Protein abundances were normalized to their maximum intensity over 

all slices as shown in the figures. 

Overexpression in HEK cells- HEK293 cells were plated in 10 cm dishes at 37 °C and 95 % 

air and 5 % CO2, in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life Technologies,

Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (Invitrogen, Waltham, MA, 

USA) and 1 % penicillin-streptomycin (Gibco, Life Technologies, Carlsbad, CA, USA). Cells 

were transfected using polyethylenimine (PEI) at ~70% confluency, with 5 µg plasmid cDNA 

for Gephyrin-C3 (pcDNA3.1+/C-(K)-DYK_Gphn NM_145965.2) and Gephyrin-C4A;C

(pcDNA3.1+/C-(K)-DYK_Gphn NM_172952.3).

After 48h incubation, cells were washed two times with dPBS (37 °C) and resuspended in 1 

mL extraction buffer containing 25mM HEPES/NaOH, pH 7.4, 150 mM NaCl, 1 % DDM and 

protease inhibitor (Roche, Basel, Switzerland). Proteins were extracted for 1 h on a rotator at 

4°C. Afterwards, the samples were centrifuged at 20,000 x g for 10 min at 4°C, and 4 µg 

antibody was added. After incubation overnight at 4°C in the rotator, 40 µg beads were added, 

incubated for an additional hour, and washed 3 times with extraction buffer containing 0.1% 

n-Dodecyl ß-D-maltoside. Proteins were eluted with 50 µl 1 x SDS Laemmli buffer, boiled at 

98°C and used for immunoblotting. 

Neuronal and astrocyte culture- Primary cultures of cortical neurons from E18 wildtype 

C57Bl/6 mouse embryos were prepared as previously described183. Cortices were incubated 

in Hanks balanced salt solution (Gibco, Amarillo, TX, USA), with 1% HEPES buffer solution 

and 10% trypsin (Gibco, Amarillo, TX, USA) at 37 °C for 20 min. Following three washes, 

Neurobasal medium (Gibco, Amarillo, TX, USA) completed with 2% B27 (Gibco, Amarillo, TX, 

USA) 2% HEPES, 0.25% glutamine (200 mm; Gibco, Amarillo, TX, USA) and 0.1% Pen/Strep 

(Gibco, Amarillo, TX, USA) was added. Tissue was then triturated with a Pasteur pipette, 

counted and plated at 150k/well density in 24-well plates. 
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Astrocytes were cultured from postnatal day 1 (P1) mice. Brain tissue was incubated in Hanks 

Buffered Solution (HBSS; Sigma-Aldrich, St Louis, USA) with 7 mM HEPES (pH 7.4, Life 

Technologies, Carlsbad, CA, USA). The tissue was then digested with 0.25% trypsin for 20 

min at 37C, blocked in DMEM (Dulbecco’s modified Eagle’s medium) + Glutamax (Thermo 

Fisher, Waltham, USA) with non-essential amino acid solution (Sigma-Aldrich, St. Louis, 

USA), 1% penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA) and 20% fetal 

bovine serum (FBS; Thermo Fisher, Waltham, USA). Cells were spun down at 1200 rpm, 10 

min at room temperature and pellet was resuspended in DMEM + 10% FBS, 5 mM Glutamax 

and 0.1% penicillin-streptomycin. Cells were plated in a T25 flask (Greiner, Kremsmünster, 

Austria) and kept at 37 C and 5% CO2.

Immunoblot analysis- Samples containing SDS loading buffer were run on 10% homemade 

gels or 5–12% Criterion™ TGX Stain-Free™ precast gels (Bio-Rad, Hercules, CA, USA) and 

were transferred onto a PVDF membrane overnight. The membranes were then blocked using 

5% non-fat milk in Tris-buffered saline (pH 7.4) with Tween-20 (TBST) followed by an 

overnight incubation with the primary antibody at 4 °C. The blots were washed three times in 

TBST after the primary antibody incubation followed by a 1 h incubation of HRP-conjugated 

secondary antibody in 3% non-fat milk. The blots were washed three times, incubated with 

SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher, Waltham, MA, USA)

and scanned on an Odyssey® Fc scanner (Licor Biosciences, Lincoln, NE, USA). 

Immunohistochemistry- Mice were perfused transcardially with phosphate-buffered saline 

(PBS) (pH7.4), followed by 4% paraformaldehyde (PFA) in PBS. Brains were then isolated, 

incubated overnight in 4% PFA and transferred to 30% sucrose in PBS with 0.01% NaN3. After 

immersion in sucrose, brains were sliced in 35-μm sagittal sections using a cryostat. Slices 

were stored at in PBS with 0.02% NaN3 and stored at 4°C until further use.

Slices were washed with PBS and incubated with primary antibody dissolved in 0.25% triton 

and 0.4% gelatin, overnight at 4°C. After three washes, slices were incubated with secondary 

antibodies in 0.25% triton and 0.4% gelatin at 4°C in the dark for 1.5 h. After two washed with 

PBS, slices were incubated with DAPI for 15 min, washed with PBS and mounted on glass 

slides with DABCO. Overview images were obtained on a wide-field fluorescent microscope, 

and zooms were taken on a confocal microscope. 
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Supplemental Table and Figures

sTable 1. Raw iBAQ intensity values of Gephyrin and known interactors observed in anti-C3, 
anti-C4A and anti-C4A+ IP-MS in brainstem homogenate. Antibodies against the GluA1 and GluA3 
subunits of the AMPA-receptor involved in excitatory synaptic transmission were used as negative 
controls.  
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DYL2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

GEPH 2E+06 3E+06 2E+06 3E+06 6E+06 1E+07 2E+05 2E+05 2E+04 NA 2E+06 3E+06 8E+06 2E+05 2E+04

GlyR α1 NA 3E+04 6E+05 NA 6E+05 1E+06 NA NA NA NA 3E+04 6E+05 8E+05 NA NA

GlyR β NA 2E+04 2E+05 2E+04 9E+04 8E+05 NA NA NA NA 2E+04 1E+05 4E+05 NA NA

HSP7C 1E+06 2E+06 1E+06 1E+06 2E+06 2E+06 2E+06 2E+06 4E+06 1E+06 2E+06 1E+06 2E+06 2E+06 3E+06

IQSEC3 NA NA NA NA NA 2E+04 NA NA NA NA NA NA 2E+04 NA NA

NLGN2;1 4E+04 NA NA NA NA NA NA NA NA NA 4E+04 NA NA NA NA

NLGN3 NA 2E+04 NA NA NA NA NA NA NA NA 2E+04 NA NA NA NA

NOS1 NA NA 7E+05 7E+05 1E+05 3E+05 NA NA NA NA NA 7E+05 2E+05 NA NA

PP1A NA NA 5E+04 NA NA NA NA NA NA NA NA 5E+04 NA NA NA

SRGAP3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
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sTable 2. Raw iBAQ intensity values of Gephyrin and known interactors observed in anti-C3, 
anti-C4A and anti-C4A+ IP-MS in cortex homogenate. Antibodies against the GluA1 and GluA3 
subunits of the AMPA-receptor involved in excitatory synaptic transmission were used as negative 
controls.  
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DYL2 NA 3E+06 NA NA 3E+06 5E+06 2E+06 5E+05 NA NA 3E+06 NA 4E+06 1E+06 NA

GEPH 2E+07 2E+07 1E+08 9E+07 7E+07 6E+07 1E+06 9E+05 5E+04 5E+04 2E+07 1E+08 7E+07 1E+06 5E+04

GlyR α1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

GlyR β NA NA 6E+05 3E+05 2E+05 6E+05 NA NA NA NA NA 4E+05 4E+05 NA NA

HSP7C 7E+06 7E+06 1E+07 1E+07 3E+06 3E+06 1E+07 5E+06 1E+07 9E+06 7E+06 1E+07 3E+06 8E+06 1E+07

IQSEC3 NA NA 2E+05 1E+05 2E+05 1E+05 NA NA NA NA NA 2E+05 1E+05 NA NA

NLGN2;1 4E+06 2E+06 NA NA NA NA NA NA NA NA 3E+06 NA NA NA NA

NLGN3 6E+05 4E+05 NA NA NA NA NA NA NA NA 5E+05 NA NA NA NA

NOS1 NA NA 1E+07 9E+06 3E+05 4E+05 NA NA 2E+04 2E+04 NA 9E+06 4E+05 NA 2E+04

PP1A 3E+04 NA 5E+05 NA 5E+04 2E+04 NA NA NA 2E+04 3E+04 5E+05 3E+04 NA 2E+04

SRGAP3 NA NA 3E+04 3E+04 NA NA 3E+04 1E+04 3E+04 4E+04 NA 3E+04 NA 2E+04 3E+04
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Supplemental Figure 1. Raw protein abundance values obtained by IP-BN-PAGE/MS of 
Gephyrin-C3 and Gephyrin-C4A in brainstem. (a) Raw protein iBAQ intensity values of Gephyrin and 

known Gephyrin interactors measured in each gel slice, per IP-BN-PAGE/MS experiment. (b) Focus on

protein abundances of Gephyrin interactors. On the x-axis slice numbers are shown, relative to the 

1048 kDa spiked-in marker protein. Arrowheads point to the location of molecular weight markers on 

the gel: 1236 (black), 1048 (red), 720 (blue) and 480 (green).  
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Supplemental Figure 2. Raw protein abundance values of Gephyrin, HSP7C and DYL2 obtained 
by IP-BN-PAGE/MS of Gephyrin-C3 and Gephyrin-C4A in brainstem. (a) Raw protein iBAQ intensity 

values of Gephyrin and HSP7C measured in each gel slice, per IP-BN-PAGE/MS experiment. (b) Focus

on protein abundances of HSP7C. On the x-axis slice numbers are shown, relative to the 1048 kDa 

spiked-in marker protein. Arrowheads point at the location of molecular weight markers on the gel: 1236 

(black), 1048 (red), 720 (blue) and 480 (green).  
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Supplemental Figure 3. Raw protein abundance values obtained by IP-BN-PAGE/MS of 

Gephyrin-C3 and Gephyrin-C4A in cortex. (a) Raw protein iBAQ intensity values of Gephyrin and 

known Gephyrin interactors measured in each gel slice, per IP-BN-PAGE/MS experiment. (b) Focus on

protein abundances of Gephyrin interactors. On the x-axis slice numbers are shown, relative to the 

1048 kDa spiked-in marker protein. Arrowheads point at the location of molecular weight markers on 

the gel: 1236 (black), 1048 (red), 720 (blue) and 480 (green).  
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Supplemental Figure 4. Raw protein abundance values of Gephyrin, HSP7C and DYL2 obtained 
by IP-BN-PAGE/MS of Gephyrin-C3 and Gephyrin-C4A in cortex. (a) Raw protein iBAQ intensity 

values of Gephyrin, HSP7C and DYL2 measured in each gel slice, per IP-BN-PAGE/MS experiment. 

(b) Focus on protein abundances of HSP7C and DYL2. On the x-axis slice numbers are shown, relative 

to the 1048 kDa spiked-in marker protein. Arrowheads point at the location of molecular weight markers 

on the gel: 1236 (black), 1048 (red), 720 (blue) and 480 (green).  
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Abstract

The AMPA glutamate receptor (AMPAR) is the major type of synaptic excitatory ionotropic 

receptor in the brain. The most abundant AMPAR subtypes in the hippocampus are GluA1/2 

and GluA2/3 heterotetramers. Each subtype contributes differentially to mechanisms of 

synaptic plasticity, which may be in part caused by how these receptors are regulated by 

specific associated proteins. A broad range of AMPAR interacting proteins have been 

identified and several were shown to affect biogenesis, AMPAR trafficking, and channel 

properties, alone or in distinct assemblies, and several revealed preferred binding to specific 

AMPAR subunits. To date, a systematic separate interactome analysis of the major GluA1/2 

and GluA2/3 AMPAR subtypes is lacking. To reveal interactors belonging to specific AMPAR 

sub-complexes, we performed both quantitative and interaction proteomics on hippocampi of 

wildtype and GluA1- or GluA3 knock-out mice. Whereas GluA1/2 receptors co-purified TARP-

γ8, PRRT1 and CNIH2 with highest abundances, GluA2/3 receptors revealed strongest co-

purification of CNIH2, TARP-γ2, and OLFM1. Further analysis revealed that TARP-γ8-PRRT1 

can interact directly, and co-assemble into an AMPAR subcomplex especially near the 

synapse.  
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Introduction

AMPA receptors (AMPARs) are glutamate-gated cationic channels underlying the 

predominant component of fast excitatory synaptic transmission in the mammalian central 

nervous system. Functional synaptic AMPARs are localized primarily in nano-domains39,184

residing at the postsynaptic density, in which they are aligned to the glutamate-release sites 

of the presynaptic active zone62. AMPAR subunit composition, phosphorylation state, numbers 

and biophysical properties are regulated in an activity-dependent manner, which is a major 

postsynaptic contribution to alteration of synaptic efficacy. AMPARs have four different 

subunits GluA1-4 (GRIA1-4), that form distinct combinations51,52. In hippocampus, the majority 

of AMPARs consists of GluA1/2 followed by GluA2/3 heterotetramers53,185. The distinct 

AMPAR subunits show differences in levels of expression53,79,83, posttranslational 

modifications44, subcellular distribution57,79, trafficking behavior59,186 and channel 

properties57,61, and contribute differentially to mechanisms of synaptic plasticity59,61. For 

instance, GluA1/2 receptors are inserted into the synapse upon stimulation, whereas GluA2/3 

receptor cycle constitutively under basal conditions59. These specific properties of AMPARs 

are generated by interactions with associated (auxiliary) proteins44,46,187. As such these 

proteins may cause different subunits to become differentially implicated in distinct phases of 

memory188 and disease189.

Currently more than 30 AMPAR associated proteins have been reported46,190. These 

interactors include multiple membrane proteins, that are considered auxiliary proteins due to 

their effects on both AMPAR gating properties as well as trafficking68,46. In particular, TARP-

γ2 (Stargazin/CACNG2) and TARP-γ8 (CACNG8) are known to alter AMPAR surface 

expression191; to affect AMPAR post-synaptic density (PSD) mobility by the interaction with 

PSD-95 (DLG4)73,192; and to prolong AMPAR deactivation and desensitization76. Apart from 

TARPs, Cornichons (CNIH2/3) can regulate AMPAR channel properties68,193. The Shisa family 

of proteins (CKAMP44/SHISA9, CKAMP52/SHISA6) has also been implicated in affecting 

AMPAR membrane mobility194 and channel conductance properties66,187,194,195.

Previous studies revealed several interactors gathering in distinct AMPAR assemblies77,80. For 

instance, FRRS1L together with CPT1C is located in the ER forming a subcomplex that 

regulates AMPAR biogenesis80,77. This complex is distinct from synaptic complexes 

containing, for example, the high abundant AMPAR interactor TARP-γ877,80. Both TARP-γ8

and FRRS1L compete for the same binding site on the AMPAR8, and are therefore part of at 

least two separate AMPAR populations80. In addition, several AMPAR interactors revealed 

preferred association with distinct AMPAR subunits46,81. For instance, the classical AMPAR 
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interactor SAP97 (or DLG1) specifically binds GluA1196,197. Additionally, unlike GluA1, the 

GluA2 and GluA3 subunits contain a shared sequence (-SKVI) at their C-terminal end. 

Through this sequence GRIP163 and PICK164 interact with the AMPAR and regulate insertion 

and retainment198,199 and removal200 of the AMPAR from the synapse, respectively.  Also 

several more recently identified AMPAR interactors revealed stronger binding with specific 

AMPAR subunits46. For instance, PRRT1 and GSG1L were reported to preferentially associate

with GluA1 and GluA2, respectively46,201.

The two major AMPAR subtypes GluA1/2 and GluA2/3 in hippocampus contribute differentially 

to synaptic plasticity59,61, which may in part be brought about by that these receptors are 

regulated by distinct interactors. Several studies demonstrated that certain interacting proteins 

associate differentially to specific AMPAR subunits46,196,197,201. However, an interactome 

analysis of the GluA1/2 and GluA2/3 subtypes in isolation is lacking. In the current study, we 

set out to determine the GluA1/2 and GluA2/3 complex compositions separately. We used

(interaction) proteomics, and super-resolution microscopy, in mouse brain hippocampus from 

wildtype and GluA1 or GluA3 knock-out (KO) mice. Immunopurification-mass spectrometry 

(IP-MS) revealed strongest copurification of TARP-γ8, PRRT1 and CNIH2 with the GluA1/2 

receptor specifically. In contrast, GluA2/3 revealed most abundant association with TARP-γ2, 

CNIH2 and OLFM1. Further analysis revealed a direct interaction between TARP-γ8 and 

PRRT1, and their co-assembly into an AMPAR subcomplex, especially near the synapse.  

Results 

Immunopurification-Mass Spectrometry (IP-MS) using GluA1 or GluA3 specific 
antibodies 
In hippocampus, GluA1/2 and GluA2/3 are the major AMPAR subtypes53. We performed 

immunopurifications (IPs) on a synapse enriched biochemical fraction (P2+M), using anti-

GluA1 and -GluA3 subunit specific antibodies (sFigure1) to delineate interactors that may be 

associated preferentially with either AMPAR subtype (Figure 1). As a common reference, a 

well characterized antibody recognizing both GluA2 and GluA3 (sFigure1) was included84,202.

The isolated protein complexes were trypsin digested, and measured by LC-MS/MS in data 

dependent acquisition mode for protein identification and quantification.
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Figure 1. Immunopurification-Mass Spectrometry using GluA1, GluA-2/3 and GluA-3 antibodies 

in wildtype hippocampus. Protein abundances of AMPAR subunits and known interactors are shown 

as mean log10 iBAQ intensity values, and color coded from high abundance (red) to low abundance 

(blue).

IP-MS of anti-GluA1, GluA2/3 and GluA3 revealed co-purification of GluA1,-A2,-A3 in all 

experiments (Figure 1). GluA4 was not detected, in agreement with a low expression of GluA4 

in hippocampus79,83. Out of the AMPAR-subunits, anti-GluA1 revealed highest enrichment of 

GluA2 and GluA1 followed by a 7-fold lower abundance of GluA3. Anti-GluA2/3 IP-MS also 
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revealed highest enrichment for GluA2 followed by GluA1 and GluA3, respectively, which is 

in agreement with their expression levels in hippocampus79,83. Anti-GluA3 revealed strongest 

co-purification of GluA2 and GluA3 followed by a 3-fold lower abundance of GluA1. Together, 

this is in line with previous reports demonstrating the presence of two main types of AMPARs 

in hippocampus, i.e., GluA1/2 and GluA2/3. It further indicates the existence of a minor pool 

of GluA1/3 receptors51–53.

The IP-MS experiments identified 11 AMPAR interactors (Figure1). IP-MS with GluA1 and 

GluA2/3 antibodies revealed strongest co-enrichment of TARP-γ8, CNIH2 and PRRT1. TARP-

γ2/3, CPT1C, FRRS1L, OLFM1, SAC1 and SHISA6,-9 were observed at >10 times lower 

intensity. Anti-GluA3 also revealed highest co-enrichment of TARP-γ8, CNIH2 and PRRT1

with similar abundance as anti-GluA1 or anti-GluA2/3. However, anti-GluA3 in addition only 

co-purified TARP-γ2 and OLFM1, suggesting a less complex interactome of GluA3-containing 

AMPARs than GluA1-containing AMPARs in the P2+M fraction.

To reveal the selective interactome of GluA1/2 and GluA2/3 AMPAR subtypes, we used GluA1 

or GluA3 knock-out (KO) mice. First, we performed quantitative proteomics on a hippocampal 

synapse enriched fraction obtained from GluA1 and GluA3 KO mice. Selective interactors of 

GluA1- and GluA3-containing receptors can be deduced based on the assumption that 

proteins contained in the same complex will be co-regulated in the KO mice.

Quantitative proteomics on GluA1- and GluA3 knock-out synapses reveals 
differential expression of known AMPAR interactors

Quantitative proteomics was performed on hippocampal synapse enriched fractions of both 

GluA1- and GluA3 KO mice and their wildtype controls (n=6/condition). Data was analyzed 

using the recently released Mass Spectrometry Downstream Analysis Pipeline (MS-DAP) for 

quality control and differential expression analysis (DEA) (available at 

https://github.com/ftwkoopmans/msdap). Quality control using MS-DAP showed a clear outlier 

in the GluA3 KO group, possibly due to the sample preparation prior to analysis on the mass 

spectrometer (sFigure 2). This sample was subsequently removed from further analysis. 

Per dataset, DEA was performed using high-quality peptides detected in at least 75% of the 

samples in each experimental condition. In addition, peptides shared between different 

proteins were removed. Both GluA1- and GluA3-KO datasets revealed similar numbers of 

peptides and proteins and Coefficient of Variation (CoV) per sample group (sFigure 3). In the 

GluA1 KO dataset, filtering left 15,955 peptides that mapped to 3051 unique proteins with a

CoV of 12.2% and 14.8% in wildtype and GluA1 KO samples, respectively (sFigure 3a). In the 
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GluA3-KO dataset, 15,867 peptides were retained that mapped to 3048 proteins, and revealed 

a CoV of 12.6% in wildtype and 12.2% GluA3 KO samples (sFigure 3b). In the GluA1 KO 

dataset, two unique GluA1 peptides were detected, albeit at a 97% lower expression 

compared to wildtype (sFigure 4). Both peptides originated from the N-terminal domain. This 

is in agreement with a previous report demonstrating low expression of a truncated GluA1 N-

terminal fragment in this GluA1 KO line203. GluA3 KO mice revealed no expression of GluA3 

unique peptides.       

Differential testing at FDR-corrected p<0,05 revealed downregulation of five proteins in the 

hippocampal proteome of GluA1 KO mice (Figure 2a). These included known AMPAR 

subunits and interactors GluA1, GluA2, PRRT1 and TARP-γ8 (Figure 2a). The proteome of 

GluA3 KO mice did not reveal alterations (Figure 2a). Analysis of known AMPAR interactors 

revealed additional significant up-regulation of DLG4, SHISA6 and SHISA7 selectively in 

GluA1 KO mice, albeit at low fold-change (1.09, 1.15 and 1.16; non-FDR p < 0.05, 

respectively) (Figure 2b). GluA3 KO synapses showed selective up-regulation of AP2 subunit 

M1, MPP2, PRRT2 and RAP2B (with fold-changes of 1.09, 1.06, 1.24 and 1.16; non-FDR p < 

0.05, respectively) (Figure 2b). An additional 19 interactors revealed no altered expression in 

either GluA1- or GluA3 KO mice (sFigure 5). 

Subsequently, selective regulation of GluA1, PRRT1 and TARP-γ8 in GluA1 KOs was 

validated by immunoblotting (Figure 2c). Quantification also revealed selective upregulation 

SHISA6, albeit not significant (Figure 2d). Of interest, CNIH2 was detected with one peptide 

in wildtypes and GluA3 KO mice. In GluA1 KO mice, this peptide failed the quality criteria for 

quantitative analysis, suggestive of a down-regulation, which was corroborated by 

immunoblotting (Figure 2c, d).
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Figure 2. Quantitative proteomics of GluA1 and GluA3 knock-out (KO) synapse enriched 

fractions. (a) Differential abundance analysis revealed 5 downregulated proteins in GluA1 KO mice 

(left) (eBayes, FDR-adjusted p-value cut-off < 0.05). No overall changes were observed in GluA3 KO 

animals (right). (b) Selective MS data analysis of known AMPAR interactors revealed specific 

differential regulation of interactors in GluA1 KO or GluA3 KO mice (eBayes, non-FDR-adjusted p-value 

cut-off < 0.05). (c) Immunoblot validation of mass spectrometry data. (d) Quantification of immunoblot 

validation. WT: wildtype; KO: knock-out.

IP-MS of GluA1/2 and GluA2/3 reveals preferential interaction with TARP-γ8 and 
Prrt1, and TARP-γ2 and Olfm1 respectively

As a next step, we performed AMPAR IPs on the GluA1- and GluA3 KO synapse enriched 

fraction (Figure 3a). IP-MS using anti-GluA2/3 in GluA1 KO mice revealed enrichment of 

GluA2 and GluA3 (Figure 3a). Strongest co-enrichment was observed for CNIH2, followed by 

TARP-γ2 and OLFM1 and at low abundance interactors TARP-γ3, TARP-γ8, FRRS1L, 

SHISA9, OLFM3, CPT1C and SHISA6 (Figure 3a). In GluA3 KO mice, IP-MS of anti-GluA2/3 

revealed enrichment of GluA1 and GluA2 (Figure 3a). CNIH2 was co-enriched with highest 

abundance, followed by TARP-γ8 and PRRT1 and additional interactors FRRS1L, TARP-γ2,

SHISA9, OLFM1, SHISA6, CPT1C and TARP-γ3 (Figure 3a). To reveal the level of receptor 

decoration with known interactors, we summed protein intensities of GluA-subunits and 

interactors and showed their relative abundance (Figure 3b). Comparison between GluA1-

and GluA3 KO AMPARs revealed a lower level of receptor decoration of AMPARs lacking 

GluA1(Figure 3b).  

To further validate the observations on preferential interactions, independently in wildtype 

animals, we performed AMPAR IPs on wildtype hippocampus after depletion of GluA1 

containing receptors by IP, followed by immunoblotting (Figure 3c). Indeed, anti-GluA2/3 

revealed a lack of GluA1 immunoreactivity after GluA1-depletion (Figure 3c). In addition, 

immunoreactivity of PRRT1 and TARP-γ8 were absent post depletion of GluA1, while 

immunoreactivity remained present for CNIH2 and TARP-γ2 (Figure 3c). This suggests that 

PRRT1 and TARP-γ8 are the major interactors of GluA1-containing receptors. 

Next, we examined the degree of co-localization of PRRT1 and the AMPAR subtypes in 

wildtype neurons by super-resolution imaging. We 85mmune-labeled hippocampal neurons 

for GluA1 or GluA3 and combined with PRRT1, and revealed their level of colocalization by 

Stimulated Emission Depletion (STED) microscopy (Figure 3d-h). Both GluA1 and GluA3 

colocalized with PRRT1, in agreement with the GluA1 and GluA3 IP-MS data obtained in 

wildtype animals (Figure 3d-h). Approximately 59% of GluA1 immunoreactivity also showed 
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PRRT1 immunoreactivity (Manders’ coefficient: 0.59 ± 0.022), whereas only 44% of GluA3 

labeling also showed immunoreactivity for PRRT1 (Manders’ coefficient: 0.44 ± 0.011) (χ2(1) 

= 9.09, p = 0.0026) (Figure 3h). The higher overlap of GluA1 with PRRT1 compared to GluA3 

with PRRT1, is in line with the AMPAR IP-MS data obtained in KO animals. Both GluA1 and 

GluA3 containing PRRT1 immunoreactivity overlapped largely with Homer positive confocal 

puncta (Manders’ coefficient: 0.74 ± 0.02; 0.73 ± 0.01, respectively) (Figure 3i). Taken 

together, these data demonstrates GluA1/2 containing receptors have a preferred interaction 

with CNIH2, TARP-γ8 and PRRT1 whereas GluA2/3 containing receptors strongly interact 

with CNIH2, TARP-γ2 and OLFM1. 
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Figure 3. Differential GluA1/2 and GluA2/3 AMPAR interactomes. (a) Immunopurification-Mass 

Spectrometry (IP-MS) using anti-GluA2/3 in GluA1- and GluA3 knock-out (KO) hippocampus. Protein 

abundances of AMPAR subunits and known interactors are shown as mean log10 iBAQ intensity values, 

and color coded from high abundance (red) to low abundance (blue). (b) Relative mean abundance of 

AMPAR subunits and interactors, obtained with IP-MS. Per IP the iBAQ intensity values for GluA1-3

were summed and averaged across sample replicates (n=3). The same was done for all identified 

AMPAR interactors. (c) Validation of GluA1 KO IP-MS, using anti-GluA2/3 on GluA1-depleted wildtype

hippocampus followed by immunoblotting. Antibody heavy chain in the gel reveals equal sample 

loading.  IP-: IP without prior depletion of GluA1; IP+: IP with prior depletion of GluA1. (d) Staining of 

GluA1 with PRRT1 on wildtype neurons to analyze colocalization. Dendrite images (left) with a zoom in 

on selected puncta (right) are shown (n=49 fields of view; N=3 cultures). (e) Staining of wildtype neurons 

with GluA3 and PRRT1 (left), and a zoom in on selected puncta (right) (n=83 fields of view; N=3 

cultures). (f) Line graphs revealing the relative intensity of GluA1 and PRRT1 in consecutive GluA1

positive puncta, or (g) GluA3 and PRRT1 in consecutive GluA3-positive puncta. (h) Mander’s overlap 

coefficients revealing the fraction of GluA1 or GluA3 colocalizing with PRRT1. (i) Mander’s overlap 

coefficient revealing the fraction of colocalizing GluA1 or GluA3 with PRRT1 that overlap with Homer. 

Mean Manders’ Coefficients are shown ± s.e.m.; ** p < 0.01. Image scale bar = 1 μm; Zoom-in scale 

bar = 0.5 μm.

PRRT1 and TARP-γ8 are direct binding partners forming an AMPAR subcomplex 
especially near the synapse  

The AMPAR IP-MS data and quantitative proteomics in wildtype and GluA1- and GluA3 KO

synaptic fractions revealed a strong co-occurrence of TARP-γ8 and PRRT1 with GluA1/2 

(Figure 1-3). We therefore hypothesized that these AMPAR interactors are part of a shared

AMPAR subcomplex. To test this, we first performed IP-MS using anti-TARP-γ2/(4)/8 and anti-

PRRT1 antibodies (sFigure 6).

IP-MS using antibodies against TARP-γ2/(4)/8 copurified high amounts of GluA1, GluA2, 

GluA3, and revealed PRRT1 as one of the most abundant proteins in TARP-containing 

complexes (Figure 4a). Additionally, the cornichon proteins (CNIH2, -3) were enriched with 

high abundance (Figure 4a). Other interactors were only copurified with >10-fold lower 

intensity values (Figure 4a). Anti-PRRT1 co-purified GluA1/2, CNIH3, TARP-γ8, TARP-γ2 and 

RAP2B (Figure 4a), demonstrating the presence of a TARP-γ8-PRRT1 assembly by both 

approaches. In addition, we performed immunocytochemistry on hippocampal neurons with 

anti-TARP-γ8 and anti-PRRT1 to reveal their colocalization by super-resolution microscopy 

(Figure 4 b-d). Approximately 30% of TARP-γ8 immunoreactivity showed immunoreactivity for 

PRRT1 (Manders’ coefficient: 0.30 ± 0.017), and 14% of PRRT1 immunoreactivity showed 
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immunolabeling for TARP-γ8 (0.14 ± 0.009) (Figure 4c). A large fraction colocalizing TARP-

γ8 and PRRT1 (59%) overlapped with Homer positive puncta, imaged at confocal resolution 

(Manders’ coefficient: 0.59 ± 0.02) (Figure 4c). TARP-y8-PRRT1 revealed especially strong 

signal at the edge of Homer positive puncta (Figure 4d), together revealing these proteins 

mostly associate near synapses.

Both TARP-γ8204 and PRRT146 are known to directly bind AMPAR subunits. Similarly, AMPAR 

interactors FRRS1L and CPT1C bind the AMPAR directly, in addition to binding each 

other80.To test if also TARP-γ8 and PRRT1 can bind in absence of AMPAR subunits, we 

purified overexpressed TARP-γ8-myc from HEK293 cells in the presence of PRRT1-HA 

(Figure 4e). Indeed, isolation of TARP-γ8-myc revealed co-assembly with PRRT1 

demonstrating these proteins can directly interact (Figure 4e).  

To further scrutinize this TARP-γ8-PRRT1 assembly as a subcomplex of the AMPAR in the 

hippocampus, we investigated the migration of TARP-γ8 and PRRT1 immunopurified native 

complexes on BN-PAGE followed by mass spectrometry (termed IP-BN-PAGE-MS), as 

described previously (Figure 4f)176. Following IP, native complexes were eluted with an 

epitope-mimicking peptide, mixed with marker proteins and separated by size on a BN-PAGE 

gel. The gel was cut in consecutive slices that were separately analyzed by mass spectrometry 

for protein identification and quantification (Figure 4f). Protein abundance values were 

normalized to their max intensity across the gel, and gel slices were numbered relative to the 

720 kDa spiked-in marker protein.

In the gel, purified TARP-γ8 and PRRT1 were expected to co-migrate together with GluA1 in 

the migration range of the AMPAR at ~720 kDa and higher (sFigure 7). Indeed, IP-BN-PAGE-

MS of anti-TARP-γ2/8 revealed highest abundance of TARP-γ8 between slice -14 till 1, 

peaking above the 720 kDa spiked in marker protein (slice -3) (Figure 4g). In the same range 

also PRRT1 and GluA1 co-migrated, peaking at slightly higher (slice -5) or lower (slice 1) 

molecular weight, respectively, with large overlapping migration profiles (Figure 4g). Similarly, 

IP-BN-PAGE-MS of PRRT1 revealed peak abundance of PRRT1 above the 720 kDa marker 

(slice -4), migration across a broad range of molecular weights, and large overlapping 

migration profiles of both TARP-γ8 (peaking at slice -6) and GluA1 (peaking at slice -4) (Figure 

4h). Migration of TARP-γ8 and PRRT1 bait protein below the 720 kDa marker in their 

respective IP-BN-PAGE-MS experiments, may result from disassembly in the BN-gel or 

represent native AMPAR-independent complexes. Taken together, these data is in line with 

the presence of a TARP-γ8- PRRT1 containing AMPAR subcomplex. 
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Figure 4. Identification of a TARP-γ8: PRRT1 containing AMPAR subcomplex. (a) 

Immunopurification-Mass Spectrometry (IP-MS) with antibodies against TARP-γ8 and PRRT1 in 

wildtype hippocampus. Protein abundances of AMPAR subunits and known interactors are shown as 

mean log10 iBAQ intensity values, and color coded from high abundance (red) to low abundance (blue). 

All values above the 0.75 quantile (>106) were capped to maximum (red) to prevent the bait protein(s) 

from dominating the scaling. (b) TARP-γ8 and PRRT1 colocalization analysis on wildtype hippocampal 

neurons by STED microscopy. Dendrites labeled for TARP-γ8 and PRRT1 with a zoom in on selected 

puncta (right) (n=55 fields of view; N=2 cultures). (c) Manders’ overlap coefficients revealing the fraction 

of TARP-γ8 positive for PRRT1; fraction of PRRT1 positive for TARP-γ8, and the fraction of colocalizing 

TARP- γ8 and PRRT1 overlapping with Homer. (d) Line graph revealing the relative intensity of TARP-

γ8 and PRRT1 in consecutive TARP-γ8 positive puncta  near Homer positive puncta.  Mean Manders’ 

Coefficients are shown ± s.e.m. Image scale bar = 1 μm; Zoom-in scale bar = 0.5 μm. (e) TARP-γ8-

myc (~50 kDa) can directly bind to PRRT1-HA (~37 kDa) as shown by co-purification from HEK293 

cells, using a Myc antibody. Blue arrowhead points to the 50 kDa marker; red arrowhead points to the 

37 kDa marker the sizes of TARP- γ8 and Prrt1 respectively. (f) IP-Blue Native Polyacrylamide Gel 

Electrophoreses BN-PAGE-MS explained: after IP, target proteins were eluted from the antibody using 

an epitope mimicking peptide. Native complexes were separated by size on a BN gel, cut in 70 

consecutive slices which were separately analyzed by mass spectrometry (see M&M for further detail). 

(g) IP-BN-PAGE-MS of anti-PRRT1 proteins revealing the migration profile of PRRT1, GluA1 and 

TARP-γ8. (h) IP-BN-PAGE-MS of anti- TARP-γ8 proteins revealing the migration profile of TARP-γ8,

GluA1 and PRRT1. Protein abundance values were normalized to their max intensity across the gel. 

On the x-axis, slices are numbered relative to the 720 kDa spiked-in marker protein.

Discussion

In the current study, we analyzed the separate interactomes of GluA1/2 and GluA2/3 receptors 

using wildtype and GluA1 KO or GluA3 KO hippocampi. Interaction proteomics revealed 

TARP-γ8, CNIH2 and PRRT1 as highest abundant interactors of the GluA1/2 subtype 

specifically, whereas GluA2/3 IP-MS revealed strongest co-purification of TARP-γ2, CNIH2 

and OLFM1. Further co-expression analysis revealed that TARP-γ8-PRRT1 directly interact, 

and STED microscopy showed co-assembly into an AMPAR subcomplex especially near the 

synapse.  

In the past decades, multiple AMPAR interactors have been identified46,81. Known AMPAR 

binding partners vary in their interaction strength and stability46. The IP-MS protocol used in 

the current study, favored the identification of a subset of established interactors. These 

included the more stable interacting transmembrane proteins, consistently identified by 

proteomics studies, and which are considered “core” interactors46,193.
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Previous IP-MS analysis on the total pool of hippocampal AMPARs revealed TARP-γ8 and 

CNIH2 as most abundant interactors83. In the current study, TARP-γ8, CNIH2 and PRRT1 

were identified as highest abundant interactors of the GluA1/2 receptor subtype specifically.

In contrast to the GluA1/2 receptor, IP-MS on GluA2/3 receptors revealed strongest interaction 

with TARP-γ2, CNIH2 and OLFM1. These latter proteins may therefore be of highest interest 

for functional studies on the GluA2/3 receptor subtype.

Of the GluA2/3 isolated interactors, CNIH2 was most strongly co-purified. This is in contrast 

with a previous report  revealing lack of CNIH2 interaction with GluA2/3 receptors purified from 

GluA1 KO mice using immunoblotting as read out205. It was suggested that GluA1 is necessary 

for binding CNIH2 to native AMPARs44,205. Our IP-MS data reveals that GluA1 is not required 

for binding CNIH2. 

In the current study, we observed an AMPAR subtype containing both GluA1 and 3 subunits 

in hippocampus. The GluA1/3 receptor subtype has been observed in previous studies46,51,52,

but is often overlooked. We validated its presence in mouse hippocampus by direct purification 

with GluA1 or GluA3 specific antibodies. In addition, we revealed PRRT1 as an interactor of 

this AMPAR subtype. Whereas GluA1 and PRRT1 co-purified with GluA3 in wildtype samples, 

they were both absent in GluA2/3 IP-MS performed on GluA1 KO mice. Further experiments 

are necessary to determine additional interactors of the GluA1/3 receptor subtype.  

A previous interaction proteomics study revealed strong correlation between TARP-γ8 and 

PRRT1 across different brain regions83. As the authors pointed out, these correlations may 

arise from co-assembly in native subcomplexes, or co-expression in the same brain regions, 

cell types and/or subcellular compartments83. In the current study, we revealed co-assembly 

of TARP-γ8 and PRRT1 in an AMPAR subcomplex by TARP-γ8 and PRRT1 IP-MS and IP-

BN-PAGE-MS, which at least in part, causes this correlation. 

Both TARP-γ8 and PRRT1 revealed a similar expression profile across biochemical synaptic 

subfractions, including de-enrichment at the PSD79. Our microscopy analysis revealed 

colocalization of these proteins largely overlapping with Homer positive synaptic puncta, 

revealing this subcomplex exist mainly near synapses.

In a previous report a model was proposed in which the primary function of PRRT1 is to retain 

AMPARs extrasynaptically, which upon stimulation then may be released allowing other 

interactors to transport them into the synapse201. In the current study, we identified TARP-γ8-

PRRT1 as part of an AMPAR co-assembly, and a direct interaction between TARP-γ8 and 

PRRT1. The identified interaction between these proteins may fulfill a role in this proposed 
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switch. The exact mechanism of AMPAR regulation by PRRT1 and TARP-γ8, and the interplay 

between these two proteins remains to be established. Exact identification of the PRRT1 

binding sites to the AMPAR and TARP-γ8 and posttranslational modifications in absence and 

presence of activity may prove informative.

IP-MS of TARP-γ8 revealed a > 5 times higher abundance ratio between TARP-γ8 (bait) and 

PRRT1 (interactor), than observed between PRRT1 (bait) and TARP-γ8 (interactor) in the 

PRRT1 IP-MS experiments. In agreement with this, TARP-γ8 revealed a higher level of 

colocalization with PRRT1, than PRRT1 with TARP-γ8. This indicates that a larger portion of 

TARP- γ8 protein is associated with AMPAR receptors decorated with PRRT1, than the other 

way around. Possibly a small portion of PRRT1 protein is associated with AMPAR-TARP-γ8, 

and is additionally part of other AMPAR-(in)dependent interactions.  

Materials and methods

Animals- GluA1- and GluA3-KO mice were obtained from the Gria1tm3Rlh/J203 and 

Gria3tm1Dgen/Mmnc (RRID:MMRRC_030969-UNC) (MMRRC, Davis, CA) mouse lines, 

respectively, crossed with C57BL6. All breedings were approved by The Netherlands central 

committee for animal experiments (CCD) and the animal ethical care committee (DEC) of the 

Vrije Universiteit Amsterdam. 

Of note, GluA1 KO mice revealed strong reduction in the expression of α-synuclein (sFigure 

8). Loss of SNCA expression has been observed previously in a sub population of C57BL/6J

mice without alteration of additional genes or a noticeable phenotype206. As reduced SNCA in 

the current study is likely due to cross breeding with this C57BL/6J strain, we removed this 

protein from further analysis.      

Antibodies- Detailed information on the antibodies used is shown in the Supplemental 

Materials and Methods. 

Preparation of crude synaptosomal fractions- Biochemical fractions containing crude 

synaptosomes and microsomes (P2+M) were prepared as previously described84

(Supplemental Materials and Methods). 

Immuno-purifications/in-gel digestion/DDA analysis- Proteins were extracted from P2+M 

using n-Dodecyl β-D-maltoside (DDM) (Thermo Fisher, Waltham, MA, USA) dissolved in 

sample suspension buffer (25 mM, 150 mM NaCl and protease inhibitor cocktail (Roche, 

Basel, Switzerland), pH 7.4), at a 1% end-concentration, two times for 1 h at 4 °C. Following 
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each extraction, samples were centrifuged at 20,000 x g for 20 min. Next, supernatant was 

incubated with 10 µg of antibody overnight at 4 °C, followed by incubation with 80 µL of protein 

A/G PLUS-Agarose beads (Santacruz, Dallas, TX, USA) for 1 h at 4 °C. Samples were 

centrifuged at 1000 x g for 1 minute, supernatant was discarded and beads were washed four 

times with 1 mL washing buffer containing 0.1% DDM, 150 mM NaCl (Sigma-Aldrich, St. Louis,

MO, USA), 250 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA), pH 7.4. SDS sample buffer 

was added to the final pellet, samples were heated at 98 °C and run on a home-made 10% 

SDS polyacrylamide gel. 

Gels were fixed overnight in 50% ethanol and 3% phosphoric acid (Sigma-Aldrich, St. Louis, 

MO, USA), washed in MilliQ water and stained with Colloidal Coomassie Blue. Each sample 

lane was cut in 3-5 slices that were subsequently cut into smaller pieces. The gel pieces were 

transferred to a Multiscreen HV filter Plate (Sigma-Aldrich, St. Louis, MO, USA), washed and 

destained with a mixture of 50 mM ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, 

USA) in acetonitrile (VWR, Radnor, PA, USA). The gel pieces were dried with 100% 

acetonitrile, and incubated overnight at 37 °C with trypsin (Mass Spec Grade, Promega, 

Madison, WI, USA) dissolved in 50 mM ammoniumbicarbonate. Peptides were extracted twice 

in 0.1 % Trifluoroacetic acid (Protein sequence grade; Applied Biosystems, Warrington, UK)

and 50% acetonitrile, followed by extraction in 0.1% Trifluoroacetic acid and 80% acetonitrile. 

Subsequently the samples were dried in a speed vac (Savant, Thermo Fisher, Waltham, MA, 

USA) and stored at -20 °C until mass spectrometry analysis. 

Peptides were analyzed on an LTQ-Orbitrap discovery (Thermo Fisher, Waltham, MA, USA)

mass spectrometer as previously described84, with some modifications (Supplemental 

Materials and Methods). 

Depletion immuno-purifications- Depletion IPs were performed using a similar protocol as 

described for the regular IPs, with some modifications (Supplemental Materials and Methods).

Immuno-purifications/BN-PAGE/DDA analysis- IPs were done using the protocol described 

above, now using 30mg P2+M, 100 μL antibody and 1000 μL of beads. After purification and 

washing of the samples, purified protein complexes were eluted twice using 500 µg peptide 

dissolved in 1 mL washing buffer for 1 h. The samples were then concentrated using a 30 kDa 

filter (Bio-Rad, Hercules, CA, USA) for 30 min, and mixed with BN-PAGE loading buffer 

(Thermo Fisher, Waltham, MA, USA), 0.5 µL Molecular weight marker (Thermo Fisher, 

Waltham, MA, USA), 1 µL Coomassie G-250 mix (Thermo Fisher, Waltham, MA, USA).

Samples were run on a 3-12% polyacrylamide precast BN-PAGE gel (Thermo Fisher, 
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Waltham, MA, USA), at 1 mA constant current for 1 h and 2 mA constant current for 16 h at 

4⁰C.

Gels were fixed overnight in 50% ethanol, 3% phosphoric acid, washed in MilliQ water and 

stained with Colloidal Coomassie Blue. Each sample was cut into 70 slices using a grid cutter 

(Gel Company, San Francisco, CA, USA), and transferred to a Multiscreen HV filter Plate.

Cysteines were derivatized using 1 mM TCEP (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM 

ammonium bicarbonate for 30 minutes at 37⁰C, and incubated with 4 mM methyl 

methanethiosulfonate (MMTS) (Fluka, Honeywell, Charlotte, NC, USA) in 50 mM ammonium 

bicarbonate for 15 minutes at room temperature. Next, samples were washed, destained, 

dried and digested following the in-gel digestion protocol described above. The samples were 

dried in a speed vac and stored at -20 °C before analysis on the mass spectrometer. 

Each slice was analyzed separately on the Triple TOF 5600 (Sciex, Framingham, MA, USA)

in DDA mode as described previously176, with some modifications (Supplemental Materials 

and Methods). 

Co-purification from HEK293 cells- HEK293 cells were plated in 10 cm dishes in Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco, Life Technologies, Carlsbad, CA, USA)

supplemented with 10 % fetal bovine serum (Invitrogen, Waltham, MA, USA) and 1 % 

penicillin-streptomycin (Gibco, Life Technologies, Carlsbad, CA, USA) and kept at 37 °C, 95% 

air and 5% CO2... At ~70% confluency, cells were transfected using polyethylenimine (PEI) 

and 5 μg plasmid cDNA for TARP-γ8-Myc and PRRT1-HA.

After 48 h, the HEK293 cells were washed with PBS resuspended in extraction buffer (1% 

DDM, 25 mM HEPES, 150 mM NaCl, and protease inhibitor cocktail, pH 7.4), and incubated 

for 1 hour at 4⁰C. After two consecutive centrifugation steps at 20,000 x g for 15 min. 4⁰C, 4 

ug of antibody was added to the supernatant, incubated O/N at 4⁰C, followed by 1 hour 

incubation with beads, 4⁰C. The samples were washed four times with wash buffer (0.1% 

DDM, 25 mM HEPES, and 150 mM NaCl) in between centrifugation at 1000 x g, 4⁰C, and the 

purified proteins were eluted by with 2x SDS sample buffer. Input samples were prepared from 

the supernatant fraction by addition of SDS sample buffer to a 2x final concentration.

BN-PAGE/immunoblot analysis- BN-PAGE for immunoblot analysis was performed 

following the manufacturer’s recommendations (Thermo Fisher, Waltham, MA, USA), with 

some modification (Supplemental Materials and Methods). Immunoblot analysis was done 

following the regular immunoblot protocol described in the Supplemental Materials and

Methods.
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Quantitative proteomics by in-gel digestion/SWATH- Wildtype, GluA1- and GluA3 KO

P2+M samples were run on a home-made 10% SDS polyacrylamide gel. Each sample was 

cut in small pieces, 100 μL of 50 mM ammoniumbicarbonate and 5 mM TCEP was added and 

incubated for 30 min, 37°C. Next, 100 μL of 50 mM ammoniumbicarbonate and 2.5 mM MMTS

was incubated for 15 min, room temperature. The proteins were digested using the in-gel 

digestion protocol described above.

Peptides were analyzed by micro-Liquid Chromatography–Tandem Mass Spectrometry (LC-

MS/MS) using an Ultimate 3000 LC system (Dionex, Thermo Fisher, Waltham, MA, USA)

coupled to the TripleTOF 5600 mass spectrometer (Sciex, Framingham, MA, USA). Analysis 

was done in DIA/SWATH mode, as described previously 183,207,208, with some modifications 

(Supplemental Materials and Methods).

Primary neuronal culture- Detailed information on the preparation of dissociated 

hippocampal neuronal cultures is shown in Supplemental Materials and Methods.

Immunocytochemistry- Detailed information on immunolabeling of hippocampal neurons is 

shown in Supplemental Materials and Methods.

STED microscopy and analysis- Images were acquired on a TCS SP8 gated STED 3X 

Microscope (Leica, Wetzlar, Germany). Fluorophores were excited with a pulsed white light 

laser at their excitation peak, and a pulsed 775nm STED laser was used for depletion in the 

635nm (GluA1, GluA3 or TARP-γ8) and 580nm (PRRT1) channel obtaining a lateral resolution 

of ~80 nm. Images in the 488nm (Homer) channel were taken in confocal mode. Images were 

obtained with a 100x oil objective (NA= 1.4), a mechanical zoom of 5 and the pinhole set at 1 

Airy Units (AU). Signals were detected with a gated hybrid detector (HyD) set in photon 

counting mode. 

The images were deconvolved with Huygens Software (Scientific Volume Imaging B.V., 

Hilversum, The Netherlands) using the Good’s Roughness Maximum Likelihood Estimation 

(GMLE) algorithm, and analyzed with ImageJ extended in the Fiji framework. Analysis was 

performed on the maximum projections of the z-stack, and a threshold determined by the 

default algorithm was applied on all channels. The Manders’ coefficients were obtained in the 

coloc2 application. A linear mixed-effects model was used to test the difference in 

colocalization of PRRT1 with GluA1 or GluA3, controlling for batches of cultures, using the 

lme4 R package. 
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Supplemental Figures 

Supplemental Figure 1. Antibodies raised against distinct AMPAR-subunits tested for specificity 

by immunoblot. (a) Anti-GluA1 revealed a specific band around the molecular weight of GluA1 

(~100kDa) in wildtype hippocampus (left). Immunoreactivity in hippocampus of GluA1-knock-out (KO) 

mice was absent (right). (b) Anti-GluA2/3 revealed immunoreactivity at the molecular weight of GluA2 

and GluA3 (~100kDa) in wildtype hippocampus (left). Immunoreactivity was only observed in HEK-cell 

lysate of cells overexpressing GluA2 and -3, while absent in mock transfected cells (-) or overexpressing 

GluA1 (right). (c) Anti-GluA3 revealed immunoreactivity at the molecular weight of GluA3 (~100kDa) in 

wildtype hippocampus (right), that was absent in GluA3-KO hippocampus (left). Additional 

immunoreactive bands at different molecular weights were observed using anti-GluA3, that remained 

in GluA3 KO hippocampus (right), demonstrating cross-reactivity.  The arrow indicates the correct 

molecular weight of GluA3.
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Supplemental Figure 2. Outlier in the GluA3 knock-out (KO) proteomics dataset revealed by 

Mass Spectrometry – Downstream Analysis Pipeline (MS-DAP) quality control. (a) Towards the 

end of the High-Performance Liquid Chromatography (HPLC) run, GluA3 KO5 revealed a large 

deviation in peptide abundance compared to the group median. Peptide retention time showed normal 

compared to the overall group median, suggesting proper HPLC performance. Peptide retention time 

and log2 intensity values of GluA3 KO5 are shown as a blue or red line, respectively, and are normalized 

to the median over all samples. Line widths correspond to the number of eluted peptides at each 

particular timepoint, and the 5% and 95% quantiles are depicted in grey. (b) Increased abundance in a 

selective set of peptides (arrowhead) observed in GluA3 KO5 compared to the rest of the samples. (c)

Removal of GluA3 KO5 results in a reduced median within-group Coefficient of Variation (CoV) (dashed 

line). Removal of other samples reveal limited effect on the CoV (solid lines). (d) Impact on within-group 

CoV upon removal of sample in question. 
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Supplemental Figure 3. Number of proteins and peptides used for differential expression 

analysis (DEA) in the Mass Spectrometry- Downstream Analysis Pipeline (MS-DAP) and 
variation among sample replicates in GluA knock-out (KO) proteomics. (a) Protein and peptide 

count after filtering for DEA in the GluA1 KO (left) and GluA3 KO (right) datasets. (b) Coefficient of 

variation of peptides observed in wildtype (WT) and KO samples of GluA1 KO (left) and GluA3 KO 

(right) mice.
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Supplemental Figure 4. Two unique GluA1 peptides identified in GluA1 knock-out (KO) mice. (a)

Uniprot sequence of GluA1 is depicted in which the sequences of the two GluA1 unique peptides 

identified in the GluA1 KO mice are underlined. The sequence of the N-terminal domain is highlighted 

in blue. (b) Raw MS2 peptide intensity peaks are shown in all samples for both GluA1-identified 

peptides. 
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Supplemental Figure 5. Known AMPAR interactors quantified in wildtype and GluA1- or GluA3-

knock-out (KO) mice. Protein abundances are shown for known AMPAR interactors, normalized to 

the wildtype controls. The peptides detected for CNIH2 and GluA3 in GluA1- and GluA3 KO mice, 

respectively, were not of high-quality in 75% of both wildtype and GluA KO conditions. These proteins 

were omitted from quantitative analysis.  
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Supplemental Figure 6. Antibodies raised against PRRT1 and TARP proteins tested for 

specificity by immunoblot on wildtype hippocampus. Arrowheads indicate the correct molecular 

weight of the protein. +P indicates that the antibody was blocked with a peptide antigen prior to 

incubation with the blot.

Supplemental Figure 7. Native GluA1 containing AMPAR separation by BN-PAGE. Protein extract 

from the P2+M fraction was run on a blue-native PAGE gel, and analyzed by immunoblot for GluA1. 

GluA1 revealed migration at ~720 kDa and higher. 
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Supplemental Figure 8. Strong downregulation of SNCA in GluA1 KO mouse line revealed by mass 

spectrometry analysis (eBayes, FDR-adjusted p-value cut-off < 0.05).

Supplemental Figure 9. Raw iBAQ intensity values of TARP-γ8, PRRT1 and GluA1 in anti-PRRT1 (a) 

and TARP- γ2/8 (b) IP-BN-PAGE-MS experiments. 
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Supplemental Materials and Methods

Antibodies- The following primary antibodies were used for indicated applications: Anti-

CNIH2 (253 203, rabbit, SySy, Göttingen, Germany) has been used for immunoblot analysis 

(Figure 2;3) at 1:300. Anti-GluA1 (AB1504, rabbit, Millipore, Burlington, MA, USA) was applied 

to IP-MS (Figure 1) 1 μg, depletion-IP (Figure 3) 3 μg, immunoblot analysis (Figure 2;3) at 

1:1000 and immunocytochemistry (Figure 3) at 1:30. Anti-GluA1 (custom,

RTSDSRDHTRVDWKRC, rabbit, Genscript, Piscataway, NJ, USA) was applied for depletion-

IP (Figure 3), 30 μg. Anti-GluA2/3 (custom, CQNFATYKEGYNVYGIESVKI, rabbit, Genscript)

was used for IP-MS (Figure 1;3), 10 μg. Anti-GluA3 (182 203, rabbit, SySy) was used for IP-

MS (Figure 1) and immunoblot analysis (Figure 2). Anti-PRRT1 (L102_45, mouse, Neuromab) 

was used for immunoblot analysis (Figure 2) at 1:1000 and immunocytochemistry (Figure 3;4) 

at 1:100. Anti-PRRT1 (custom, RGPSSSATLPRPPHC, rabbit, Genscript) was used for 

immunoblot analysis (Figure 3) at 1:500, IP-MS (Figure 4), 10 μg, IP-peptide elution (Figure 

4), 100 μg. Anti-Shisa6 (custom, CDRYRMTKMHSHPSA, rabbit, Genscript) was used for 

immunoblot analysis (Figure 2) at 1:1000. Anti- TARP-γ2/4/8 (75-252, mouse, Neuromab) was 

used for IP-MS (Figure 4), 10 μg, and immunoblot analysis (Figure 2; 3) at 1:500. Anti-TARP-

γ2/8 (custom, CKDSKDSLHANTANRRTTPV, rabbit, Genscript) was applied to IP-MS (Figure 

4), 10ug, and IP-peptide elution (Figure 4), 100 μg. Anti-TARP-γ8 (AB_2572272, rabbit, 

Frontier Institute, Ishikari-shi, Japan) was used for immunocytochemistry (Figure 4) at 1:100.

The following secondary antibodies were used for indicated applications: Goat-anti-Rabbit 

(ST635p, Abberior, Göttingen, Germany) and Goat-anti-Mouse (ST580, Abberior) for 

immunocytochemistry (Figure 3;4) at 1:200. HRP-conjugated Goat-anti-Rabbit (P044801-2,

Agilent Dako, Santa Clara, CA, USA) and HRP-conjugated Goat-anti-Mouse (P044701-2, 

Agilent Dako) for immunoblot analysis (Figure 2;3) at 1:10,000. Irdye 800CW Goat-anti-Rabbit 

(925-32211, Licor Biosciences, Lincoln, NE, USA) was applied for immunoblot analysis 

(Figure 3, PRRT1) at 1:2,500.   

Preparation of crude synaptosomal fractions- Adult mice were sacrificed by cervical 

dislocation, hippocampi were dissected and stored at -80 °C until further use. Frozen 

hippocampus was homogenized in ice-cold homogenization buffer containing 0.32 M Sucrose

(VWR, Radnor, PA, USA) and 5 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA), pH 7.4 with 

protease inhibitor cocktail (Roche, Basel, Switzerland) in a homogenizer (Sartorius, Göttingen, 

Germany) at 900 rpm for 12 strokes. Homogenate was centrifuged at 1000 x g for 10 min, 

followed by centrifugation of the supernatant at 100,000 x g for 2 h at 4 °C. The resulting pellet

containing crude synaptosomes and microsomes (P2+M) was resuspended in a sample
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suspension buffer (25 mM HEPES, 150 mM NaCl and protease inhibitor cocktail, pH 7.4) and 

stored at –80 °C until further use. 

DDA analysis of immuno-purifications/in-gel digestion – Peptides were re-dissolved in 20 

µL 0.1% acetic acid (VWR, Radnor, PA, USA), and loaded on a 5 mm Pepmap 100 C18 

(Dionex, Thermo Fisher, Waltham, MA, USA) column (300 µm ID, 5 µm particle size). Peptides 

were separated on a 200 mm Alltima C18 homemade column (100 µm ID, 3 µm particle size) 

with High Performance Liquid Chromatography (HPLC) (Eksigent, Sciex, Framingham, MA, 

USA), using a linear gradient of increasing acetonitrile (VWR, Radnor, PA, USA) concentration 

from 5% to 35% in 45 min, and to 90% in 5 min. The flow rate was 400 nL/min. The eluted 

peptides were electro-sprayed into an LTQ-Orbitrap discovery (Thermo Fisher, Waltham, MA, 

USA). The mass spectrometer was operated in a data dependent manner with one MS (m/z 

range from 330 to 2000) followed by MS/MS on five most abundant ions. The exclusion 

window was 25 sec. Obtained MS/MS spectra were searched against the Mouse database 

(UP000000589_10090, 2021_02) with the MaxQuant software (version 1.6.17.0). The search 

parameters were set to unique peptides used for protein quantifications, digestion with trypsin

and Propiomide (C) as fixed modification.

DDA analysis of Immuno-purifications/BN-PAGE -Peptides were redissolved in 2% 

acetonitrile with 0.1% formic acid (VWR, Radnor, PA, USA) and trapped on a 5 mm Pepmap 

100 C18 column (300 μm i.d., 5 μm particle size). Samples were than fractionated on a 200 

mm Alltima home-made C18 column (100 μm i.d., 3 μm particle size). In the mobile phase, 

the acetonitrile concentration was increased from 5 to 30% in 35 min, to 40% at 37 min, and 

to 90% for 10 min at a flow rate of 500 nL/min. Peptides were electro-sprayed into a Triple 

TOF 5600 (Sciex, Framingham, MA, USA) mass spectrometer using an ion spray voltage of 

5500 V, ion source gas at 2 p.s.i., curtain gas at 35 p.s.i and an interface heater temperature 

of 150°C. The MS/MS spectra were searched against the Mouse database 

(UP000000589_10090, 2013_01_06) using MaxQuant software (version 1.3.0.5), with methyl 

methanethiosulfonate c, MMTS (C), set as fixed modification.

Low protein abundance per gel slice, resulted in irregular peak detection in MaxQuant (sFigure 

9). Subsequently, per protein of interest, three unique high quality peptides were manually 

peak-picked with consistency in m/z and retention time across all slices in Skyline 167 for further 

analysis. Individual peptide abundances were normalized to their total intensity over all slices, 

and protein profiles were computed as the mean value at each slice. In the figures, protein 

abundances were shown relative to their max intensity. 
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SWATH analysis- Peptides were first trapped on a 5 mm Pepmap 100 C18 column (300 μm 

i.d., 5 μm particle size). A 200 mm Alltima home-made C18 column (100 μm i.d., 3 μm particle 

size) was used for fractionation. In the mobile phase, the acetonitrile concentration was 

increased from 5 to 18% in 88 min, to 25% at 98 min, 40% at 108 min and to 90% in 2 min, at 

a flow rate of 5 μL/min. Peptides were then electro-sprayed into a Triple TOF 5600 mass 

spectrometer with a micro-spray needle voltage of 5500 V. A parent ion scan of 150 ms was 

followed by a SWATH window of 8 Da with a scan time of 80 ms, that stepped through the 

mass range between 450 and 770 m/z. For each window, the collision energy was determined 

based on the energy required for a 2+ ion, centered upon the window with a 15eV spread. 

Spectronaut 13.7 (Biognosys, Schlieren, Switzerland) was used for data analysis of the raw 

files. All SWATH runs were analyzed against a spectral library created with crude hippocampal 

synaptosomes published previously208. Samples of this library were analyzed with the Triple 

TOF 5600 in DDA mode. Library data was searched against the mouse proteome (the 

2021_02 Uniprot release of UP000000589_10090.fasta) in Maxquant, with MMTS (C) as fixed 

modification. The Mass Spectrometry Downstream Analysis Pipeline (MS-DAP) (version beta 

0.2.7.1) (available at https://github.com/ftwkoopmans/msdap) was used for quality control and 

differential testing. Peptide intensities without normalization in Spectronaut were taken for 

downstream analysis. The GluA1- and GluA3 knock-out (KO) datasets were analyzed 

separately. Peptides present in ≥ 75% of the sample replicates of both KO and wildtype 

condition were used for differential testing. In addition, peptides shared by proteins were 

removed. The Variation Within Mode Between (VWMB) and modebetween_protein algorithms 

were used for normalization. Statistical testing was done with the limma eBayes algorithm 

after rollup to proteins. 

Depletion immuno-purifications – Proteins were extracted from hippocampal P2+M 

obtained from two wildtype mice per replicate, with 1% n-Dodecyl β-D-maltoside (DDM)

(Thermo Fisher, Waltham, MA, USA) in 25 mM HEPES, 150 mM NaCl and protease inhibitor 

cocktail, pH 7.4. Samples were centrifuged twice for 20 min, 20,000 x g at 4⁰C. Half of each 

sample extract was incubated with 30 µg anti-GluA1 (Genscript, Piscataway, NJ, USA) and 3 

µg anti-GluA1 (Millipore, Burlington, MA, USA) overnight at 4 ⁰C. All samples were then 

incubated with 200 µl protein A/G PLUS-Agarose beads (Santacruz, Dallas, TX, USA) twice, 

for 1 h at 4⁰C, and centrifuged at 20,000 x g. Supernatant was incubated with 10 µg anti-

GluA2/3 for 2h at 4⁰C. Next, 80 µl beads were incubated for 1 h at 4 ⁰C, centrifuged at 1,000 

x g for 1 minute. Supernatant was discarded and beads were washed four times with 1 mL 

washing buffer (0.1% DDM, 150 mM NaCl, 250 mM HEPES, pH 7.4). SDS sample buffer was 
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added to the final pellet, samples were heated at 98 °C and were used for immunoblot 

analysis. 

BN-PAGE/immunoblot analysis- Proteins were extracted from wildtype hippocampal P2+M

in a 1% DDM buffer, containing 25 mM, 150 mM NaCl and protease inhibitor cocktail, pH 7.4,

for 1 h at 4⁰C. Samples were centrifuged twice at 20,000 x g, for 20 min at 4⁰C, and mixed 

with Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) loading buffer (Thermo 

Fisher, Waltham, MA, USA) and Coomassie G-250 mix (Thermo Fisher, Waltham, MA, 

USA).On a 3-12% polyacrylamide precast BN-PAGE gel (Thermo Fisher, Waltham, MA, USA)

10 μg of protein was loaded. . The gel was then run at 150 V for 45 min. Following replacement 

of dark blue cathode buffer by light blue cathode buffer, the gel was run an additional 45 min 

at 150 V and 35 min at 250 V. The gel was incubated for 15 min in transfer buffer and proteins 

were transferred overnight at 40 V, at 4 ⁰C, unto a polyvinylidene fluoride (PVDF) membrane

(Sigma-Aldrich, St. Louis, MO, USA). The PVDF membrane was incubated with 100% 

methanol for 10 sec. while shaking, and stained with the regular immunoblot protocol.

Immunoblot analysis- Samples containing SDS loading buffer were run on 5–12% 

Criterion™ TGX Stain-Free™ precast gels (Bio-Rad, Hercules, CA, USA) and were 

transferred onto a PVDF membrane overnight. The membranes were then blocked using 5% 

non-fat milk in Tris-buffered saline (pH 7.4) with Tween-20 (Sigma-Aldrich, St. Louis, MO, 

USA) (TBST) followed by an overnight incubation with the primary antibody at 4 °C. Then, the 

blots were washed three times in TBST followed by a 1 h incubation of horseradish 

peroxidase-conjugated secondary antibody in 3% non-fat milk. The blots were washed three 

times, incubated with SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher, 

Waltham, MA, USA) and scanned on an Odyssey® Fc scanner (Licor Biosciences, Lincoln, 

NE, USA). 

Primary neuronal culture- Hippocampi were dissected from E18 wildtype mice, and 

incubated in Hank’s balanced salts solution (HBSS)(Sigma-Aldrich, St. Louis, MO, USA)

containing 7 mM HEPES, pH 7.4, and 0.25% trypsin (Thermo Fisher, Waltham, MA, USA) for 

30 min. at 37 °C. After washing, neurons were triturated with fire-polished Pasteur pipettes

(VWR, Radnor, PA, USA), counted, and plated in neurobasal medium supplemented with 2% 

B-27, 1.8% HEPES, 1% glutamax, 1% penicillin/streptomycin and 0.2% 14.3 mM β-mercapto-

ethanol (Thermo Fisher, Waltham, MA, USA). Next, 95,000 cells were plated on coverslips 

that were coated in poly-d-lysine/laminin (Sigma-Aldrich, St. Louis, MO, USA) and treated with 

5% heat-inactivated horse serum (Thermo Fisher, Waltham, MA, USA). Cells were kept at 

37 °C/5% CO2 until 17-21 days in vitro.
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Immunocytochemistry- Neurons were fixed using methanol for 10 min at -20 °C, and washed 

twice with phosphate buffered saline (PBS) (Thermo Fisher, Waltham, MA, USA). Cells were 

permeabilized with 0.5% Triton-X (Sigma-Aldrich, St. Louis, MO, USA) for 10 min, and blocked 

with 5% normal goat serum (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h at room 

temperature followed by primary antibody incubation in 1% bovine serum albumin (BSA) 

(Sigma-Aldrich, St. Louis, MO, USA) and 0.1% Triton-X at 4 °C overnight. Cells were washed 

twice with PBS, and incubated with secondary antibodies in 1% BSA and 0.1% Triton-X at 

room temperature for 1.5 h in the dark. After washing in PBS, coverslips were mounted on 

glass slices using home-made dabco mowiol. 
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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the human 

population, for which there is currently no cure. The cause of AD is unknown; however, the 

toxic effects of amyloid-β (Aβ) are believed to play a role in its onset. To investigate this, we 

examined changes in global protein levels in a hippocampal synaptosome fraction of the APP

swe/PS1dE9 (APP/PS1) mouse model of AD at 6 and 12 months of age (moa). Data 

independent acquisition (DIA), or Sequential Window Acquisition of all THeoretical fragment-

ion (SWATH), was used for a quantitative label-free proteomics analysis. We first assessed 

the usefulness of a recently improved directDIA workflow as an alternative to conventional DIA 

data analysis using a project-specific spectral library. Subsequently, we applied directDIA to 

the 6- and 12-moa APP/PS1 datasets and applied the Mass Spectrometry Downstream 

Analysis Pipeline (MS-DAP) for differential expression analysis and candidate discovery. We 

observed most regulation at 12-moa, in particular of proteins involved in Aβ homeostasis and 

microglial-dependent processes, like synaptic pruning and the immune response, such as 

APOE, CLU and C1QA-C. All proteomics data are available via ProteomeXchange with 

identifier PXD025777.
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Introduction

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder. There 

is currently no cure, and available medical treatments aim at alleviating symptoms. While the 

cause of AD is under investigation, accumulation of amyloid-β (Aβ) derived from the aberrant 

proteolytic cleavage of the amyloid precursor protein by γ- and β-secretases is believed to 

play an important role in its pathogenesis138,139. Deposition of Aβ progresses slowly throughout 

the brain, originating in basal cortical areas, spreading through the hippocampus and 

ultimately affecting all areas of the cortex2. Additional pathological changes in the brains of AD 

patients include the presence of neurofibrillary tau tangles, astro- and microgliosis, synapse 

loss and neuronal death2.

APPswe/PSEN1dE9 transgenic mice209 express two human pathologically mutated genes, the 

Amyloid Precursor Protein swe and Presenilin 1 dE9 (further mentioned as APP/PS1). The 

APP/PS1 mouse model is one of the most widely used to study AD210 and specifically 

recapitulates the amyloid production aspect of the disease. For example, APP/PS1 mice show 

early elevated Aβ production and plaque formation in the hippocampus observed at 6 months 

of age (moa), which increases progressively with age211. In addition, these mice show synaptic 

dysfunction189,212, presence of reactive astrocytes213 and microglia214, and multiple forms of 

memory impairments189,215. Studies have indicated synapse loss as early events in AD, which 

especially affect the hippocampus, and correlates with cognitive decline2,132. Aβ exists in 

multiple forms and appears to play an important role in synapse toxicity2. As synapse 

dysfunction and/or loss are believed to underlie the early pathology of AD, it is necessary to 

unravel the temporal changes in molecular and cellular processes encompassing the synapse 

in relation to the advancing Aβ challenge. To this end, we performed proteomics analysis on 

hippocampal synapse enriched fractions obtained from 6- and 12-moa APP/PS1 mice and 

their wildtype controls.

Alterations of molecular and cellular processes can be inferred from changes in protein 

expression levels. Proteomics technology, capable of quantifying thousands of proteins from 

a small sample size, is the method of choice to shed light on this. Data independent acquisition 

(DIA), also referred to as Sequential Window Acquisition of all THeoretical fragment-ion 

(SWATH)216, is a quantitative proteomics methodology that offers quantification of a high 

number of proteins with low technical variation and number of missing values. Classical 

SWATH analysis requires a project-specific spectral library generated from separate data-

dependent acquisition (DDA) runs for protein identification. A recently improved directDIA 
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workflow now enables the creation of a spectral library directly from the SWATH samples, 

bypassing the need for additional mass spec run-time and sample fractionation217,218.

In the present study, we used SWATH to examine differential protein expression levels in 

hippocampal synaptosomes of 6- and 12-moa APP/PS1 mice. First, we compared the use of 

directDIA versus a project-specific spectral library, and we revealed that directDIA 

preferentially identifies high-intensity peptides, consistently across all sample replicates, 

resulting in high data completeness. Importantly, using either method resulted in the detection 

of a largely overlapping group of significantly regulated proteins, which, together, validates the 

directDIA workflow as a good alternative to the use of a DDA library. Subsequently, we applied 

directDIA to both 6- and 12-moa datasets and used the Mass Spectrometry Downstream 

Analysis Pipeline (MS-DAP) for differential expression analysis and protein candidate 

discovery. We observed upregulation of multiple AD-associated proteins in the 12-moa 

APP/PS1 mice. At 6 months, these proteins revealed no regulation or lower levels of 

regulation. Proteins most differentially regulated between the two ages were those that are 

implicated in Aβ homeostasis and microglial-dependent synaptic pruning and/or immune 

activation such as APOE, CLU and C1QA-C.

Results

We first investigated the enrichment of synaptic proteins in the synaptosomal sample 

preparation and suitability of directDIA to reveal the effects of APP/PS1 Aβ expression on 

synaptic protein levels in animals at 6 and 12 moa. Synaptosomes were isolated using a 

standard protocol that in the past showed high reproducibility79,194,219,220. We performed GO-

enrichment analysis on all proteins identified in the synaptosomal preparations under 

investigation in the current study. Using total brain genome as background, this revealed 

‘synapse’ as strongest enriched term in both 6- and 12-moa datasets (Figure S1). 

We continued investigating the suitability of directDIA for the analysis of our datasets. Label-

free quantification mass spectrometry can be performed in DDA or DIA/SWATH mode. The 

classic approach of SWATH analysis uses a spectral library generated from extensive DDA 

analysis for protein identification. Recent developments in data analysis enable the 

construction of a library directly from the SWATH data in a workflow called directDIA217,218.

Here we performed SWATH analysis and used the new software suite Spectronaut 14 

containing the directDIA (2.0) workflow. 
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For comparison, we first searched the 12-moa APP/PS1 dataset (n = 6/condition) against our 

standard in-house hippocampal DDA-based spectral library in Spectronaut for peptide and 

protein identification and quantification, and we ran the data through MS-DAP, a recently 

released downstream analysis pipeline for quantitative proteomics (available at 

https://github.com/ftwkoopmans/msdap; version beta 0.2.5.1). This newly developed all-in-one

analysis tool provided extensive quality control plots, allowed filtering and normalization of 

data, and revealed significantly changed proteins between experimental conditions by 

differential testing. The analysis resulted in the detection of 31,670 peptide precursors on 

average per sample. A sizeable fraction of peptides fell below the 0.01 confidence threshold 

and represents potential false positives (Figure 1a; Figure S2). Filtering out the low-quality 

precursors with a q-value > 0.01 removed, on average, 11,058 precursors (35%) per sample. 

On average, 20,612 (65%) precursors were retained per sample that were mapped to 19,413 

target peptides and 3374 proteins (Figure S3a). A total of 15,306 peptides were quantified in 

all samples (Figure 1b).

To assess the performance of directDIA for analysis, we generated an internal spectral library 

with the same 12-moa dataset using the directDIA feature in Spectronaut 14. Using the library 

from directDIA, we detected on average 22,600 precursor peptides per sample. When the 

precursors were filtered on quality, per sample, an average of 4972 precursors (22%) with a 

q-value > 0.01 were removed, and 17,628 (78%) identifications were retained. These retained 

precursor identifications mapped to an average of 12,473 unique peptides and 2304 proteins 

per sample (Figure S3b). This is 36% and 32% fewer peptides and proteins than observed in 

the search against the project-specific spectral library. Against this apparent disadvantage of 

directDIA, the confidence score distributions clearly showed that the relative number of 

potential false-positive identifications, and loss of identifications after filtering for quality, was 

much lower using directDIA (Figure 1c; Figure S4). Of interest, the use of directDIA results in 

a high data completeness with nearly all identified peptides (98%) consistently observed 

across all sample replicates (Figure 1d). 

Using directDIA a total of 12,517 peptides with a q-value ≤ 0.01 were identified in the entire 

12-moa dataset, and 23,061 using the spectral library (Figure S5a). The large number of 

peptides uniquely identified using the spectral library (11,574) (Figure S5a) were of lower 

intensity (Figure S5b) and quality (Figure S5c) than the peptides identified in both the spectral 

library and directDIA (11,487). The intensities of peptides shared by both searches showed a 

high correlation (R2 = 0.95) (Figure S5c), suggesting these peptides are based on the same 

peaks, and both workflows perform, to a large extent, equally. 

5

115

Age-dependent hippocampal proteomics in the APP/PS1 Alzheimer mouse model



116 
 

 

Figure 1. Comparison between the use of a Data Dependent Acquisition (DDA)-based spectral 

library or directDIA for protein identification and quantification. (a) Exemplary histogram of one 

sample (wildtype 1) showing both target (blue) and decoy (grey) confidence scores (cscores), indicating 

the level of confidence of peptide identification using the DDA-based spectral library. The q-value 

confidence threshold of 0.01 is shown as a dotted line, and the associated cscore and number of 

peptides quantified above this threshold are reported. (b) Cumulative distribution showing the number 

of peptides consistently identified across the range of samples, using the DDA-based spectral library. 

The exact number of peptides identified are shown at 100% or 50% of samples. (c) Analogous to panels 

a and b: an exemplary histogram of the same sample is shown to visualize target and decoy cscores 

obtained after identification of peptides in the raw SWATH data using directDIA. (d) A cumulative 

distribution showing the number of peptides consistently identified across the samples, using directDIA. 

Cscore histograms of all individual samples run against the DDA-based spectral library or directDIA 

library are reported in Figures S2 and S4, respectively.
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To compare the effects of peptide identification using the DDA-based spectral library or 

directDIA on further downstream analysis, we first ran a differential expression analysis (DEA) 

on the 12-moa APP/PS1 experimental group and their wildtype controls searched against both 

types of libraries. For each search, DEA was performed using peptides detected with a q-

value ≤ 0.01 in at least 75% of the samples in each experimental group. In addition, peptides 

shared between proteins were removed. DEA using the DDA-based spectral library and 

directDIA was performed on 17,153 peptides that mapped to 3039 proteins, and 12,441 

peptides mapped to 2300 proteins, respectively (Figure 2a). Most proteins retained for DEA 

were observed in both dataset searches (74%) (Figure 2b). Those proteins observed only 

using the DDA-based spectral library were, for the largest part, based on one peptide (67%) 

(Figure 2c) and, as expected based on the earlier peptide analysis, of lower abundance 

(Figure S6).
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Figure 2. Characterization of proteins used for differential expression analysis in MS-DAP obtained by 

a DDA-based spectral library or directDIA. (a) Number of proteins and peptides that remain after filtering 

for differential expression analysis. (b) Number of unique and shared proteins used for downstream 

analysis identified by the DDA-based spectral library or directDIA. (c) The percentage of shared or 

uniquely identified proteins, using the spectral library or directDIA, that is represented by the specified 

number of peptides. (d) The number of regulated proteins identified using the different library searches 

and the specified empirical Bayes cut-offs for statistical significance.

Differential testing of protein expression levels revealed 23 and 32 regulated proteins with 

statistical significance (empirical Bayes corrected p-values, or q-values ≤ 0.01) in APP/PS1 

mice versus their wildtype controls using the DDA-based spectral library search and directDIA, 

respectively (Figure 2d). Importantly, the majority of these proteins (21) were found 

significantly altered within both searches (Figure 2d). Of the two proteins detected as regulated 

uniquely in the DDA-based spectral library searched dataset, one showed significance with 

directDIA search when relaxing the criteria to a q-value ≤ 0.05 (Figure 2d). Relaxing the criteria 

to a q-value ≤ 0.05 revealed a substantial number of proteins reaching significance only in the 

DDA-based spectral library (49) or the directDIA library (33) (Figure 2d). Of the 49 significant 

proteins observed only using the DDA-based spectral library, 16 were not detected with 

directDIA, and the additional 33 revealed higher fold-changes than observed using directDIA 

(0.20 ± 0.11 versus 0.15 ± 0.1 log2 fold-change, respectively), which is therefore likely the 

cause of reaching significance at a q-value ≤ 0.05 using the DDA-based spectral library only. 

Variation in abundance for these proteins was the same between the two libraries (0.15 ± 0.08 

versus 0.15 ± 0.1 SD, respectively). Of the 33 proteins only found significant using directDIA, 

two were not identified using the DDA-based spectral library. The additional 31 proteins 

revealed lower variation than observed with the DDA-based spectral library (0.15 ± 0.06 

versus 0.27 ± 0.48 SD, respectively), while revealing the same log2 fold-changes (0.18 ± 0.16 

and 0.18 ± 0.17, respectively). As directDIA gives high confident peptides, and showed a 

higher number of significant proteins at a q-value ≤ 0.01, we proceeded with directDIA for our 

6-moa dataset in a subsequent analysis.

In the 6-moa dataset (n = 6/condition), quality control using MS-DAP showed a clear outlier in 

the wildtype group possibly due to a technical issue of the high-performance liquid 

chromatography run, and was removed from further analysis (Figure S7a-c). Like the 12- moa 

dataset run with directDIA, the 6-moa dataset showed high data completeness across samples 

(Figure S8a), and similar numbers of peptides and proteins were detected after filtering for 

DEA (12,010 and 2469 on average per sample, respectively) (sFigure 8b). Both 6- and 12-

moa datasets showed low coefficients of variation, ranging between 8 and 12.3%, per 
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experimental condition (Figure S8c), and the majority of proteins used for DEA were detected 

and tested in both age groups (78%) (Figure S8d).

In the 6-moa dataset, only a few proteins showed significant regulation with a q-value ≤ 0.01 

(Figure 3a). These included NCSTN (one of the subunits of the gamma-secretase PS1 

complex), DOCK9 and TXNRD1 that had higher levels in APP/PS1 mice, and GPC4 that

showed a decrease in expression (Figure 3b). The level of APP itself was also increased, but 

at a higher p-value of 0.026 (Figure 3b). In contrast, the 12-moa dataset showed 30 proteins 

up and 2 down (MTMR1 and GAK) in the APP/PS1 group (Figure 3a). At 12-moa APP showed 

an increased level, and similar to the 6-moa dataset, a strong increase was observed for 

NCSTN and DOCK9 (Figure 3b). Besides APP and NCSTN, several of the additional most 

regulated proteins are known AD risk factors or proteins related to AD pathology, including 

APOE, CLU and C1QA-C (Figure 3b, Table S1). Indeed, Gene Ontology enrichment analysis 

in gProfiler using the mouse proteome as background revealed multiple significant terms 

associated with AD, including “regulation of amyloid fibril formation” (Biological Process) and 

“Alzheimer’s disease” (WikiPathways) (Figure 4a). Using our custom total list of proteins 

detected at 12-moa as background, Gene Ontology analysis showed enrichment of terms such 

as “Membrane proteolysis” (Biological Process) and “lysosome” (Cellular Component) (Figure 

4b). Both terms were largely based on APP, APOE and NCSTN. In addition, the lysosomal 

term included VTl1B, ARL8B, EPDR1, HEXB, SYT11 and the AD-associated proteins PLD3 

and LAMP2 (Table S1). An additional known AD-protein not annotated to Aβ, Alzheimer or 

lysosome-related terms, which was regulated here, was AQP4 (Figure 4b, Table S1).

To reveal possible specific subsynaptic compartments affected in APP/PS1 mice, we 

performed enrichment analysis with the Synaptic Gene Ontology (SynGO) knowledge base13.

The list of 34 regulated proteins at 6- or 12-moa contained 11 proteins that were annotated to 

SynGO (Table S2). The additional proteins were not annotated in SynGO yet, or they came 

from non-synaptic impurities of the synaptosomal sample preparation with similar biochemical 

properties. The regulated synaptic proteins were equally annotated to the pre- and post-

synapse (Figure S9), without significant enrichment towards a specific subsynaptic localization 

or function (Tables S3 and  S4). 

We then performed an Expression Weighted Cell-type Enrichment (EWCE) analysis221 on the 

significantly upregulated proteins at 12-moa to distinguish the possible contributions of 

different cell types to the changed expression levels. This is based on the notion that these 

proteins will be non-equally expressed over all cell types. For EWCE analysis we used 

previously published single-cell RNAseq gene expression profiles obtained from mouse 
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hippocampus222. We observed overrepresentation of microglial and, to a lesser extent, 

astrocytic proteins, albeit not significant (Figure 5a), which are therefore likely the major source 

of the observed increase in protein expression. Proteins with high microglial expression 

include C1QA-C and HEXB, and proteins showing high astrocytic expression include AQP4, 

GPC4, CLU and ATP1A2 (Figure S10).

Figure 3. Differential expression analysis of 6- and 12-moa APP/PS1 mice. (a) Number of 

significantly higher and lower expressed proteins (empirical Bayes q-value ≤ 0.01) observed at 6- and 

12-moa. (b) Fold-changes (log2) and q-values of regulated proteins in at least one of the two datasets. 

Fold changes are emphasized in color from most extreme decrease (light blue) to highest increase

(dark blue). Q-values ≤ 0.01 are highlighted in orange. Proteins labeled with a+ have been implicated 

in human AD in previous reports, see Table S1.
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Figure 4. GO enrichment analysis on upregulated proteins in the 12-moa APP/PS1 dataset.

(a) Enrichment analysis using the whole mouse genome as background results in terms related to 

Aβ and AD. (b) The use of the total list of proteins detected at 12-moa as background results in 

enrichment terms related to proteolysis and lysosome.

The level of APP expression showed an increase over time, and additional protein regulations 

were also stronger at 12-moa than at 6-moa (Figure 3b). To visualize the progressive temporal 

changes in expression of regulated proteins directly, we derived the fold change ratios of 

proteins significant in at least one of the two datasets (Figure 5b). Here we observed that the 

top 10 of proteins with the highest changing expression levels over time include APP, C1QB/C, 

APOE, CLU and AQP4 (Figure 5d). 
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Discussion

Toxicity and accumulation of Aβ is believed to play important roles in AD pathogenesis138,139,

starting in basal cortical areas spreading through the hippocampus and other areas of the 

cortex2. In addition, synapse loss has been indicated as early events in AD that correlate 

strongly with cognitive impairment2,132. Studies have shown that Aβ is important for synaptic 

failure2. As synapse loss especially affects the hippocampus132, this structure was our brain 

area of interest. 

Because aberrant molecular and cellular changes in and around the synapse are considered 

to play a part in the cause of AD progression, it is necessary to unravel their temporal changes 

in relation to the advancing Aβ challenge. To reveal changes in protein expression that may 

result from the overexpression and aberrant processing of APP into Aβ, we examined the 

hippocampal proteome of 6- and 12-moa APP/PS1 mice and their wildtype controls.

For our study we employed SWATH technology216. Current studies indicate that SWATH yields 

small variations and few missing values among samples that together enable the detection of 

subtle changes in expression, and may therefore be the preferred method of choice183,207. A

typical SWATH experiment requires a project-specific spectral library for peptide identification 

during a database search. Building a spectral library requires extensive DDA analysis, 

preferably on the same or similar samples, and measured under comparable conditions to the 

measurements done on the samples of interest. This increases measurement time, and the 

conditions to generate the library are often not an exact copy of those while measuring the 

samples, leading to an increased chance of spectra mismatching. In contrast, directDIA 

assembles the precursor ions and fragment ions into pseudo–tandem Mass Spectrometry 

spectra, which can be built into a spectral library by the search against a conventional 

reference proteome database. The project-specific spectral library search in this study 

produced more peptides than did a directDIA library search. However, among the uniquely 

detected peptides, many of these were of lower intensity and quality compared to those 

identified by both workflows. These peptides are likely causing the reduced consistency 

observed in peptide detection across the sample replicates. Within the shared peptides 

generated from directDIA and the project-specific spectral library we revealed a high 

correlation in peptide intensity. This suggests these peptides are based on the same peaks 

and implicates that both approaches quantified peptides in similar ways. Importantly, 

downstream analysis showed that the directDIA protocol detected more significantly regulated 

proteins with high confidence, in addition to the shared proteins, demonstrating the usefulness 

of directDIA for database search.
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Figure 5. Cell-type enrichment and analysis of changing levels of protein expression over time.
(a) Expression Weighted Cell-type Enrichment performed using single cell RNAseq level 1 cell-type 

data obtained from222, on the upregulated proteins at 12-moa. * p-value < 0.01. (b) Fold-change ratios 

are shown for all proteins regulated in at least one of the two datasets demonstrating their level of 

regulation over time. Proteins labeled with a + have been implicated in human AD in earlier reports, see 

Table S1. The top 10 most regulated proteins over time are highlighted in orange.

We continued using directDIA for the analysis of protein changes in APP/PS1 mouse 

hippocampal synaptosomes of 6- and 12-moa. Synaptosomes were isolated with a standard 

protocol, which in the past has shown enrichment of synaptic proteins with high 

reproducibility79,194,219,220. Additionally, in the synaptosomal preparation under investigation, we 

observed enrichment of synaptic proteins, as revealed by GO-enrichment analysis. In addition, 

the synaptosomal fraction may contain structures with similar biochemical properties or 
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structures of contacting non-neuronal cells. For instance, microglia have been implicated in 

the elimination of synapses during development and under pathological conditions such as 

exposure to Aβ oligomers153. Synapse engulfment and pruning by microglia occurs in a 

complement factor dependent manner153,223. Indeed, highest regulated proteins observed in 

our dataset are strongly expressed in microglia, as reflected in the cell-type enrichment 

analysis, and include the complement factors C1QA-C. 

Despite enriching for synaptic proteins, surprisingly, only a few synaptic proteins are regulated 

in the APP/PS1 mice at 6- and 12-moa (e.g., SYT11 and GABRB3). SynGO-analysis revealed 

no enrichment of these proteins towards a specific subsynaptic compartment or biological 

process. In contrast, a recent proteomics study on the human (pre-clinical) AD cortex revealed 

changes in proteins related to the secretory pathway and synaptic vesicle endocytosis (e.g., 

SYT2 and SH3SGL2)224, supporting the relevance of synaptic homeostasis in AD disease 

pathology. Proteins related to these pathways were among early responding, late responding 

and progressively changing protein groups224. In the APP/PS1 mouse model of AD, stronger 

changes in synaptic vesicle endocytosis proteins have been observed at 3-moa209,225,

suggesting the APP/PS1 model recapitulates especially early synaptic changes induced by 

Aβ. This is in line with a recent cross-species meta-analysis on human AD transcriptomics and

mouse models of AD226. Among different human AD studies, the meta-analysis revealed 

consistent downregulation of gene groups enriched for neuronal genes226. The strongest 

overlap of regulated neuronal genes was observed in mice with a mild pathological burden226.

In the current study, strongest (up-)regulation of proteins was observed in the 12-moa dataset 

and contained multiple microglial proteins. At 6-moa we observed no regulation of microglial 

proteins. In contrast, microglial activation has been observed in multiple amyloidosis mouse 

models of AD as one of the earliest phenotypes227–229. For example, a recent transcriptomics 

study on microglial cells enriched from AppNL-G-F mice230 revealed upregulation of microglia 

in an activated state already at 3-moa229. This activated group of microglia was characterized 

by increased expression of Apoe227–229, an apolipoprotein involved in lipoprotein homeostasis 

and clearance of Aβ231,232. Removal of Apoe resulted in suppression of microglial recruitment 

to Aβ-plaques, revealing a pivotal role for this transcript in Aβ-related microglial activity229. At 

12-moa, we also observed increased levels of APOE and other proteins previously detected 

in activated microglia, including HEXB, EPDR1, ERP29, RER1, GLG1 and PLD3227,229.

Lack of observed microglial protein regulation at 6-moa in the current study may be caused 

by several aspects. First, previous transcriptomics and proteomics studies isolated microglia 

before protein or transcript extraction227–229. As synaptosomes were used in the current study, 
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there is reduced sensitivity towards changes that occur in this specific cell type. For example, 

APOE is expressed in both microglia and astrocytes, but Apoe mRNA was particularly shown 

to increase in microglia upon exposure to Aβ229. More subtle increases of microglial APOE at 

earlier timepoints may remain undetected due to dilution of protein changes. In addition, 

strong, early microglial effects were observed using amyloidosis mouse models, different from 

the APP/PS1 model used here227–229. Of interest, in AppNL-G-F mice230 the relative number of 

reactive microglia increased over time from 6% at 3-moa, to 33% at 6-moa and 52% at 12-

moa229. The same report also revealed an increase in reactive microglia in the APP/PS1 

mouse model209,229, the same model that was used in our current proteomics study209. This 

confirms activation of microglia as a consistent phenotype229. However, the APP/PS1 mouse 

only revealed a 15% increase at 18-moa229, suggesting activation of microglia in different 

models follows distinct timelines or differences in severity. 

A difference in microglia activation rate may be due to differences in Aβ pathophysiology 

between amyloidosis mouse models, as suggested in a previous report227. In a recent study, 

APP/PS1 mice (bearing the APPswe and PSEN1L166P mutations)233 were shown to contain 

fibrillar Aβ plaque cores at 3-moa, along with protein abundancy alterations in isolated 

microglia227. In contrast, fibrillar Aβ was barely detectable in AppNL-G-F mice230 of the same 

age with similar plaque load, and showed no microglia proteome alterations227. At higher age, 

both models expressed dense core fibrillar Aβ and an altered microglial proteome227. In line 

with this, the cross-species meta-analysis showed upregulation of human AD gene groups 

enriched for microglial genes, most strongly and consistently in mice with severe Aβ 

pathology226.

Proteins regulated in the APP/PS1 datasets observed in the current study were over-

represented by those involved in APP processing and Aβ formation. For example, NCSTN is 

an integral component of the γ-secretase complex comprising PS1-NCSTN-APH1-PSENEN, 

which cleaves APP to produce Aβ peptides234. Upregulation of NCSTN suggests increased 

levels of γ-secretase, likely due to overexpression of the PSEN1 gene in the APP/PS1 mouse 

model. PS1, APH1 and PSENEN were not detected in the proteomics dataset. The increased 

expression of APP is also most likely the direct consequence of the over-expression of the 

human APP gene. 

RER1 also showed elevated levels in the APP/PS1 mice. This protein regulates the retrieval 

of endoplasmic reticulum membrane proteins from the early Golgi compartment235.

Correspondingly, RER1 was revealed to affect γ-secretase assembly by regulating retention 

and retrieval of NCSTN and PSENEN236–238. Increased levels of RER1 expression cause 
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reduced maturation of APP, negatively regulating the production of Aβ238. This suggests in the 

APP/PS1 mice, elevated levels of RER1 work to compensate for increased APP and NCSTN 

levels.

APOE and CLU (APOJ) were highly up-regulated in our dataset, and they are well-established 

genetic risk factors of late-onset AD239. Although these are two distinct proteins, they show 

many similarities. Both APOE and CLU are apolipoproteins mediating lipid transport between 

cells in the brain231,240. These proteins are mainly secreted by astrocytes, in healthy brains, 

and are associated with immune modulation including activation of microglia241, and are 

possibly involved in microglia-associated phagocytosis of Aβ232. Thus, increased levels of 

APOE and CLU in the APP/PS1 dataset may reflect cellular responses towards increased Aβ 

clearance.

GO analysis revealed additional enriched terms including “Complement Activation, Classical 

Pathway” as well as “synapse pruning”. These are based on C1QA-C, three complement 

factors that initiate the classical complement immune response242. These proteins are highly 

expressed by microglia and, together with other complement factors, are found in human and 

mouse Aβ plaques243,244. Increasing evidence shows a detrimental role of C1Q in AD 

pathogenesis, as it can enhance Aβ fibrillogenesis245–247, block Aβ uptake by microglia248 and

are involved in aberrant synaptic pruning153. Thus, C1Q upregulation observed here likely 

contributes to AD pathology.

In the APP/PS1 mouse we also observed GO enrichment of proteins expressed in the 

lysosome, for instance HEXB and LAMP2. Lamp2 revealed high expression in microglia in the 

single-cell RNAseq data222. In addition, Pld3 transcripts and HEXB revealed enriched 

expression in reactive microglia in AD mice227,229. Microglia may be the main source of

increased lysosomal proteins observed in the APP/PS1 dataset. Of interest, an AD study on 

the microglial proteome revealed enrichment of phagocytic and lysosomal proteins alongside 

impaired microglial phagocytotic capabilities227. As the authors suggested, increased 

phagocytic and lysosomal protein expression in microglia may be part of a compensatory 

mechanism to enhance microglial phagocytosis of Aβ. This response eventually fails to 

improve capabilities for the removal of Aβ227.

Taken together, regulation of proteins involved in APP and Aβ processing (NCSTN, APOE, 

CLU and RER1), microglial activity (C1QA-C, APOE, HEXB, PLD3, LAMP2, EPDR1, ERP29, 

RER1 and GLG1 and PLD3) and the endo-lysosome (PLD3, VTI1B, EPDR1, HEXB, ARL8B 

and LAMP2) in this APP/PS1 mouse model reflect multiple aspects of AD-related processes. 
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Regulation of these proteins in the APP/PS1 mouse model reinforces their importance in Aβ-

induced pathology.

In addition, we observed proteins not linked to AD previously. Several of these have been 

associated with other neurodegenerative disorders (ZDHHC17 with Huntington’s disease249,

SYT11 and GAK with Parkinson’s disease250 and GABRB3 with dementia with Lewy 

bodies251), and may be of special interest for future studies. We also detected dysregulated 

proteins with no reported relation to AD or neurodegeneration (e.g., AKAP or PIP4P2). Of 

special interest is DOCK9, which shows significant and high upregulation at both 6- and 12-

moa. This suggests a role of DOCK9 as early responder to increased Aβ levels or participation 

of this protein in the production of Aβ. DOCK9 is a guanine nucleotide-exchange factor (GEF) 

that activates CDC42, a small effector protein involved in variety of cellular responses 

including cell migration252. Of interest, CDC42 activity has recently been shown to facilitate the 

microglial migration response to Aβ, downstream of TREM2252. TREM2 is a receptor 

expressed by microglia and is a risk factor for AD253. Although speculative, DOCK9 may be 

involved in similar migratory pathways. In addition, family members DOCK2 and 3 have shown 

involvement in the regulation of Aβ plaque load254 and phosphorylation of tau255, respectively, 

making DOCK9 an interesting candidate for future studies.

Materials and Methods

Mice. The use of APP/PS1 mice in this study was approved by the animal ethical care 

committee of the Vrije Universiteit Amsterdam. All wildtype and APP/PS1 mice of 12-moa were 

males. Both conditional groups at 6-moa were a mix of males and females (3 of each 

sex/condition).

Synaptosomal Enrichment. For all age and genotype conditions, synaptosomal fractions of 

5 or 6 mice were individually prepared and analyzed. Samples were prepared as previously 

described207,217. Mouse hippocampi were dissected and stored at −80 °C until further use. Per 

mouse, the two hippocampi from both hemispheres were homogenized together in 6 mL of 

homogenization buffer (0.32 M sucrose (VWR, Radnor, PA, USA), 5 mM HEPES (Sigma-

Aldrich, St. Louis, MO, USA) pH 7.4, Protease inhibitor cocktail (Roche, Basel, Switzerland)). 

Samples were homogenized using a potter and pestle (Sartorius, Göttingen, Germany; 12 

strokes, 900 rpm) and centrifuged at 1000× g for 10 min at 4 °C. Subsequently, 4.5 mL of 

supernatant was loaded on top of a 0.85/1.2 M (6 mL each) sucrose gradient and centrifuged 

at 100,000× g for 2 h. Per sample, 1.5 mL synaptosomes were recovered between 0.85/1.2 

M sucrose interface, mixed with 3.5 mL 5 mM HEPES, pH 7.4, and centrifuged at 20,000× g 
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for 30 min to obtain the synaptosomal pellets. Synaptosomes were resuspended in 150 μL 

homogenization buffer, and protein concentration was determined with a Bradford assay 

(Protein Assay, Bio-rad, Hercules, CA, USA). 

Filter-Aided Sample Preparation. Samples were digested following the filter-aided sample 

digestion protocol256 with some modifications. In short, for each sample, 22 μg synaptosomes 

were solubilized in 100 μL 2% sodium dodecyl sulfate (Sigma-Aldrich, St. Louis, MO, USA) 

containing 1 μL 500 mM Tris (2-carboxyethyl) phosphine (Sigma-Aldrich, St. Louis, MO, USA) 

reducing reagent, at 55 °C for 1 h. Next, cysteine residues were blocked with 0.5 μL 500 mM 

methyl methanethiosulfonate (Fluka, Honeywell, Charlotte, NC, USA) for 15 min at room 

temperature. After addition of 200 μL 8M urea (Sigma-Aldrich, St. Louis, MO, USA) in tris 

buffer (Sigma-Aldrich, St. Louis, MO, USA), pH 8.8, the samples were transferred to YM-30 

filters (Microcon®, Millipore, Burlington, MA, USA) and centrifuged at 14000× g for 15 min. 

The samples were washed with 8M urea solution four times by centrifugation at 13500 x g for 

14 min each, followed by four washes with 50 mM ammonium bicarbonate (Sigma-Aldrich, St. 

Louis, MO, USA). Trypsin (Mass Spec Grade, Promega, Madison, WI, USA; 0.6-g trypsin in 

100 μL 50 mM ammonium bicarbonate) was added to the proteins on filter and incubated 

overnight at 37 °C. The filters were centrifuged, and the digested peptides were collected in a 

clean centrifuge tube. The samples were dried in a speedvac (Savant, Thermo Scientific, 

Waltham, MA, USA) and stored at −20 °C until Liquid Chromatography–Tandem Mass 

Spectrometry (LC-MS/MS) analysis.

Micro-LC and SWATH Mass Spectrometry. Peptides were analyzed by micro-LC MS/MS 

using an Ultimate 3000 LC system (Dionex, Thermo Scientific, Waltham, MA, USA) coupled 

to the TripleTOF 5600 mass spectrometer (Sciex, Framingham, MA, USA) as described 

previously183,207,257. Peptides were trapped on a 5 mm Pepmap 100 C18 column (Dionex, 

Thermo Scientific, Waltham, MA, USA; 300 μm i.d., 5 μm particle size) and fractionated on a 

ChromXP C18 column (Eksigent, Sciex, Framingham, MA, USA; 3 μm particle size, 120A). 

The acetonitrile (VWR, Radnor, PA, USA) concentration in the mobile phase was increased 

from 5 to 18% in 88 min, to 25% at 98 min, 40% at 108 min and to 90% in 2 min, at a flow rate 

of 5 μL/min. The eluted peptides were electro-sprayed into the TripleTOF 5600 mass 

spectrometer, with a micro-spray needle voltage of 5500 V. SWATH experiments consisted of 

a parent ion scan of 150 ms followed by a SWATH window of 8 Da with scan time of 80 ms, 

that stepped through the mass range between 450 and 770 m/z. The collision energy for each 

window was determined based on the appropriate collision energy for a 2+ ion, centered upon 

the window with a spread of 15 eV. 
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SWATH Data Analysis. Spectronaut 14 (Biognosys, Schlieren, Switzerland) was used for 

data analysis of the raw files. All SWATH runs of the 12-moa experimental sample set were 

analyzed against both the spectral library and an internal spectral library using the directDIA 

function in Spectronaut 14. Analysis against the spectral library was done in the Analysis 

Perspective of Spectronaut by uploading all raw files, assigning the spectral library to each file 

and applying the Biognosys (BGS) Factory Settings. Analysis using the directDIA function in 

the Analysis Perspective of Spectronaut was performed by uploading raw files and assigning 

the mouse reference proteome files (the 2018_04 Uniprot release of 

UP000000589_10090.fasta and UP000000589_10090.additional.fasta). Additionally here, the 

Biognosys Factory Settings were applied. The 6-moa runs were analyzed only using directDIA, 

the same way as the 12-moa dataset. Before exporting data from Spectronaut, all filters were 

disabled. The dedicated spectral library was created with crude hippocampal synaptosomes 

containing spiked-in indexed Retention Time peptides (Biognosys, Schlieren, Switzerland), 

analyzed with the Triple TOF 5600 in DDA mode. The obtained library data were searched 

against the mouse proteome (the 2018_04 Uniprot release of UP000000589_10090.fasta and 

UP000000589_10090.additional.fasta) in Maxquant. Methyl methanethiosulfonate (C) was set 

as fixed modification. In the Library Perspective of Spectronaut, the dedicated spectral library 

was generated by uploading the Maxquant evidence.txt and modifications.xml files, the used 

fasta files, and assignment of the Shotgun Files (raw files). 

The Mass Spectrometry Downstream Analysis Pipeline (MS-DAP) (available at 

https://github.com/ftwkoopmans/msdap; version beta 0.2.5.1) was used for quality control and 

candidate discovery. In MS-DAP, peptide intensities without normalization in Spectronaut 

were taken for downstream analysis. For differential expression analysis, the 6- and 12-moa 

datasets were analyzed separately. Peptides present in at least 75% of the wildtype or 

APP/PS1 groups were used for differential testing, with the limma emperical Bayes algorithm 

after rollup to proteins. Shared peptides were removed, and the Variation Within Mode 

Between and modebetween_protein algorithms were used for normalization. All proteomics 

data used here have been deposited to the ProteomeXchange Consortium via the PRIDE258

partner repository with the dataset identifier PXD025777.
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Abbreviations

Abbreviation Meaning:
AD Alzheimer’s disease

APP/PS1 Amyloid Precursor Protein swe/ Presenilin 1 dE9 
Aβ Amyloid-β
BP Biological Process
CC Cellular Component

Cscores Confidence scores
DDA Data-Dependent acquisition
DEA Differential Expression Analysis
DIA Data-independent acquisition

EWCE Expression-Weighted Cell-type Enrichment
HPLC High-Performance Liquid Chromatography

LC-MS/MS Liquid Chromatography–Tandem Mass Spectrometry
Moa Months of age

MS-DAP Mass Spectrometry Downstream Analysis Pipeline
SWATH Sequential Window Acquisition of all THeoretical fragment-ion
SynGO Synaptic Gene Ontology

WP WikiPathways
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Supplementary Figures 

Figure S1. Enrichment of synaptic proteins in the synaptosomal sample preparation. GO-

enrichment analysis of all proteins detected in the 6- and 12-moa synaptosomal datasets under 

investigation in the current study. Total brain expressed genes is used as background. 
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Figure S2. Target (blue) and decoy (grey) confidence score distributions of all 12-moa samples 
searched against the DDA-based spectral library. The confidence scores (cscores) indicate the level 

of confidence the software had in the identification of peptides in the raw SWATH data. The q-value 

confidence threshold of 0.01 is shown as a dotted line, and the associated cscore and number of 

peptides quantified above this threshold are reported.
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Figure S3. Number of identified and quantified proteins and peptides with a q- value ≤ 0.01 for 
identification. (a) Number of proteins and peptides identified using the DDA-based spectral library are 

shown on average and per individual sample; (b) Analogous to panel a, number of proteins and peptides 

are shown on average or per individual sample, identified using directDIA.
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Figure S4. Target (blue) and decoy (grey) confidence score distributions of all 12-moa samples 
searched using directDIA. The confidence scores (cscores) indicate the level of confidence the 

software had in the identification of peptides in the raw SWATH data. The q-value confidence threshold 

of 0.01 is shown as a dotted line, and the associated cscore and number of peptides quantified above 

this threshold are reported.
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Figure S5. Characterization of unique and shared peptides identified using the spectral library 
or directDIA data searches. (a) Number of shared and unique identified peptides. (b) Abundance of 

shared and unique peptides identified using the spectral library. (c) Quality of shared and unique 

peptides identified using the spectral library. (d) Correlation in intensity between peptides identified 

using the spectral library or directDIA.
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Figure S6. Abundance of shared and uniquely identified proteins using the spectral library or 

directDIA after filtering high quality peptides for differential expression analysis. 5
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Figure S7. Quality control in MS-DAP of wildtype 1 in the 6-moa dataset. (a) Wildtype 1 showed 

large variation in retention time compared to the group median. Peptide retention time and abundance 

of wildype 1 are shown as a blue line (upper panel) and red line (lower panel), respectively, and are 

normalized to the median over all samples. Line widths correspond to the number of eluted peptides at 

that time point. The 5% and 95% quantiles are depicted in grey; (b) The effect of removing a sample 

prior to within-group Coefficient of Variation (CoV) computation is shown. The CoV is largely reduced 

after removal of wildtype 1; (c) A visualization of the first two Principal component analysis dimensions, 

showing that 50% of the variation explained by dimension 1 separates wildtype 1 from the other 

samples. Probabilistic Principal component analysis was performed on those peptides retained after 

filtering for differential expression analysis. The principal components and their respective percentage 

of variance explained are shown on the axis labels. 
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Figure S8. Quality control of the 6-moa dataset run against the directDIA library and comparison 

with the 12-moa dataset. (a) Cumulative distribution showing the number of peptides consistently 

identified across all samples; (b) Number of proteins and peptides that remain after filtering for 

differential expression analysis; (c) The Coefficient of Variation (CoV)s visualized as boxplots for the 6-

and 12-moa datasets; (d) The number of proteins used for differential expression analysis observed in 

the 6- and 12-moa datasets. 
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Figure S9. Sunburst plots of SynGO terms with highlighted gene counts of regulated 6- and 12-
moa APP/PS1 mouse genes. The number of regulated genes annotated towards (a) location or (b)

function terms are indicated per term.
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Figure S10. Gene expression cell-type specificity matrix of upregulated proteins in 
synaptosomes of 12-moa APP/PS1 mice. For each gene the expression taken from219 is normalized 

to the total level in all cell-types combined, highlighting the relative distribution. Low expression is shown 

in white and high expression in dark blue. 
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Table S1. Regulated proteins that have been associated with AD in previous human studies.
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Table S2. SynGO annotations of regulated proteins at 6- or 12-moa APP/PS1 mice.
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Table S3. SynGO enrichment analysis of synaptic proteins regulated in 6- or 12-moa APP/PS1 

mice using location terms.

Table S4. SynGO enrichment analysis of synaptic proteins regulated in 6- or 12-moa APP/PS1 

mice using function terms.
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Neurotransmission involves a diverse set of synaptic proteins that act in transient or stable 

protein complexes together forming an intricate molecular network8. Ligand-gated ion 

channels at the inhibitory and excitatory post-synaptic density play a central role in synaptic 

transmission, through binding of neurotransmitters and conductance of ions into the post-

synapse. These receptors associate with a large variety of binding partners that regulate 

receptor localization and biophysical properties to ensure specificity and rate of signal 

transduction and thereby have a major impact on synaptic transmission183.  In this thesis I

made use of interaction proteomics approaches to determine protein complex compositions 

of major proteins of the glutamatergic excitatory, and glycinergic inhibitory synapse. By using 

a combination of IP-MS and IP-BN-PAGE/MS we further specified GlyR, Gephyrin and 

AMPAR interactomes, and provided a framework for further molecular and functional 

analyses. In addition, as part of my work on synaptic proteins, I studied the synapse proteome 

of a mouse model of Alzheimer’s disease and revealed regulation of several synaptic and 

microglial proteins related to Aβ physiology and microglial-dependent processes. Here I 

elaborate on several findings from these studies and their biological implications, and discuss

general technological considerations and advances for the study of synaptic (receptor) 

proteins and their assemblies by proteomics approaches. 

Interaction proteomics of brainstem GlyRs 

In chapter 2, I analyzed the interactome of the GlyR in brainstem. Protein-protein interactions 

can be identified by purification of a target protein, and the analysis of co-isolated constituents. 

Purification of GlyR complexes with multiple antibodies raised against the GlyR α1 and GlyR

β GlyR subunits and the Gephyrin scaffold protein followed by mass spectrometry, resulted in 

the identification of IQSEC2 and IQSEC3 as novel GlyR complex interactors. Yeast-two-hybrid 

revealed direct interaction between amino acid 160-210 of the IQSEC3 N-terminal domain and 

the G-domain of Gephyrin, further specifying the N-terminal interaction site on IQSEC3 that 

was  previously reported117. In addition, we revealed the GlyR-Gephyrin-IQSEC2/3 assembly 

as a distinct high molecular weight complex, in a combined approach of IP with BN-PAGE 

followed by mass spectrometry.

IQSEC2 and IQSEC3 in the glycinergic synapse

Our data revealed IQSEC2 as an interactor of GlyR complexes in the brainstem. IQSEC2 was 

originally identified in excitatory PSDs, where it binds NMDA-receptors, affects ARF6 

functioning and AMPA-receptor membrane expression255. Mutations in the IQSEC2 gene give 
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rise to intellectual disability (ID), which is often accompanied by various symptoms such as

autistic features, seizures, stereotypic movements and delayed psychomotor development256.

Underlying molecular mechanisms are considered in relation to the function of IQSEC2 in the

excitatory synapse255. As our data reveal IQSEC2 as a GlyR complex interactor, mutations in 

IQSEC2 may also impact GlyR function, which may thus underlie part of the observed 

IQSEC2-related ID symptomatology. Further studies are required to determine the functional 

role of IQSEC2 in brainstem glycinergic synapses, and the potential relation to IQSEC2 

associated disabilities. IQSEC2 especially reveals strong expression in the brainstem at 

embryonic age E14.5257. Future studies into IQSEC2 at glycinergic synapses during 

embryonic development may therefore be of special interest.  

Previous research has indicated evidence that IQSEC3 may be part of inhibitory GABAAR

complexes117,118,156,157. The identification of IQSEC3 in our GlyR IP-MS experiments suggests 

that IQSEC3 additionally plays a role in glycinergic synaptic transmission. Removal of IQSEC3 

in hippocampal neurons decreases Gephyrin clustering, reduces the number of postsynaptic 

GABAARs and of GABAergic presynaptic terminals117. Involvement of IQSEC3 in GABA-ergic 

synapse maintenance and network activity was shown to depend on its ARF-GEF activity 
117,258. In line with this, ARF6 was shown to be important for GABA-ergic synapse 

development259, and activation of ARF6 by IQSEC3 is required for correct pre- and post-

synapse alignment118. The exact mechanisms by which IQSEC3 impact Gephyrin clustering, 

and GABAergic synapse physiology through its ARF-GEF remains unknown. Of interest, 

ARF6 is involved in regulation of the cytoskeleton and recycling of endosomes and proteins 

to and from the plasma membrane 260–262. IQSEC3 may therefore impact on GABA-ergic 

synapse maintenance and network activity through regulating GABAA-R endocytosis or 

recycling at the inhibitory PSD. As we showed associated of IQSEC3 with GlyR complexes, 

similar functions and regulatory mechanisms may apply to the GlyR and glycinergic synapses.  

Considerations for the study of transient receptor interactors 

Physical interactions between proteins are prerequisite for the execution of cellular processes. 

Immuno-purification of proteins from native tissues or homologous expression systems, and 

yeast two-hybrid methodologies are the most widely applied for detecting protein 

interactions83,263–265. By the use of IP-MS numerous binding partners of synaptic receptors like 

the AMPAR46 and GABAB-receptor47 were revealed. In contrast, for the identification of high-

confident novel GlyR interactors in our own study, this approach yielded limited success172.

The glycinergic synapse has a relatively simple structure, containing multiple α1:β GlyRs 

clustered by Gephyrin, and is thought to have limited ability for plastic change95.  Possibly the 
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GlyR truly has a limited number of interactors. Alternatively, potential weak interacting proteins 

of the GlyR may have been missed.

To isolate receptor complexes from their cellular environment, IP involves the lysis and 

solubilization of protein targets from the membrane. The efficiency of protein extraction on one 

hand, and strength of the protein interactions on the other hand are critical determinants for 

the successful recovery of intact target complexes266. In contrast to the traditional IP approach, 

new technologies have been developed to examine protein interactions in their physiological 

context and allow for the identification of less stable interacting partners267. For instance, 

chemical cross-linking makes use of small cross-linker reagents to capture proteins in close 

proximity in vivo8,267. Cross-linking of synaptic proteins prior to extraction has previously 

yielded the identification of 2362 connections within and between proteins8. Adding an 

enrichment step after cross-linking prior to MS detection, will assist the detection coverage of 

cross-links for a particular target protein of interest. Alternative approaches include proximity

labeling methods which involve tagging of  proteins located in the close vicinity of their 

potential interacting  protein that is modified to contain a labeling enzyme (e.g. a biotin ligase, 

peroxidases or ascorbate peroxidase)267. Labeled proteins are subsequently enriched and 

identified by MS. Both methods allow the identification of even weak protein interactions in 

their physiological context and in a high-throughput manner. Further advances in these 

approaches hold the promise for providing a reliable and comprehensive picture of the protein 

interactomes in their native cellular environment. Reduction of false negatives and increase in 

coverage of the GlyR interactome may be ultimately improved by integration of such 

complementary techniques.

The study of protein subcomplex compositions

Synaptic receptor complexes are partly dynamic entities of which the molecular composition 

may depend on its subcellular localization. Interactomes of a target protein can differ across 

distinct subcellular compartments, for instance during its transport through the cell towards its 

final destination. Also it may change in correspondence to different functional states of the 

synapse69,79. Identification of receptor-interactor co-assembly, or inversely the preclusion of 

mutual co-assembly into receptor subcomplexes, provides the molecular framework for follow 

up on detailed receptor-related processes in synaptic physiology.

The identification of receptor subcomplexes can be achieved in several ways. For instance, 

IP-MS of a target protein followed by reverse IP-MS of interactors may provide evidence of 

protein co-occurrence or exclusion79. However, this approach may not be successful in case 

of sharing of interactors across different subcomplexes. An alternative approach is the 
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biochemical fractionation of tissue lysates prior to MS detection, which is sometimes referred 

to as co-fractionation-MS267,268. Biochemical separation can be achieved with different 

strategies, such as size-exclusion chromatography (SEC)269 or ion-exchange chromatography 

(IEX)270. Proteins contained in the same complex are expected to at least partially end up in 

the same biochemical fractions, resulting in similar quantitative protein profiles based on MS 

detection. Based on the highly correlating protein elution profiles, protein complex assembly 

can be predicted269,270.

Co-fractionation-MS allows for the untargeted analysis of thousands of proteins and their 

protein complex compositions in a single assay269,270. However, complex samples and limited 

separation can result in co-elution of proteins that do not interact, resulting in reduced 

specificity268. To mitigate this problem, researchers extensively fractionate their samples by 

the application of multiple separation techniques consecutively on the same sample270. In 

addition, recently, researchers described a ‘complex-centric analysis’ workflow for the 

interpretation of co-fractionation-MS269. In this analysis strategy, prior information on protein 

interactions is used to analyze co-fractionation-MS data for evidence of protein complexes up 

to subcomplex resolution269.

In chapter 2, we introduced a strategy that combines the specificity of IP with the resolution of 

blue-native PAGE to study the organization of native protein subcomplexes. After GlyR 

purification, native complexes were size separated on a blue-native PAGE gel followed by 

their analysis with mass spectrometry. Separation of GlyR complexes using IP/BN-PAGE/MS 

revealed IQSEC2/3 protein abundance at the high mass range of the GlyR-Gephyrin 

complexes. Revealing the GlyR-Gephyrin-IQSEC2/3 assembly as a distinct high molecular 

weight complex, next to lower molecular weight assemblies, exemplified how this strategy can 

be used to study subcomplex protein composition.

Interestingly, computational methods are being developed to detect subcomplexes from 

affinity purification data271 and protein interaction databases272,273. Moreover, the elucidation 

of protein binding interfaces, for instance through cross-linking-MS, might allow the molecular 

understanding of subcomplexes by inferring the competitive binding of previously known 

interactors8,274. Advances in interaction proteomics, such as cross-linking-MS, that assist 

determining subcomplex compositions, hold the promise to improve the mechanistic 

understanding of protein interactions at the synapse.

152

Chapter 6



153 
 

Gephyrin splice-isoforms and their differential interactions

In chapter 3, we studied two major Gephyrin protein isoforms resulting from transcript splicing. 

Previous studies were done using mRNA-based approaches, in situ hybridization or 

overexpression of Gephyrin isoform constructs. We designed specific antibodies targeted 

against the major Gephyrin-C3 and C4A isoforms. Using these antibodies, we revealed 

expression of Gephyrin-C4A limited to neurons, and strong interaction with the GlyR, IQSEC3

and NOS1. Further dissection of the Gephyrin-C4A complexes revealed those containing the 

GlyR and/or IQSEC3 are separate from those containing NOS1. In contrast to Gephyrin-C4A,

Gephryin-C3 revealed highest expression in astrocytes, only limited association with the GlyR 

and specific interaction with NLGN2.

Gephyrin-GlyR/Neuroligin assemblies in astrocytes

Gephyrin is the major scaffolding protein of the inhibitory synapse163, and in addition, catalyzes 

Molybdenum Cofactor (MoCo) synthesis which is important for the functioning of a variety of 

enzymes166. Glia expressed Gephyrin-C3 was previously shown to be responsible for the main

MoCo  production in the brain124. Our IP-BN-PAGE/MS revealed interaction between a subset

of Gephyrin-C3 proteins and the GlyR, and interaction between the majority of Gephyrin-C3 

and NLGN2 and DYL2. The GlyR, NLGN2 and DYL2 are not involved in the catalyzation of 

MoCo synthesis166. The exact cellular location of these interactions has yet to be determined 

experimentally. However, as the majority of Gephyrin-C3 is expressed in astrocytes, these 

interactions likely occur in the astrocyte cell-type. Therefore, these data suggests that 

Gephyrin-C3 in astrocytes also operates beyond its enzymatic function.

Astrocytes are an abundant cell-type in the mammalian brain and are characterized by their 

elaborate morphology with numerous processes, among which those interacting with 

synapses171. Traditionally, astrocytes have been considered important for metabolic 

homeostasis and synaptic transmission through the regulation of extracellular concentrations 

of ions, neurotransmitters and molecules275. Recent evidence revealed astrocytes are 

intimately involved in local synapse formation and elimination275,276. In addition, dysfunctional 

synapse-astrocyte interactions are increasingly recognized as potential contributors to 

psychiatric and developmental disorders such as autism and schizophrenia277. 

Although astrocytes reveal an overall gene expression profile distinct from neurons219,278,

neurons and astrocytes reveal shared expression of certain proteins including Gephyrin, 

neurotransmitter receptors (e.g. AMPARs279, GABARs280 and GlyR91) and Neurologins176,276.
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The functions of these particular proteins in astrocytes are starting to be uncovered. Previous 

results revealed that by the expression of neurotransmitter receptors, astrocytes can sense 

neuronal activity. For instance, Bergmann glia in the cerebellum express Ca2+ permeable 

AMPA-receptors279. These receptors are activated upon glutamate release by neighboring 

neurons, resulting in increased Ca2+ levels in astrocytes279. Increased astrocytic Ca2+ levels in 

turn may affect neuronal activity, for instance, by insertion of neurotransmitter transporters in 

the astrocytic membrane or direct release of gliotransmitters281. Of interest, recent research 

revealed that activation of GlyRs on cortical astrocytes inhibits ATP-induced Ca2+ transients

in these cells177. This inhibition likely involves changes in permeability to Cl-, and the 

recruitment of GlyRs from the cytosol to the astrocytic plasma membrane through microtubule 

dependent transport177. In neurons, Gephyrin is involved in microtubule dependent transport 

and membrane accumulation of GlyRs119, likely through binding DYL2, which may be similar 

in astrocytes. Further research would be required to determine the exact physiological 

conditions in which astrocytic GlyRs affect Ca2+ transients, how these GlyRs are regulated 

and the downstream effects of GlyR modulated Ca2+ transients.

Astrocyte conditioned media and neuron-astrocyte co-cultures are known to promote the 

formation and maturation of synapses282. Interestingly, recent research revealed high 

expression of NLGN2 in astrocytes, which upon removal impaired astrocyte morphogenesis 

and excitatory synapse formation and function in vivo276. Likewise, knock-down of neuronal 

neurexins, the trans-synaptic binding partners of neuroligins, prevented astrocytic 

morphogenesis276. This implies bidirectional signaling through the neuronal neurexins and 

astrocytic neuroligins plays a critical role in brain development276. The dependence of 

astrocytic neuroligins on Gephyrin and potential mechanisms of regulation remain unknown.

Characterizing in depth the functionalities of ‘typical’ neuronal proteins in astrocytes is an 

exciting future direction that may reveal previously overlooked cellular mechanisms.

Potential role for Gephyrin isoforms in neurons

Whereas Gephyrin-C3 is preferentially expressed in astrocytes, its expression in neurons 

cannot be excluded. Recent applications of super-resolution imaging techniques have 

revealed the  organization of synaptic proteins in nanocolumns38,180,283. In these nanocolumns, 

pre-synaptic active zone proteins and post-synaptic scaffolds each display subsynaptic 

distributions that are aligned by adhesion moleculesto ensure synaptic response efficiency15.

Nanocolumns have been observed at both excitatory and inhibitory synapses and 

demonstrate the importance of spatial organization of proteins for proper functioning of the 

synapse15,284. The exact molecular mechanisms through which the nanocolumn subdomains 
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are created are unknown, but under active investigation285,286. Differences between Gephyrin 

isoform clustering abilities may impact their subsynaptic location and that of their differentially 

associated proteins. To this end, future research determining presence of Gephyrin-C3 at the 

neuronal synapse, and its subsynaptic location compared to the Gephyrin-C4A isoform may 

be an interesting research direction.

AMPAR subtypes and their (sub)complex compositions

In chapter 4 we analyzed protein complex compositions of the two most abundant AMPAR 

subtypes in the hippocampus, and provided a framework for molecular analysis of AMPAR 

subtypes and their functional diversity. Whereas TARP-γ8, PRRT1 and CNIH2 were the 

highest abundant interactors of GluA1/2 specifically, GluA2/3 receptors revealed strongest co-

purification of CNIH2, TARP-γ2 and OLFM1. Further IP-MS, IP-BN-PAGE/MS and microscopy 

analysis revealed TARP-γ8 and PRRT1 to directly interact, and co-assemble into an AMPAR 

subcomplex, especially near synapses. Future research will be required to determine how 

both proteins coordinate the retention and/or insertion of AMPARs into the synapse.

Proteomics study of receptor assemblies at increasing (sub)cellular resolution

During the past decade a large variety of AMPAR interactors have been identified, and 

revealed critical for receptor assembly, trafficking and gating properties69,183,186. The functional 

examination of a large group of interactors has significantly contributed to the understanding 

of AMPAR regulation and synaptic plasticity mechanisms69,183,186. However, mapping the 

specific functions of the vast number of interactors alone or in combination has only started. 

Previous reports revealed brain regional diversity of AMPAR assemblies82,83. Moreover, recent 

single cell analyses reveal cell type differences in protein expression219,278. Differential 

expression of AMPAR subunits and interactors may result in unique combinations and/or

stoichiometries that can have distinct functional effects287 in different cell-types. Importantly, 

this diversity provides the opportunity of designing drug strategies to selectivity modulate 

specific receptor-interactor assemblies288. 

The identification and preferably also quantification of cell or synapse-type specific receptor

assemblies would require the collection of large numbers of isolated cells or synapses of the 

same type and/or the detection of protein-protein interactions at (extreme) low abundance 

levels. Of interest in this respect, exciting recent innovations in mass spectrometry have shown 

strong improvements in sensitivity and quantification accuracy289. Novel acquisition strategies 
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and computational data analysis have resulted in increased quantitative precision and deep 

proteome coverage, using decreasing amounts of sample289. In a recent study, high sensitivity 

proteomics using a timsTOF mass spectrometer was applied for IP-MS using down to 0.8x106

Fluorescence- Activated Cell Sorting (FACS) sorted cells of starting material290,  a more than 

10-fold reduction compared to previous reports291,292. Across a set of 1261 tagged target 

proteins, the number of identified interactors ranged between 1 and 798 with a median of 7 

interactors per target290.  Continuous improvements on automated cell isolation methods293,

small volume sample handling294,295 and mass spec technologies296 holds great promise for

the future of interaction proteomics with increasing (sub)cellular resolution.

Proteome analysis of Alzheimer mouse model of AD synaptic 
fractions 

In chapter 5 we analyzed the proteome of a synapse enriched fraction obtained from the 

APP/PS1 mouse model of Alzheimer’s disease. Hippocampi of 6- and 12-month-old mice were 

used for synapse enrichment, and proteomics analysis was done by data independent 

acquisition (DIA) mass spectrometry. We first assessed and subsequently applied an 

improved directDIA workflow for the analysis of our data, and revealed most regulation of 

proteins at 12-months in APP/PS1 mice. Especially proteins involved in Aβ homeostasis and 

microglial-dependent processes revealed increased expression.

Analysis of DIA mass spectrometry data by directDIA and MS-DAP

We first assessed the usefulness of a new improved directDIA library workflow for the analysis 

of proteomics data obtained in Data Independent Acquisition (DIA) mode. Typically, in 

proteomics mass spectrometry, proteins are enzymatically digested into tryptic peptides, 

fractionated by liquid chromatography (LC) and subsequently ionized and sprayed into the 

mass spectrometer for analysis. In the mass spectrometer, peptides (precursor ions) are 

fragmented, and the resulting ion fragment mass patterns are used for peptide identification. 

Along the last years DIA has emerged as the method of choice for data acquisition, as it allows 

for the identification and quantification of thousands of proteins with low variation297.

Unlike the previous predominant data dependent acquisition (DDA) method, in DIA mode in 

principle all eluted peptides are fragmented and detected in the mass spectrometer within 

sequential windows of specified mass ranges298. This method creates highly complex 

fragment ion mass spectra, that are conventionally compared to a project-specific spectral 
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library for peptide identification298. Such a library is typically based on extensively fractionated 

samples, of similar type and mass spec set-up as the experiment, which requires additional 

sample handling and running time. In addition, peptides absent in the spectral library cannot 

be analyzed in the experimental sample. The ‘library free’ analysis of DIA was developed as 

an alternative, which assembles precursor and fragment ions detected in the experimental 

runs in pseudo-tandem mass spectra215. These spectra are subsequently searched against a 

reference proteome database for identification and are built into a library for comparison with 

the original DIA data215. This strategy is used in the directDIA workflow provided by the popular 

commercial software Spectronaut. 

By inclusion of a deep-learning strategy, directDIA was recently improved and now starts to 

reach comparable performance to classically generated spectral libraries299. With our study, 

we were one of the first to determine its applicability to an independent user dataset, and 

concluded that the analysis with the directDIA 2.0 workflow was of competitive quality with the 

conventional spectral library for downstream analysis. The more recently developed DIA 

analysis tool DIA-NN also incorporated deep-learning methods that can be used with or 

without a project-specific spectral library300. DIA-NN outperforms conventional analysis tools 

including Spectronaut, and reveals higher peptide identification and quantification precision300.

DIA-NN particularly benefits high-throughput applications where data is acquired with short 

measurement times300. The combination of recent data analysis and technological advances 

that allow acquisition of high-quality data in ahigh-throughput manner holds great promise for 

future proteome research. 

For our analysis we applied the recently released Mass Spectrometry Downstream Analysis 

Pipeline (MS-DAP) (https://github.com/ftwkoopmans/msdap). This pipeline combines 

extensive quality control with state-of-the-art algorithms, intuitive visualization and reporting, 

and facilitates reproducible proteomics analysis. The large variety of existing and newly 

created algorithms and analyses hampers comparisons between different studies and 

scientific progress. The use of tools like MS-DAP to facilitate analysis consistency across 

different laboratories should be encouraged. 

Little detected regulation of synaptic proteins in APP/PS1 mice

The aim of our study was to detect regulation of synaptic proteins induced by the 

overexpression of Aβ. To this end we analyzed synapse enriched biochemical fractions 

obtained from hippocampus of wildtype and APP/PS1 mice. In our analysis we only observed 

modest effect of Aβ exposure on synaptic proteins at the age of 6- and 12 months. Few 
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synaptic proteins were regulated without enrichment towards a specific (sub)synaptic 

compartment or molecular function. As we enriched for synapses, detection of synapse loss 

may be counteracted. Removal of a specific synapse type would still be possible to detect 

based on its specific protein repertoire. Lack of synaptic proteins regulated in our dataset, 

suggests removal of synapses at these ages is not selective towards a specific synapse type. 

Additionally, the relative number of synapses that are lost may be low. At 6- and 12 months, 

loss of 25% in synapse density has been reported in subregions of the hippocampus of 

APP/PS1 mice185,301. Isolation of hippocampal subregions may increase detection power. 

A previous report revealed synaptic protein changes using the same APP/PS1 mouse model 

of a younger age222. Mega analysis of APP mouse models reveals most consistent synaptic 

protein changes across different studies at this earlier time point223. Perhaps this younger age 

falls within a time window of Aβ induced synaptic protein changes leading up to synaptic 

removal. If one wants to uncover the effects of Aβ oligomers on synaptic proteins and 

cascades prior to synapse loss, APP/PS1 mice of young age are likely more informative than 

those of 6- and 12 months. A previous study with an APP model revealed synapse tagging 

with C1Q prior to their removal by microglia as early as 3-months147. Analysis of C1Q tagged 

and untagged synapses after exposure to Aβ may be of special interest. Also, analysis of brain 

tissue exposed to Aβ oligomers acutely may be of interest to dissect the direct effects of Aβ 

oligomers on the synaptic proteome.

Role of microglia in Aβ pathophysiology

Several proteins that we observed regulated in our dataset are of microglial origin. In our study, 

we analyzed a biochemical enriched synaptic fraction. This fraction indeed revealed 

enrichment of synaptic proteins, but in addition may contain structures with similar biochemical 

properties or structures coming from contacting non-neuronal cells such as microglia. 

Microglia have been implicated in synapse engulfment and elimination under exposure to Aβ 

oligomers, in a complement factor dependent manner147. In our dataset, we observed 

regulated proteins that are strongly expressed in microglia, including the complement factors 

C1QA-C.  

Increased expression of microglial proteins is the most consistent phenotype across various 

studies with different APP mouse models223, and reactive gliosis is one of the hallmarks of 

Alzheimer’s disease2. Where microglia-related mechanisms were long considered secondary 

events to neurodegeneration, in recent years microglia are increasingly considered active 

players in AD pathogenesis130,146. Multiple risk-genes associated with AD are expressed by 
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microglia. Investigation of AD risk-genes in microglia, including APOE, CLU and HEXB 

observed in our study, revealed their regulation is particularly induced by exposure to Aβ and 

not Tau pathology302.  This suggests that these microglial AD risk genes are downstream of 

the Aβ pathway, but upstream of Tau pathology302.

Recent focus has been on TREM2, an AD risk factor expressed on the surface of 

microglia303,304. AD associated variants of the TREM2 gene cause a partial loss of function, 

which prevents microglia to respond to pathological changes303,304. The effect of TREM2 loss 

on Aβ and Tau pathology has been partially inconsistent305. A recent study addressed this by 

using a mouse model combining Aβ and Tau pathology306. Research revealed that loss of 

TREM2 worsens Tau pathology and brain atrophy, only in the presence of Aβ pathology, 

suggesting activated microglia prevent Aβ-driven Tau pathology306. The role of microglia in AD 

remains under intense study, and opens exciting avenues for novel therapeutic approaches304.

Conclusion

Synaptic proteins and their interactors form crucial molecular machineries for brain 

functioning, and reveal high molecular and functional diversity. Understanding their diverse 

structural organization is essential to understand complex synaptic processes. In this thesis, I 

applied several (interaction) proteomics strategies to further specify the protein complex 

organization of major players in synaptic function. We identified novel interactors of GlyR 

complexes and introduced a strategy to interrogate protein sub-complex composition. We 

exposed the differential organization of Gephyrin splice isoform assemblies, and revealed the 

separate interactomes of two major AMPAR subtypes and an associated sub-complex. 

Together these data provide a framework for further molecular and functional analyses. In 

addition, we revealed regulation of synaptic proteins and proteins involved in microglial-

dependent processes in a mouse model of Alzheimer’s disease. Rapid technological 

advances will allow for mapping of protein interactions in increasingly high resolution.

Combined with high-throughput strategies, it is expected that the majority of the most stable 

synaptic protein complexes will be mapped within the next decade.
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Summary

Synaptic transmission is the major form of communication between brain cells. Among many 

others, it enables complex cognitive processes like learning and memory. Ligand-gated ion 

channels at the inhibitory and excitatory post-synaptic density play a central role in synaptic 

transmission. They allow for neurotransmitters to alter functional properties of the receiving 

neuron by regulating ion fluxes across the synaptic membrane and modulation of intracellular 

signaling cascades. Synaptic receptors associate with a large variety of binding partners that 

tightly regulate receptor localization and properties to ensure specificity and rate of signal 

transduction. Due to their regulatory roles, these interacting proteins can majorly impact 

synaptic transmission. Together, synaptic proteins and their interactors form crucial molecular 

machineries for brain functioning, and reveal high molecular and functional diversity. 

Understanding their diverse structural organization is essential to understand complex 

synaptic processes in health and disease.

Mass spectrometry (MS)-based proteomics is a powerful tool for the unbiased identification 

and quantification of hundreds of proteins. In this thesis I made use of interaction proteomics 

approaches to determine protein complex compositions of major proteins of the inhibitory and 

excitatory synapse. We further specified the inhibitory synaptic Glycine receptor (GlyR) and

Gephyrin scaffold, and excitatory α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR) interactomes. For this, we focused on their subcomplex compositions and 

the differential protein assemblies of AMPAR subtypes and Gephyrin isoforms and provided 

a framework for their molecular and functional analyses.

The GlyR mediates inhibitory neurotransmission, is involved with locomotion, respiration and 

nociception, and implicated in startle disease/hyperekplexia. In chapter 2 I determined the 

GlyR interactome in the brainstem using an immuno-purification (IP)-MS strategy with multiple 

antibodies against the GlyR and its major interactor Gephyrin. I revealed IQSEC2 and IQSEC3 

as novel components of GlyR complexes. Further yeast-two-hybrid revealed direct interaction 

between amino acid 160-210 of the IQSEC3 N-terminal domain and the G-domain of 

Gephyrin. Additionally, we introduced a strategy that combines the specificity of IP with the 

resolution of blue-native PAGE to study the organization of native protein complexes. Size 

separation of native GlyR complexes by IP-BN-PAGE/MS demonstrated that this novel GlyR-

Gephyrin-IQSEC2/3 assembly forms a small and distinct high molecular weight population of 

GlyRs. These data exemplified how the IP-BN-PAGE/MS strategy can be used to study 

subcomplex composition which can be applied to additional target proteins.
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Gephyrin is the major scaffold protein of the inhibitory synapse where it clusters GlyRs and 

GABAARs at the post-synaptic density. Additionally, in the brain Gephyrin catalyzes 

Molybdenum Cofactor (MoCo) synthesis, an important cofactor for multiple enzymes, in glial 

cells. Interestingly, alternative splicing of Gephyrin results in multiple isoforms with different 

biochemical properties that may majorly impact Gephyrin functioning. In chapter 3 I designed 

and validated specific antibodies against the major Gephyrin-C3 and -C4A splice isoforms. I

then used these novel antibodies to determine the cellular expression, specific interaction 

profiles and subcomplex composition of Gephyrin-C3 and -C4A. The neuronally expressed 

Gephyrin-C4A revealed strong binding to the GlyR, IQSEC3 and Nitric oxide synthase 1 

(NOS1), whereas Gephyrin-C3 revealed high expression in astrocytes, reduced binding to the 

GlyR and specific interaction with NLGN2. Strong expression of Gephyrin-C3 in astrocytes, 

and its interaction with the GlyR and NLGN2 suggests a non-enzymatic function of Gephyrin 

in this cell type and opens a new avenue for Gephyrin research.

The AMPAR is the major synaptic excitatory ionotropic receptor in the brain. The most 

abundant AMPAR subtypes in the hippocampus are GluA1/2 and GluA2/3 heterotetramers,

which contribute differentially to mechanisms of synaptic plasticity. Their functional differences 

may be in part caused by regulation through specific associated proteins. In chapter 4 we 

analyzed the protein complex compositions of the GluA1/2 and GluA2/3 AMPAR subtypes 

separately. By performing quantitative and interaction proteomics on wildtype and GluA1- and 

GluA3 knock-out mice, we revealed differences in the interactome of GluA1/2 and GluA2/3 

receptors. Whereas GluA1/2 co-purified TARP-γ8, PRRT1 and CNIH2 with highest 

abundances, GluA2/3 receptors revealed strongest co-purification of CNIH2, TARP-γ2, and 

OLFM1. Additional IP-MS, IP-BN-PAGE/MS and microscopy analysis revealed a direct 

interaction between TARP-γ8 and PRRT1 and their co-assembly into an AMPAR subcomplex,

especially near the synapse. Future research will be required to determine the exact 

mechanism of AMPAR regulation by PRRT1 and TARP-γ8, and the interplay between these 

two proteins.

As part of my work on synaptic proteins, I additionally studied the synapse proteome of a 

mouse model of Alzheimer’s disease (AD). AD is one of the most well-known 

neurodegenerative brain disorders, and is characterized by early hippocampal memory 

deficits and dysfunctional synapses. The accumulation of Amyloid-beta (Aβ) is believed to play 

an important role in AD pathogenesis. Aβ peptides are products of the transmembrane 

Amyloid Precursor Protein (APP) that is cleaved by Presenilin 1 and 2 (PSEN1 and PSEN2)

containing γ-secretases. Mutations in the APP and PSEN1/2 genes are causatives for cases 

of familial AD, and form the genetic basis of the APP/PS1 mouse model. In chapter 5 I studied 
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the proteome of a synapse enriched fraction obtained from the hippocampus of the APP/PS1 

mouse model of AD at 6 and 12 months of age using data independent acquisition (DIA) mass 

spectrometry. We first assessed the usefulness of a recently improved directDIA analysis 

workflow as an alternative to conventional DIA analysis using a project specific library. I

concluded that the improved directDIA workflow was of competitive quality with the 

conventional spectral library for downstream analysis, and subsequently applied this workflow 

to our datasets. Most regulation was observed at 12-months, especially of proteins involved 

in Aβ homeostasis and microglial-dependent processes like Apolipoprotein, Clusterin and 

complement factors C1QA, C1QB and C1QC.
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