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Abstract

Regulated delivery of AMPA receptors (AMPARS) to the postsynaptic membrane is an
essential step in synaptic strength modification, and in particular, long-term potentiation
(LTP). While LTP has been extensively studied using electrophysiology and light
microscopy, several questions regarding the molecular mechanisms of AMPAR delivery
via trafficking vesicles remain outstanding, including the gross molecular make up of
AMPAR trafficking organelles and identification and location of calcium sensors required
for SNARE complex-dependent membrane fusion of such trafficking vesicles with the
plasma membrane. Here, we isolated AMPAR trafficking vesicles (ATVs) from whole
mouse brains via immunoprecipitation and characterized them using immunoelectron
microscopy, immunoblotting, and liquid chromatography tandem mass spectrometry (LC-
MS/MS). We identified several proteins on ATVs that were previously found to play a role
in AMPAR trafficking, including SNARES (including synaptobrevin 2), Rabs, the SM
protein Munc18-1, a calcium-sensor (synaptotagmin-1), as well as several new markers,
including synaptophysin and synaptogyrin on ATV membranes. Additionally, we identified
two populations of ATVs based on size and molecular composition: small-diameter,
synaptobrevin-2- and GluAl-containing ATVs and larger transferrin-receptor-, GIuA1-,
GluA2-, GluA3-containing ATVs. The smaller population of ATVs likely represents a
trafficking vesicle whose fusion is essential for LTP. These findings reveal the important
role of AMPAR sorting into fusion-competent trafficking vesicles that are implicated in
synaptic strength modification and reveal candidates of putative effectors and regulators
of AMPAR trafficking.
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Introduction

At glutamatergic synapses, AMPARs are responsible for the largest component of
postsynaptic responses in the form of cation influx, and along with NMDARS, are major
contributors to various forms of synaptic plasticity including LTP (Dingledine et al., 1999;
Malinow & Malenka 2002; Bredt & Nicholl 2003; Collinridge et al., 2004; Shepherd &
Huganir 2007; Newpher & Ehlers 2008). Upon the arrival of an action potential, glutamate
is released from synaptic vesicles into the synaptic cleft where it binds to postsynaptic
AMPARs. When bound with glutamate, AMPARSs open, allowing cations to enter and
depolarize the postsynaptic cell. As a requisite of LTP (Malinow & Malenka 2002), the
cellular correlate of memory (Nabavi et al., 2014), ATVs are exocytosed and AMPARs
are recruited to the synapse, increasing the postsynaptic response (Lledo et al., 1998).
The increased presence of AMPARs in the postsynaptic membrane has been
characterized by light microscopy and electrophysiology studies, but little is known about
the molecular composition of ATVs and the process by which they exocytose at the
plasma membrane (Noel et al., 1999; Shi et al., 1999; Takumi et al., 1999; Liu et al., 2000;
Passafaro et al., 2001; Ju et al., 2004).

AMPARSs at the synapse come from two sources: receptors that have been recycled from
the plasma membrane and receptors that have been synthesized de novo. Regardless of
etiology, AMPARs are trafficked in AMPAR trafficking vesicles (ATVs) before they are
inserted into the plasma membrane in a SNARE-dependent process (Jurado et al., 2013;
Wu et al.,, 2017). While much is known about SNARE-dependent membrane fusion
elsewhere in neurons (e.g., during neurotransmitter release via synaptic vesicle
exocytosis), AMPAR insertion via ATV fusion has only recently begun to be elucidated.
The insertion of AMPARs during LTP is particularly intriguing due to evidence that the
process is calcium-triggered and involves synaptotagmins (Wu et al.,, 2017).
Electrophysiology studies revealed that syntaxin 3 (Stx-3), SNAP-47, and synaptobrevin
2 (Syb2) are SNARE proteins involved in ATV fusion during LTP and that synaptotagmin-
1 (Sytl) and -7 (Syt7) are the calcium sensors for this process (Jurado et al., 2013; Wu
etal., 2017). Rab proteins, including Rab5, Rab8, Rabl1, and Rab39, and the transferrin
receptor (TfR) also play a key role in AMPAR delivery to synapses (Gerges et al., 2004;
Liu et al., 2016). Despite these discoveries, there are many outstanding questions
surrounding the ATV lifecycle, from ATV fusion to AMPAR endocytosis. For example, the
cellular localization of most synaptotagmins is unknown. While Syt1, a key synaptotagmin
involved in synaptic vesicle fusion, and other synaptotagmins have been found on
synaptic vesicles, it is not known whether synaptotagmins are likewise trafficked on ATVs.
Moreover, it is unclear to what extent proteins are sorted as AMPARs are endocytosed,
stored in recycling endosomes, and inserted back into the postsynaptic membrane.

Due to their small size, relatively low abundance (compared to synaptic vesicles), and
relative transience in vivo, ATVs have been challenging to study (Kittler & Moss 2006).
Electron microscopy studies have yet to uncover convincing evidence of ATVs at the
synapse perhaps because deliveries of AMPARS to the postsynaptic membrane often
happen after induction of synaptic plasticity. The transience of AMPAR delivery and the
difficulty of specifically targeting synapses that are undergoing plasticity with electron
microscopy makes studying the molecular components involved in AMPAR trafficking in
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83 situ challenging. Advances in organelle isolation from synaptosomes have made it
84  possible to faithfully isolate small organelles, specifically synaptic vesicles, for molecular
85 characterization (Ahmed et al.,, 2013). To overcome the problems associated with
86 studying AMPAR trafficking in vivo, we have adopted a similar strategy to specifically
87 isolate ATVs from synaptosomes purified from whole mouse brains. Subcellular fractions
88  were purified from neurons using multiple rounds of differential centrifugation, after which
89 ATVs were enriched by immunoprecipitation using the GluAl subunit of AMPARS,
90 selected due to the role of GluAl-containing AMPARS in long-term potentiation (Shepherd
91 & Huganir, 2007). ATVs were characterized using immunoblotting, LC-MS/MS, and
92 immunoelectron microscopy. Here, we offer the first unbiased characterization of GIluAl-
93 containing ATVs. LC-MS/MS confirms several previously identified proteins found to be
94 involved in AMPAR trafficking and identifies new markers. Immunoelectron microscopy
95 reveals heterogenous populations of ATVs in terms of protein compositions and vesicle
96 diameters. Combined, these data provide insights into the importance of AMPAR sorting
97 for LTP and offer an unbiased candidate list of proteins potentially involved in diseases
98 of the synapse.
99
100 Results
101
102 ATV isolation from whole mouse brains
103 To characterize the molecular composition of ATVs, synaptosomes were purified from
104 whole brains of 6-12 P20 mice and hypoosmotically lysed to release their contents
105 (Ahmed et al.,, 2013). The resulting lysis pellet (LP2), comprised of synaptosome
106 contents, was flash frozen and stored at -80°C until used. GluAl-containing ATVs were
107  purified from LP2 by immunoprecipitation with anti-GluAl1 antibody (Fig. 1A). Antibody
108 was allowed to bind overnight at 4°C and was subsequently bound to protein G
109 paramagnetic beads before ATVs were gently eluted by competing with a peptide
110 corresponding to the antibody epitope. Western blot analysis confirmed the presence of
111  GluAl in LP2 and the eluate (Figure 1B). Additionally, Western blot analysis confirmed
112 the presence of VGLUTL1, a marker of glutamatergic synaptic vesicles (a potential
113 contaminate), in LP2 but not in the eluate. Negative stain electron micrographs revealed
114  that the purification yielded vesicles with a diameter of 102.7 nm £ 50.8 nm (arithmetic
115 mean; Fig. 1D), marking the first time ATVs have been definitively visualized (Fig. 1C).
116  To further confirm the fidelity of ATV purification, the same immunoisolation protocol was
117  performed using LP2 purified from GLUAL-/- knockout mice. Western blot analysis
118 confirmed the deletion of GLUAL but the retention of VGLUT1 expression. Additionally,
119 no small vesicles were identified in the anti-GluA1 immuno-isolated sample with electron
120  microscopy (Fig. 1E).
121
122  Immunoisolation leads to pure ATVs
123  While initial results were suggestive of a relatively pure population of ATVs, we probed
124 several additional molecules to further confirm eluate quality. Western blots were
125 performed on samples from each step of the isolation process to monitor which molecular
126  components were enriched (Fig. 1F). Confirming previous results, the GIuAl subunit of
127 the AMPAR was identified throughout the isolation process and was enriched in the final
128 eluate. Several other proteins were probed to verify isolation purity, including GluN1,
129 PSD-95, LAMP1, and golgin. GluN1 is an NMDA receptor subunit and is also present in
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130 the glutamatergic postsynaptic compartment (Paoletti et al., 2013). Similarly, PSD-95 is
131 a component of the postsynaptic density at excitatory synapses (Craven & Bredt, 1998).
132 LAMP1is alysosomal marker (Griffiths et al., 1988), and golgin is a Golgi aparatus marker
133  (Munro, 2011). All of these markers were identified in each step up until the
134 immunoprecipitation and final elution, indicating that as expected, subcellular
135 compartments were maintained throughout the preparation but were excluded during the
136 immunoisolation.

137
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139  Figure 1. Purification of ATVs from whole mouse brain

140 (A) Purification protocol for isolating ATVs. (B) Western blots for GluAl, VGLUT1, and
141  GluN1 in WT isolated synaptosome content (LP2-WT), GluAl KO isolated synaptosome
142  content (LP2-KO), WT ATV eluate (E-WT), and GIuAl KO ATV eluate (E-KO). (C)
143 Negative stain electron micrograph showing isolated ATVs. (D) Histogram of vesicle
144  diameters. (E) Negative stain electron micrograph showing limited material in purification
145 from GIuAl KO mice. (F) Western blots for GIuAl, GIuN1, PSD-95, LAMP1, and Golgin
146  for homogenized whole brain pellet (HP), the second synaptosome wash step (SW),
147  synaptosome (P3), synaptosome content (LP2), beads from immunoprecipitation prior to
148  elution (B), flowthrough from immunoprecipitation (FT), and eluate off beads (E)

149

150 Immunoelectron microscopy revealed molecular components of ATVs

151 Immunoelectron microscopy was performed on ATVs to assess the frequency of protein
152 localization on ATVs for several known AMPAR-associated proteins (Fig. 2A-G).
153  Secondary antibody concentration was optimized to minimize non-specific, background
154 gold (<1 free gold per field of view). A positive hit was defined as a gold particle within 5
155 nm of an ATV. AMPAR subunits GIuA2 and GIuA3 were probed to test for the presence
156  of these subunits in the GluAl-affinity purified ATVs. GluA2 was found on 42.6% of ATVs,
157 and the GIUA3 subunit was found on 36.7% of ATVs. TfR, a known marker of AMPAR
158 endosomes, was identified on 48.2% of ATVs. Synaptophysinl (Sypl) was identified on
159 90.2% of vesicles. Syb2 was found 82.1% of ATVs, while Sytl was identified on 44.0%


https://doi.org/10.1101/2021.06.09.447771
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.09.447771; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

160 of ATVs. Additionally, the diameters of ATVs that were labelled by GIuA2 (140.1 £ 52.5
161 nm), GIuA3 (134.5 = 60.2 nm), TfR (121.7 + 66.4 nm), Sypl (116.2 + 50.8 nm), Syb2
162  (93.9 £43.8 nm), and Sytl (105.2 + 54.6 nm) were measured (all arithmetic means; Fig.
163 2H). As a negative control, VGLUT1 (vesicular glutamate transporter), a marker of
164 glutamatergic synaptic vesicles, was probed (data not shown), and only 8.4% of ATVs
165 were positive for VGLUT1. The Kolmogorov-Smirnov test was performed, comparing the
166  cumulative frequency distribution for each marker to the overall population of ATVs
167 obtained from the negative stain experiments shown in Figure 1D (Fig. 2lI). The
168 cumulative frequency distribution for Syb2-labelled ATVs was significantly shifted to the
169 left, indicating smaller diameters (p=0.0101), while the Syp (p<0.0001), TfR (p=0.0100),
170  GIuA2 (p<0.0001), and GIuA3 (p<0.0001) distributions were significantly shifted to the
171  right (larger diameters). Sytl was not significantly shifted from the global ATV diameter
172  distribution (p=0.9382). Smaller, Syb2-labelled vesicles are unlikely to be synaptic
173  vesicles due to the low frequency of VGLUT1-labelled vesicles and the substantial
174  difference in size between Syb2-labelled vesicles and the 40-45 nm diameter that has
175 previously been reported for synaptic vesicles (Takamori et al., 2006). Additionally, the
176  mean diameter of VGLUT-1 labelled vesicles (arithmetic mean of 97.6 £ 54.8 nm) is also
177 much greater than the reported diameter of synaptic vesicles, which suggests that
178 VGLUT1-labelled vesicles are most likely small endosomes or membrane fragments
179 (Suplf)lemental Figure 1).
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180 Immuno EM probe Vesicle diameter (nm)
181  Figure 2. Western blot and electron microscopy analysis of purified vesicles

182  (A-F) Immunoelectron micrographs for GIuA2, GIuA3, Syb2, Sytl, TfR, and Sypl. (G)
183 Summary table of immunoelectron microscopy analysis. (H) Mean and standard
184  deviations of diameters of vesicles labelled with each probe during immuno EM. Individual
185 histograms for each label are in Supplemental Figure 1. (I) Normalized cumulative
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186 frequency distributions of diameters of ATVs labelled with each probe during immuno EM.
187 The bold line represents the frequency distribution of all vesicles from Figure 1D. The
188 Kolmogorov-Smirnov test was performed to test statistical significance between an
189 independent population of vesicles from Figure 1D and vesicles containing Syb2
190 (p=0.0101), Sytl (p=0.9382), Syp (p<0.0001), TfR (p=0.0100), GluA2 (p<0.0001), and
191 GIluA3 (p<0.0001). * indicates p-value < 0.05.

192

193

194 LC-MS/MS analysis identifies known and several new AMPAR trafficking proteins

195 LC-MS/MS was performed on isolated ATVs. We identified a total of 755 unique proteins
196  with expectation values < 0.005 across three biological replicates (Fenyd & Beavis, 2003).
197 We applied two additional filters to these 755 proteins to ensure high quality and
198 abundance. Of those 755 unique proteins, 442 proteins were identified in two or more
199 data sets (Fig. 3A). The sequence coverage (fraction of protein sequence that was
200 identified) for 180 proteins was greater than 7.5%, suggestive of higher abundance.
201  Proteins were manually categorized based on function and cellular localization (Fig. 3B).
202  Cytosolic proteins, channels/transporters, and Rabs were the most commonly identified
203  protein classes with 39, 23, and 21 hits respectively. Among the top proteins enriched in
204 ATVs (Table 1) are AMPAR subunits GluAl, GIuA2, and GIuA3, as well as AMPAR-
205 associated Dnajc13 (Perrett et al., 2015), TfR (Liu et al., 2016), neuroplastin (Jiang et al.,
206  2021), and ABHD6 (Wei et al., 2016). In addition, the genes for Rab5, 8, 11, and 39, all
207 implicated in AMPAR trafficking, were also among the top 180 candidates (Gerges et al.,
208  2004). Furthermore, other synaptic proteins that have yet to be identified as AMPAR-
209 trafficking-associated, including Sypl, synaptogyrin-1 (Syngrl) and -3 (Syngr3), and
210 Muncl8-1, were identified (Table 1).
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213  Figure 3. Molecular characterization of ATV proteins using LC-MS/MS

214  (A) Three-way Venn diagram showing protein hits in three LC-MS/MS biological
215 replicates with each color representing a biological replicate. (B) Protein ontology of
216 identified candidates using gene ontology resource.
217
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218 Discussion

219

220 ATVs can be specifically purified from whole mouse brains

221 Due to their relatively low abundance at synapses compared to other synaptic content
222 (e.g., synaptic vesicles), ATVs have been difficult to characterize in the past. Here, we
223 developed a protocol to specifically purify and enrich ATVs from synaptosome lysate via
224  immunoprecipitation using a monoclonal anti-GluAl antibody. Attempts to
225 immunoprecipitate from GIuAl KO mice yielded little material, indicating that the
226  purification process is specific. Western blot analysis of samples taken from steps in the
227  purification process further supports the specificity of this isolation. Seven cellular
228 components were probed by Western blot (Figure 2A). GluA1l, the AMPAR subunit being
229 enriched, was present in each step of the purification process and was enriched in the
230 final elution. In contrast, GIuN1 (NMDA receptor subunit), PSD-95 (postsynaptic density
231 component), LAMP1 (late endosome component), and golgin (Golgi marker) were all
232  present throughout the purification process but did not bind to beads nor appear in the
233 final eluate. Typically, synaptosomes generated via differential centrifugation have
234  primarily been used to study presynaptic components; our data indicate that
235 synaptosomes present in the crude synaptosome fraction (P3) also preserve some
236  postsynaptic material.

237

238 Immunoelectron microscopy analysis further confirmed the specificity of ATV purification.
239  Unsurprisingly, Syb2, a SNARE protein essential for AMPAR insertion during LTP,
240 labelled 82.1% of ATVs (Jurado et al., 2013). In addition, 42.6% of ATVs were positive
241  for the GIuA2 subunit of the AMPAR. This aligns well with evidence that GIuA1/GluA2
242  heteromers are the most common AMPAR composition (Lu et al.,, 2009; Zhao et al.,
243  2019). Furthermore, 36.7% of ATVs were positive for the GIuA3 subunit. This could
244  perhaps be reflective of GIuA1/A3 heteromers; it has been previously observed that ~10%
245  of GluA3-containing AMPARs also contain GIuAl (Wenthold et al., 1996; Diering &
246  Huganir, 2018). Alternatively, multiple AMPARS could be contained in the same ATV, and
247  this observation could be reflective of GIuA2/A3 heteromers.

248

249 LC-MS/MS also provided supportive evidence that ATV purification is specific. The
250 GluAl, GluA2, and GluA4 subunits were all identified in the top mass spectrometry hits.
251 GluA3 was also identified but had lower sequence coverage, possibly due to sequence
252  similarity between it and other AMPAR subunits. Several of the top hits identified via mass
253  spectrometry were Rab proteins, including Rab5, Rab8, Rabl1, and Rab39, which have
254  been previously characterized as proteins required for AMPAR trafficking (Gerges et al.,
255 2004). Rab39 contributes to AMPAR trafficking from the endoplasmic reticulum to the
256  Golgi, and mutations in this protein have been connected to autism spectrum disorders
257  (Mignogna et al., 2015). Rab5 is required for AMPAR endocytosis (Brown et al., 2005),
258 while Rab8 and Rabl1l (Brown et al., 2007) have been implicated in AMPAR insertion
259 into the plasma membrane. Mass spectrometry also identified several other proteins
260 associated with AMPAR trafficking, including Lrpl (Gan et al., 2014), TfR (Liu et al.,
261  2016), Dnajc13 (Perrett et al., 2015), TDP-43 (Schwenk et al., 2016), and Abhd6 (Wei et
262 al.,, 2016). The immunoelectron microscopy and mass spectrometry data combined
263  support the conclusion that ATVs can reliably be purified from synaptosomes, generated
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264  from homogenized, whole brain tissue. The enrichment and concentration of ATVs
265 allowed for new access to further characterize the molecular components associated with
266 AMPAR delivery to the synapse and insertion in the postsynaptic membrane, and the
267 molecular characterization of ATVs presented here is the first time ATVs have been
268 isolated and characterized in a high-throughput manner.

269

270 Insights into ATV lifecycle and AMPAR insertion

271  One outstanding question in the AMPAR lifecycle is to what degree proteins on ATVs are
272 sorted as AMPARSs are endocytosed, travel to recycling endosomes, and are reinserted
273 back into the postsynaptic membrane. Immunoelectron microscopy combined with
274  vesicle diameter analysis identified at least two possible unique populations of ATVs.
275  Specifically, the cumulative frequency distribution of the average diameters of ATVs
276 labelled with TfR was significantly shifted to the right compared to an independent overall
277  population of ATVs, while the cumulative frequency distribution of the average diameters
278  of ATVs labelled with Syb2 was significantly shifted to the left. These right-shifted, or
279 larger, ATVs were also more likely to contain GIuA2 and GIuA3. Thus, purification of ATVs
280 from whole mouse brain isolates at least two populations of ATVs (Figure 2H-I). Larger
281  ATVs containing TfR and a mixed population of AMPAR subunits may represent recycling
282 endosomes, while smaller ATVs with fusion machinery may represent either de novo
283  ATVs containing newly synthesized AMPARs or ATVs that have been formed from
284  recycling endosomes. The identification of multiple populations of ATVs reveals key
285  protein sorting that occurs as a requisite for AMPAR delivery during LTP.

286

287 Many of the SNARE and SNARE effector proteins involved in AMPAR insertion during
288 LTP have been identified, including Stx-3, SNAP-47, and Syb2 (Jurado et al., 2013).
289  Additionally, the N-terminal, Secl/Muncl8-like-binding portion of Stx-3 is essential for
290 LTP (Jurado et al., 2013), providing evidence for the possible role of Munc18 in AMPAR
291 insertion. Muncl8-1 is associated with ATVs as observed by mass spectrometry, and
292  combined with evidence that Munc18-1 binds to Stx-3 (Hata & Sudhof, 1995), Munc18-1
293 s alikely candidate for a regulator of AMPAR insertion. In synaptic vesicle fusion, Munc18
294  stabilizes syntaxin-1A (Stdhof, 2013), and Munc13 is required to aid in the transition of
295 the syntaxin/Muncl8 complex into the ternary trans-SNARE complex, a critical step to
296 ensure parallel assembly of all SNARE complex components (Ma et al., 2013; Lai et al.,
297  2017; Brunger et al., 2019). After fusion, the ternary SNARE complex is disassembled
298 with the ATPase, NSF, and adaptor protein, SNAP, for use in future fusion events (Sollner
299 etal, 1993; Mayer et al., 1996; Hanson et al., 1997). Therefore, Munc18, Munc13, NSF,
300 and SNAP could also play roles in regulating SNARE assembly and disassembly during
301 ATV fusion. Additionally, LC-MS/MS identified synaptotagmin-2 (Syt2), a calcium sensor
302 that performs equivalent functions to Sytl (Pang et al., 2006), as a marker of ATVs.
303 Indeed, only 44.0% of ATVs contained Sytl (Fig. 2G), consistent with the implication of
304 alternative calcium sensors such as Syt2 or Syt7 for AMPAR insertion (Wu et al., 2017).
305 Furthermore, it is worth noting that the exact location of AMPAR insertion is an active
306 area of exploration (Choquet and Hosy, 2020). Our results are agnostic to precise fusion
307 location, compatible with ATV fusion happening either perisynaptically or directly at the
308 synapse. Future studies should explore the localization and roles of these SNARE
309 effector proteins in AMPAR insertion.
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310

311 New ATV trafficking candidates

312

313 Mass spectrometry and immunoelectron microscopy revealed several new candidates
314  with connections to AMPAR trafficking and neurological disease. Sypl, best known as a
315 synaptic vesicle marker, densely labeled ATVs. Interestingly, Sypl, Syngrl, and Syngr3
316 were identified among the top mass spectrometry hits. Previously, synaptophysin and
317 synaptogyrin have been shown to cooperatively contribute to LTP (Janz et al., 1999).
318 Furthermore, Syngr3 has been implicated in tauopathies, and the reduction of Syngr3
319 expression in neurons has been shown to rescue synaptic plasticity deficits induced by
320 tau (Largo-Barrientos et al., 2021). While important roles for synaptophysin and
321 synaptogyrin have already been identified in the presynaptic terminal, the potential for a
322  postsynaptic contribution has yet to be explored.

323

324  Connections to disease

325

326 Many of the candidates identified in mass spectrometry have been implicated in
327 neurological disorders. The knockdown of TDP-43, a protein implicated in amyotrophic
328 laterals sclerosis (ALS) (Sreedharan et al., 2008), decreases the number and motility of
329 Rab-11 endosomes which in turn impairs AMPAR recycling (Schwenk et al., 2016;
330 Esteves da Silva et al., 2015). LRP1, previously implicated in both Alzheimer’s disease
331 and GIuAl trafficking, was also identified by mass spectrometry (Liu et al., 2010; Gan et
332 al, 2014). Finally, Dnajc13, a known contributor to Parkinson’s disease (Vilarino-Guell et
333 al., 2014), is involved in endocytosis of AMPARSs (Perrett et al., 2015). In sum, these data
334 reinforce  AMPAR endocytosis and recycling pathways as pathways that when
335 dysfunctional, contribute directly to neurological disorders. Our findings are a stepping
336 stone in the understanding of molecular interactors for AMPARS, provide further evidence
337 for the role of dysregulation of AMPAR trafficking in disease, and establish a framework
338 for future AMPAR studies.

339

340 Materials and Methods

341

342  Purification of ATVs

343 To isolate ATVs, we followed a previously developed protocol for synaptosome
344  generation and synaptic vesicle isolation (Ahmed et al., 2013) and extensively modified it
345 to specifically purify ATVs. 8-12 whole mouse brains were removed from ~P20 CD-1 mice
346 and immediately homogenized. (See Figure 1 for full summary.) This initial homogenate
347 was spun in a JA-20 rotor at 2700 RPM (880 G) for 10 minutes to pellet blood vessels
348 and other large cellular debris. The supernatant was then spun at 10,000 RPM (12,064
349 G) for 15 minutes to pellet synaptosomes. The supernatant was discarded and the
350 periphery of the pellet was resuspended, which helps to remove mitochondria, before
351 spinning at 11,000 RPM (14,597 G) for 15 minutes. The supernatant was again discarded,
352 and the pellet resuspended to 5 ml total volume. The suspension was added to a Dounce
353 homogenizer along with 45 ml of ultrapure water and was briefly homogenized to
354  hypoosmotically lyse the synaptosomes. Immediately afterwards, 60 ul of 1 mg/ml
355 pepstatin A and 120 ul of 200 mM PMSF in 1M HEPES was added. This solution was
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356 spun at 19,500 RPM (45,871 G) for 20 minutes to pellet plasma membrane and large
357  cellular debris while leaving small organelles like vesicles in solution. The supernatant
358 was then removed and spun in a Ti-70 ultracentrifuge at 50,000 RPM (256,631 G) for 2
359 hours at 4C to pellet small organelles like trafficking vesicles. This pellet (LP2 for “lysis
360 pellet 2”) was transferred to a small homogenizer and resuspended in 2 ml of PBS by
361 homogenization and mechanically sheared through a 27-gauge needle. The
362 concentration of LP2 was checked using BCA and aliquoted into 2 mg aliquots at
363 approximately 5 pug/ul. Any LP2 not used immediately for ATV isolation was flash frozen
364  with liquid nitrogen and stored at -80 °C until use.

365

366 Toisolate ATVs from LP2, 1 aliquot of LP2 was diluted to 1 ml total volume in 0.5% BSA
367 in PBS, 5 ul of mouse anti-GluA1 monoclonal antibody (lug/pl, Synaptic Systems,
368 Gottingen, Germany) was added and allowed to bind while rotating for 12 hours at 4 °C.
369 To prevent nonspecific binding, 50 pl of paramagnetic protein G beads (Dynabeads,
370 ThermoFisher Scientific, Waltham, MA) were washed 3 times in 0.5% BSA in PBS for 15
371 minutes on ice and then 3 times in PBS for 5-minute washes on ice prior to addition of
372 LP2. The LP2 mixture was then added to the beads and rotated for 2 hours at 4 °C.
373 Dynabeads were separated from solution using a magnet, and the flow through was
374  collected for Western blot analysis. ATVs were then gently eluted with three, 20-minute
375 washes with 33 ul of GIuAl peptide (20 ug/ul) representing the antibody epitope
376  (GenScript Biotech, Piscataway, NJ). ATVs were then immediately used and continually
377 stored onice at4 °C.

378

379  GIluAl Knockout Mice

380 Knockout mutant mice for GRIAL, the gene encoding GIluAl, have been previously
381 described (Zamanillo et al., 1999). Knockout mice were generated by interbreeding
382  heterozygous mice.

383

384  Western blots

385 For Western blot analysis, samples were first separated by SDS-PAGE and then
386 electrophoretically transferred onto membranes. After transfer, the membranes were then
387 treated with blocking buffer and labeled using an iBind Flex (ThermoFisher Scientific).
388 GIluAl (Abcam, Cambridge, UK), GIuN1 (Synaptic Systems), PSD-95 (Abcam), VGLUT1
389 (Abcam), Lampl (Proteintech, Rosemont, IL), and golgin (Abcam) were each individually
390 probed. The bands were visualized either by immunofluorescence with a LI-COR
391 Odyssey (Lincoln, NE) or with chemiluminescence with a Konica Minolta - SRX101A
392 (Tokyo, Japan).

393

394  Transmission electron microscopy

395 Negative stained transmission electron microscopy (TEM) was performed on ATVS.
396  Copper mesh grids were glow discharged in argon gas for 20 seconds before 4 ul of ATV
397 eluate was applied and allowed to settle for 30 minutes. The grid was then washed three
398 times with ultra-pure water. The grid was negatively stained using 1% uranyl acetate for
399 2 min then blotted and allowed to dry at room temperature for 20 minutes. The grid was
400 imaged using a JEOL 1400 TEM at 120 KEV. The diameters of ATVs were measured
401 using ImageJ. Immunogold labeling was performed for GluA2 (BioLegend, San Diego,
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402 CA), GIuA3 (Synaptic Systems), Syb2 (Abcam), Sytl (Abcam), TfR (ThermoFisher
403  Scientific), and Syp1l (Synaptic Systems). For immunogold labeling, the same protocol for
404 negative stained TEM was performed; however, after ATV addition, the grids were
405 incubated in a 1:50 dilution of rabbit polyclonal primary antibody in blocking buffer (0.5%
406 BSA, 0.5% ovalbumin in PBS) for 1 hour. Then three, 5-minute washes in PBST were
407 performed followed by a 1-hour incubation in 1:50 10 nm gold anti-rabbit secondary
408 antibody (ThermoFisher Scientific). Three more 5-minute washes in PBST were
409 performed, and then samples were fixed in 8% glutaraldehyde for 30 seconds. Staining
410 and imaging were performed as previously described.

411

412  Liquid chromatography mass spectrometry

413  Purified ATVs were resuspended in 50 ul 0.2 % Rapigest (Waters, Milford, MA) in 20 mM
414 NH4HCOS3 in 0.65 ml low protein binding polypropylene tubes before the addition of 5
415 mMDTT and incubation at 60°C for 30 min. After this, iodoacetamide was added to a final
416  concentration of 7.5 mM and samples were incubated for 30 additional minutes. Samples
417  were then digested with 2.5 micrograms of sequencing grade trypsin (Trypsin Gold, Mass
418 spectrometry grade, Promega, Madison, WI) at 37 °C, overnight. A second aliquot of
419 trypsin (1.5 ug) was added, and the samples incubated for an additional 3 hours at 37 °C.
420  After this, samples were acidified by adding 5% formic acid and incubated for 30 minutes
421  atroom temperature. Tryptic peptides were recovered from the supernatant by C18 solid
422  phase extraction using ZipTips (MilliporeSigma, Burlington, MA), eluted in two, 7 ul drops
423  of 50% acetonitrile and 0.1% formic acid, and evaporated and resuspended in 5 ul 0.1%
424  formic acid for LC-MS/MS analysis.

425

426  Peptides resulting from trypsinization were analyzed on a QExactive Plus mass
427  spectrometer (ThermoFisher Scientific) connected to a NanoAcquity™ Ultra Performance
428 UPLC system (Waters). A 15-cm EasySpray C18 column (ThermoFisher Scientific) was
429 used to resolve peptides (60-min 2-30% B gradient with 0.1% formic acid in water as
430 mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B, at a flow rate of
431 300 nl/min). MS was operated in data-dependent mode to automatically switch between
432 MS and MS/MS. MS spectra were acquired between 350 and 1500 m/z with a resolution
433  of 70000. For each MS spectrum, the top ten precursor ions with a charge state of 2+ or
434  higher were fragmented by higher-energy collision dissociation. A dynamic exclusion
435 window was applied which prevented the same m/z from being selected for 10 seconds
436  after its acquisition.

437

438 Peak lists were generated using PAVA in-house software (Guan et al.,, 2011). All
439 generated peak lists were searched against the mouse subset of the UniProtKB database
440  (SwissProt.2013.6.17) (plus the corresponding randomized sequences to calculate false
441  discovery rate on the searches), using Protein Prospector (Clauser et al., 1999). The
442  database search was performed with the following parameters: a mass tolerance of 20
443  ppm for precursor masses and 30 ppm for MS/MS, cysteine carbamidomethylation as a
444  fixed modification, and acetylation of the N terminus of the protein, pyroglutamate
445  formation from N terminal glutamine, and oxidation of methionine as variable
446  modifications. A 1% false discovery rate was permitted at the protein and peptide level.
447  All spectra identified as matches to peptides of a given protein were reported, and the
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448 number of spectra (peptide spectral matches, PSMs) was used for label free quantitation
449  of protein abundance in the samples. Abundance index for each protein was calculated
450 as the ratio of PSMs for a protein to the total PSMs for all components identified in the
451  run divided by the polypeptide molecular weight.

452
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Gene
Name

AMPAR Sub

GRIA1
GRIA2
GRIA4
Calcium Sen
SYT1

SYT2

Cell Adhesio
BSG
NCAM1
NEGR1
NPTN

THY1
Channel/Tra
ATP1Al
ATP1A2
ATP1A3
ATP1B1
ATP1B2
ATP1B3
ATP2A2
ATP2B1
ATP2B2
ATP2B3
ATP2B4
ATP6VOAL
ATP6V0OD1
ATP6V1A
ATP6V1B2

ATP8A1
SLC12A5

SLC17A6

SLC17A7
SLC32A1

Protein Name

unit

glutamate receptor, ionotropic, AMPA1 (alpha 1)
glutamate receptor, ionotropic, AMPA2 (alpha 2)
glutamate receptor, ionotropic, AMPA4 (alpha 4
sor

synaptotagmin |

synaptotagmin Il

n

basigin

neural cell adhesion molecule 1

neuronal growth regulator 1

neuroplastin

thymus cell antigen 1, theta

nsporter

ATPase, Na+/K+ transporting, alpha 1 polypeptide
ATPase, Na+/K+ transporting, alpha 2 polypeptide
ATPase, Na+/K+ transporting, alpha 3 polypeptide
ATPase, Na+/K+ transporting, beta 1 polypeptide
ATPase, Na+/K+ transporting, beta 2 polypeptide
ATPase, Na+/K+ transporting, beta 3 polypeptide
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2
ATPase, Ca++ transporting, plasma membrane 1
ATPase, Ca++ transporting, plasma membrane 2
ATPase, Ca++ transporting, plasma membrane 3
ATPase, Ca++ transporting, plasma membrane 4
ATPase, H+ transporting, lysosomal VO subunit A1
ATPase, H+ transporting, lysosomal VO subunit D1
ATPase, H+ transporting, lysosomal V1 subunit A

ATPase, H+ transporting, lysosomal V1 subunit B2

ATPase, aminophospholipid transporter (APLT), class I, type 8A,
member 1

solute carrier family 12, member 5

solute carrier family 17 (sodium-dependent inorganic phosphate
cotransporter), member 6

solute carrier family 17 (sodium-dependent inorganic phosphate
cotransporter), member 7

solute carrier family 32 (GABA vesicular transporter), member 1
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SLC6A17
VDAC1

ABHDG6
ACSL6
ACTB
ADRBK2
AKS
ALG2
AP2A1
AP2A2
AP2M1
APOE
ARF6
CALM1
CAMK2A
CAMK2B
CAMK2G
CLTC
CNP
CYB5R3
DAD1
DNM1
GAPDH
GDE1
GDPD1
HMOX2
INA
NCEH1
NSF
PFKM
POR
PRKCG
PTPLAD1
TUBA1A
TUBA4A
TUBB2A
TUBB4A
TUBB4B

available under aCC-BY 4.0 International license.

solute carrier family 6 (neurotransmitter transporter), member 17
voltage-dependent anion channel 1

VDAC3 voltaie-deiendent anion channel 3

abhydrolase domain containing 6

acyl-CoA synthetase long-chain family member 6
actin, beta

G protein-coupled receptor kinase 3

adenylate kinase 5

asparagine-linked glycosylation 2 (alpha-1,3-mannosyltransferase)

adaptor-related protein complex 2, alpha 1 subunit
adaptor-related protein complex 2, alpha 2 subunit
adaptor-related protein complex 2, mu 1 subunit
apolipoprotein E

ADP-ribosylation factor 6

calmodulin 1

calcium/calmodulin-dependent protein kinase Il alpha
calcium/calmodulin-dependent protein kinase Il, beta
calcium/calmodulin-dependent protein kinase I gamma
clathrin, heavy polypeptide (Hc)

2',3'-cyclic nucleotide 3' phosphodiesterase
cytochrome b5 reductase 3

defender against cell death 1

dynamin 1

glyceraldehyde-3-phosphate dehydrogenase
glycerophosphodiester phosphodiesterase 1
glycerophosphodiester phosphodiesterase domain containing 1
heme oxygenase 2

internexin neuronal intermediate filament protein, alpha
neutral cholesterol ester hydrolase 1

N-ethylmaleimide sensitive fusion protein
phosphofructokinase, muscle

P450 (cytochrome) oxidoreductase

protein kinase C, gamma

3-hydroxyacyl-CoA dehydratase 3

tubulin, alpha 1A

tubulin, alpha 4A

tubulin, beta 2A class II1A

tubulin, beta 4A class IVA

tubulin, beta 4B class IVB
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TUBB5 tubulin, beta 5 class |

UBB ubiquitin B
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

YWHAZ protein, zeta polypeptide
Endoplasmic Reticulum

ATL1 atlastin GTPase 1
CDP-diacylglycerol--inositol 3-phosphatidyltransferase
CDIPT (phosphatidylinositol synthase)
EMC9 ER membrane protein complex subunit 9
ERGIC1 endoplasmic reticulum-golgi intermediate compartment (ERGIC) 1
ERLIN2 ER lipid raft associated 2
RCN2 reticulocalbin 2
RPN1 ribophorin |

TMEM33 transmembrane protein 33

CCAR1 cell division cycle and apoptosis regulator 1
EMD emerin

ENDOD1 endonuclease domain containing 1

H2AFV H2A.Z histone variant 2

H2AFZ H2A.Z variant histone 1

HIST1H2AB | H2A clustered histone 4
HIST1H2BF | H2B clustered histone 7
HIST1H4A | H4 clustered histone 1

HNRNPM heterogeneous nuclear ribonucleoprotein M
splicing factor proline/glutamine rich (polypyrimidine tract binding protein
SFPQ associated)

TRP53I111 transformation related irotein 53 inducible irotein 11

PLP1 proteolipid protein (myelin) 1

PRSS1 protease, serine 1 (trypsin 1)

SRSF3 serine and arginine-rich splicing factor 3

TARDBP TAR DNA binding protein

U2AF1 U2 small nuclear ribonucleoprotein auxiliary factor (U2AF) 1
Protein Folding

CANX calnexin

HSP90B1 heat shock protein 90, beta (Grp94), member 1
HSPAS5 heat shock protein 5

HSPAS heat shock protein 8

PDIA3 protein disulfide isomerase associated 3

TMX2 thioredoxin-related transmembrane protein 2

VMA21 VMAZ21 vacuolar H+-ATPase homolog (S. cerevisiae)
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RAB1
RAB10
RAB11B
RAB13
RAB14
RAB15
RAB18
RAB1A
RAB1B
RAB2A
RAB35
RAB39B
RAB3A
RAB3B
RAB3C
RABS5A
RABGA
RABGB
RAB7A
RABSA

GNAIL
GNAI2
GNAO1
GNAQ
GNB1
GNB2
LRP1
M6PR
P2RY12
PGRMC1
SORT1

EEF1A1
RPL18
RPL35A
RPL4

RAB8B RAB8B, member RAS oncogene famil

TFRC transferrin receptor

ribonuclease, RNase A family 4

RAB10, member RAS oncogene family
RAB11B, member RAS oncogene family
RAB13, member RAS oncogene family
RAB14, member RAS oncogene family
RAB15, member RAS oncogene family
RAB18, member RAS oncogene family
RAB1A, member RAS oncogene family
RAB1B, member RAS oncogene family
RAB2A, member RAS oncogene family
RAB35, member RAS oncogene family
RAB39B, member RAS oncogene family
RAB3A, member RAS oncogene family
RAB3B, member RAS oncogene family
RAB3C, member RAS oncogene family
RAB5A, member RAS oncogene family
RABG6A, member RAS oncogene family
RAB6B, member RAS oncogene family
RAB7A, member RAS oncogene family
RABB8A, member RAS oncogene family

guanine nucleotide binding protein (G protein), alpha inhibiting 1
guanine nucleotide binding protein (G protein), alpha inhibiting 2
guanine nucleotide binding protein, alpha O

guanine nucleotide binding protein, alpha q polypeptide
guanine nucleotide binding protein (G protein), beta 1

guanine nucleotide binding protein (G protein), beta 2

low density lipoprotein receptor-related protein 1
mannose-6-phosphate receptor, cation dependent

purinergic receptor P2Y, G-protein coupled 12

progesterone receptor membrane component 1

sortilin 1

eukaryotic translation elongation factor 1 alpha 1
ribosomal protein L18

ribosomal protein L35A

ribosomal protein L4

16


https://doi.org/10.1101/2021.06.09.447771
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.09.447771,; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

RPL6 ribosomal protein L6

RPL7 ribosomal protein L7

RPLPO ribosomal irotein, Iarie, PO

SNAP25 synaptosomal-associated protein 25
STX12 syntaxin 12

STX1A syntaxin 1A

STX1B syntaxin 1B

STX6 syntaxin 6

STX7 syntaxin 7

STXBP1 syntaxin binding protein 1 (Munc18)
VAMP1 vesicle-associated membrane protein 1
VAMP?2 vesicle-associated membrane irotein 2
ARL8A ADP-ribosylation factor-like 8A

CALR calreticulin

DNAJC13 DnaJ heat shock protein family (Hsp40) member C13
DNAJC5 DnaJ heat shock protein family (Hsp40) member C5

FKBP8 FK506 binding protein 8

LNP nucleolar and spindle associated protein 1
PRAF2 PRA1 domain family 2

REEP2 receptor accessory protein 2

REEP5 receptor accessory protein 5

RTN1 reticulon 1

RTN3 reticulon 3

SACM1L SAC1 suppressor of actin mutations 1-like (yeast)
SCAMP1 secretory carrier membrane protein 1

SCAMP2 secretory carrier membrane protein 2

SCAMP3 secretory carrier membrane protein 3

SEC22B SEC22 homolog B, vesicle trafficking protein

VAPB vesicle-associated membrane protein, associated protein B and C

ARLG6IP5 ADP-ribosylation factor-like 6 interacting protein 5

DDOST dolichyl-di-phosphooligosaccharide-protein glycotransferase
GPM6A glycoprotein m6a

MAL2 mal, T cell differentiation protein 2

PLLP plasma membrane proteolipid

RTN4 reticulon 4

SV2A synaptic vesicle glycoprotein 2 a

SV2B synaptic vesicle glycoprotein 2 b
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SYNGR1 synaptogyrin 1
SYNGR3 synaptogyrin 3
SYP synaptophysin

Table 1. Protein ontology of top candidates identified with LC-MS/MS using gene
ontology resource.
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Supplemental Figure 1 Normalized frequency distribution of diameters of ATVs labelled

during immuno EM

Normalized frequency distribution of diameters of ATVs labelled with (A) Syb2 (B) Sytl
(C) Syp (D) TfR (E) GIuA3 (F) GIuA2 (G) VGlutl.
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478 Source Data Figure Legends

479

480 Source Data Figure 1B.

481  (A) Unaltered Western blots. (B) Western blots with lanes labelled and relevant bands
482 labelled (green arrows).

483

484  Source Data Figure 1F.

485 (A & C) Unaltered Western blots. (B & D) Western blots with lanes labelled and relevant
486 bands labelled (green arrows).
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