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Neurobiology of Disease

Tuning of Glutamate, But Not GABA, Release by an
Intrasynaptic Vesicle APP Domain Whose Function Can Be
Modulated by 3- or a-Secretase Cleavage

Wen Yao,'* Marc D. Tambini,* Xinran Liu,2 and ®Luciano D’Adamio!
'Department of Pharmacology, Physiology and Neuroscience, New Jersey Medical School, Brain Health Institute, State University of New Jersey, Newark,
New Jersey 07103, and 2Department of Cell Biology, Yale University School of Medicine, New Haven, Connecticut 06510

APP, whose mutations cause familial Alzheimer’s disease (FAD), modulates neurotransmission via interaction of its cytoplasmic tail with
the synaptic release machinery. Here we identified an intravesicular domain of APP, called intraluminal SV-APP interacting domain
(ISVAID), which interacts with glutamatergic, but not GABAergic, synaptic vesicle proteins. ISVAID contains the 3- and a-secretase
cleavage sites of APP: proteomic analysis of the interactome of ISVAID suggests that 3- and a-secretase cleavage of APP cuts inside the
interaction domain of ISVAID and destabilizes protein—protein interactions. We have tested the functional significance of the ISVAID
and of B-/a-secretase-processing of APP using various ISVAID-derived peptides in competition experiments on both female and male
mouse and rats hippocampal slices. A peptide encompassing the entire ISVAID facilitated glutamate, but not GABA, release acting as
dominant negative inhibitor of the functions of this APP domain in acute hippocampal slices. In contrast, peptides representing the
product of B-/a-secretase-processing of ISVAID did not alter excitatory neurotransmitter release. These findings suggest that cleavage of
APP by either 3- or a-secretase may inactivate the ISVAID, thereby enhancing glutamate release. Our present data support the notion
that APP tunes glutamate release, likely through intravesicular and extravesicular interactions with synaptic vesicle proteins and the

neurotransmitter release machinery, and that 8-/« cleavage of APP facilitates the release of excitatory neurotransmitter.
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Significance Statement

Alzheimer’s disease has been linked to mutations in APP. However, the biological function of APP is poorly understood. Here we
show thatan intravesicular APP domain interacts with the proteins that control the release of glutamate, but not GABA. Interfering
with the function of this domain promotes glutamate release. This APP domain contains the sites cleaved by 3- and a-secretases:
our data suggest that 3-/a cleavage of APP inactivates this functional APP domain promoting excitatory neurotransmitter release.

Introduction

APP is a Type I membrane protein that undergoes complex pro-
teolysis. In the amyloidogenic proteolytic cascade, APP is cleaved
by B-secretase/BACEL1 into sAPP3 and the COOH-terminal frag-
ment BCTF. Cleavage of BCTF by vy-secretase produces A3 pep-
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tides and the intracellular domain (AID/AICD). Alternatively,
APP is processed by a-secretase into sAPPa and the COOH-
terminal fragment aCTF. aCTF can be cleaved by y-secretase to
produce P3 and AID/AICD (Passer et al., 2000; Sisodia et al.,
2001; Sisodia and St George-Hyslop, 2002). Another pathway
involves cleavage of the cytoplasmic region of APP by caspases
(Gervais et al., 1999; Pellegrini et al., 1999). Processing of full-
length APP generates a membrane-bound NH,-terminal frag-
ment called APP-Ncas and a COOH-terminal intracellular
peptide called APP-Ccas, whereas caspase cleavage of AID/AICD
splits the cytoplasmic domain of APP into two soluble cytosolic
peptides: the aforementioned Ccas and the NH,-terminal frag-
ment JCasp (see Fig. 1B).

APP processing has a central role in both familial Alzheimer
disease (FAD) and sporadic Alzheimer disease (SAD) forms of
AD and related dementias. Mutations in APP and in genes that
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regulate APP processing, such as the +y-secretase components
PSEN1/PSEN2 and BRI2/ITM2B, cause FAD and the AD-like fa-
milial British dementia and familial Danish dementia (Matsuda
et al., 2005, 2008, 2011a,b; Giliberto et al., 2009; Garringer et al.,
2010; Tamayev et al., 2010a,b, 2011, 2012b; De Strooper and
Voet, 2012). Increased BACE1 expression/activity and BACEI
gene polymorphisms are associated with SAD (Jo et al., 2008;
Hampel and Shen, 2009; Cheng et al., 2014; Long et al., 2014);
loss-of-function mutation in genes coding for proteins with
a-secretase activity are associated with SAD (Suh et al., 2013;
Hartl et al., 2018). This genetic evidence, coupled to the identifi-
cation of A3 as the main component of senile plaques, provides
the foundation for the “amyloid hypothesis,” which states,
briefly, that A is the toxic metabolite responsible for neurode-
generation in AD. Accordingly, many research efforts have been
focused on the mechanism of AB-mediated toxicity and factors
that drive the amyloidogenic pathway. Yet, there is some evidence
for biological activities of non-AB APP metabolites. AID/AICD
modulates apoptosis and gene transcription (Passer et al., 2000;
Cao and Siidhof, 2004; Checler et al., 2007). Ccas and JCasp (Lu et
al., 2000; Madeira et al., 2005) also possess toxic activities. JCasp
interferes with the ability of APP to bind presynaptic proteins and
reduces glutamate release (Fanutza et al., 2015). AB both regu-
lates normal synaptic transmission and prompts deficits in
synaptic plasticity (Puzzo and Arancio, 2006; Shankar et al., 2007;
Puzzo et al., 2008, 2017; Fogel et al., 2014; Gulisano et al., 2018).
sAPPa has neurotrophic functions and is involved in synaptic
plasticity (Milosch et al., 2014). sSAPPf3 promotes axon pruning
and neurodegeneration (Nikolaev et al., 2009). BCTF mediates
long-term synaptic plasticity deficits, behavioral deficits, and
neurodegeneration (Oster-Granite et al., 1996; Tamayev and
D’Adamio, 2012; Tamayev et al., 2012b).

Given the variety of cleavage events that occur in the
intraluminal-extracellular juxta-membranous region of APP, we
postulated the existence of a functional domain of APP that is
regulated by these cleavages. A pulldown approach was used to
examine what putative interactions were abolished by APP cleav-
age and what new interactions were created by the neoepitopes
formed from the resulting APP fragments. Specifically, we fo-
cused on the binding sites abolished by 8 and « cleavage of APP,
and the new binding sites formed by the NH,-termini of aCTF
and BCTF (see Fig. 1A). Here, we describe the binding of synaptic
vesicle (SV) machinery to this APP domain containing the 3 and
a cleavage sites.

Materials and Methods

Mice, rats, and ethics statement. Mice and rats were handled according to
the Ethical guidelines for treatment of laboratory animals of the National
Institutes of Health. The procedures were described and approved by the
Institutional Animal Care and Use Committee. The App-KO (stock
#004133) mice were originally purchased from The Jackson Laboratory
on a C57BL/6] background. Mice were crossed to 129 mice to generate
App-KO/heterozygous animals; App-KO/heterozygous mice were
crossed to obtain the WT and App-KO littermates used in the experi-
ments described in Figure 2. The WT mice obtained from these breeding
were used for generating material for proteomic experiments and for
performing the experiments described in Figures 3, 4, and 5. In all cases,
an equal number of male and female mice were used. The rats used were
Long—Evans rats.

Mouse brain preparation. Brains were homogenized (w/v = 100 mg
tissue/1 ml buffer) in 320 mm sucrose, 20 mm Tris base, pH 7.4, 1 mm
EDTA (HB) plus protease and phosphatase inhibitors (Thermo Fisher
Scientific). Homogenates were centrifuged at 800 X g for 10 min. Super-
natant were centrifuged at 9200 X g for 10 min to obtain the pellet (P2)
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and the supernatant (S2) fractions. The P2 fraction, which contains syn-
aptosomes (SPs), was solubilized in 0.32 M sucrose, 20 mm Tris base, pH
7.4, 1 mm EDTA, incubated for 30 min at 4°C, and centrifuged at
21,000 X g for 15 min. The supernatant (LS1) was collected. The S2 and
LS1 fractions were combined and used for the proteomic experiments.

Pull-down assays with St-APP peptides and Western blot analysis. The
APP peptides with a COOH-terminal strep-tag were immobilized on
StrepTactin column (IBA), incubated with StrepTactin precleared S2
and LS1 fractions, washed, and eluted with desthiobiotin. For the West-
ern blot analysis shown in Figure 1C, 1 ug of protein from each eluate was
brought to 15 ul with PBS, LDS sample buffer-10% B-mercaptoethanol
(Invitrogen, NP0007), 8 M urea, denatured for 30 min at 55°C, cooled on
ice, and loaded on a 4%-12% Bis-Tris polyacrylamide gel (Bio-Rad,
3450125). Proteins were transferred onto nitrocellulose at 25 V for 7 min
using the Trans-blot Turbo system (Bio-Rad) and visualized by red Pon-
ceau staining. Membranes were blocked 30 min in 5% milk (Bio-Rad,
1706404 ), washed extensively in PBS/Tween 20 0.05%, and primary an-
tibody was applied overnight at 4°C at 1:1000 dilution in blocking solu-
tion (Thermo Fisher Scientific, 37573). The following antibodies were
used: VAMP2 (Synaptic Systems, rabbit polyclonal antibody 104202),
vGlutl (Synaptic Systems, rabbit polyclonal antibody 135303), synap-
totagmin-1 (D33B7), rabbit mAb (Cell Signaling Technology, #14558),
synaptophysin (D35E4) rabbit mAb (Cell Signaling Technology, #5461).
A 1:1 mix of HRP-linked anti-rabbit (SouthernBiotech, OB405005) and
anti-rabbit (Cell Signaling Technology, 7074), were diluted 1:1000 in 5%
milk and used against rabbit primary antibodies for 60 min at room
temperature with shaking. Blots were developed with West Dura ECL
reagent (Thermo Fisher Scientific, PI34076) and visualized on a Chemi-
Doc MP Imaging System (Bio-Rad).

Mass spectrometry. The following analysis was performed by MSBio-
works. To prepare samples for mass spectrometry, the volume of each
sample was reduced to 50 ul by vacuum centrifugation, 20 ul of each
concentrated sample was processed by SDS-PAGE using a 10% Bis-Tris
NuPAGE gel (Invitrogen) with the 2-(N-morpholino)ethanesulfonic
acid buffer system. The gel was run ~2 cm. The mobility region was
excised into 10 equal sized segments, and in-gel digestion was performed
on each using a robot (ProGest, DigiLab) with the following protocol:
washed with 25 mm ammonium bicarbonate followed by acetonitrile,
reduced with 10 mm DTT at 60°C followed by alkylation with 50 mm
iodoacetamide at room temperature, digested with trypsin (Promega) at
37°C for 4 h, quenched with formic acid, and the supernatant was ana-
lyzed directly without further processing. Each digest was analyzed by
nano-liquid chromatography tandem mass spectrometry (LC-MS/MS)
with a Waters NanoAcquity HPLC system interfaced to a Thermo Fisher
Scientific Q Exactive mass spectrometer. Peptides were loaded on to a
trapping column and eluted over a 75 mm analytical column at 350
nl/min; both columns were packed with Jupiter Proteo resin (Phenome-
nex). The mass spectrometer was operated in data-dependent mode,
with MS and MS/MS performed in the Orbitrap at 70,000 and 17,500
FWHM resolution, respectively. The 15 most abundant ions were se-
lected for MS/MS.

Fractionation of brain lysates and Western blot analysis. For brain frac-
tionation, we adapted the procedure described by Peng et al. (2004).
Briefly, four mouse cortices were homogenized with a glass-Teflon ho-
mogenizer in buffer A (5 mm HEPES, pH 7.4, 1 mm MgCL, 0.5 mm
CaCl,), and protease/phosphatase inhibitor (Thermo Fisher Scientific,
78440), with all steps done at 4°C. Homogenate was spun at 1400 X g for
10 min, and the supernatant was collected and labeled S1. S1 was spun at
13,800 X g for 10 min, and the supernatant was collected and labeled S2.
The pellet, P2, was resuspended in 300 ul buffer B (0.32 M sucrose, 6 mm
Tris, pH 8.0), layered a discontinuous sucrose gradient (0.85, 1.0, and 1.2
M in 6 mm Tris, pH 8.0), and spun for 2 h at 83,000 X g in a swinging
bucket rotor. SPs were present in a band at the 1.0/1.2 m interface. The SP
fraction was brought up to 1 ml with buffer B and was added to 1 ml 1%
Triton X-100, 6 mMm Tris, and mixed for 15 min. Samples were spun at
32,800 X g for 20 min. The resulting pellet (the Triton X-100 insoluble
fraction [TIF]) was resuspended in 40 ul PBS, and the supernatant was
labeled Triton X-100 soluble fraction (TSF). For Western blot analysis,
15 pg of protein from each fraction (S1, S2, SP, P2, TIF, and TSF) was
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brought to 15 ul with PBS and LDS sample buffer-10% B-mercap-
toethanol (Invitrogen, NP0007) and 8 M urea, denatured for 30 min at
55°C, cooled on ice, and loaded on a 4%-12% Bis-Tris polyacrylamide
gel (Bio-Rad, 3450125). Proteins were transferred onto nitrocellulose at
25V for 7 min using the Trans-blot Turbo system (Bio-Rad) and visual-
ized by red Ponceau staining. Membranes were blocked 30 min in 5%
milk (Bio-Rad, 1706404), washed extensively in PBS/Tween-20 0.05%,
and primary antibody was applied overnight at 4°C at 1:1000 dilution in
blocking solution (Thermo Fisher Scientific, 37573). The following an-
tibodies were used: Y188 (APP-C terminus, Abcam, ab32136), synapto-
physin (D35E4) rabbit mAb (Cell Signaling Technology, #5461), PSD95
rabbit polyclonal antibody (Cell Signaling Technology, #2507), preseni-
lin 1 (D39D1) rabbit mAb (Cell Signaling Technology, #5643), NSF rab-
bit polyclonal (Synaptic Systems, 123002), Stx1bpl rabbit polyclonal
(Synaptic Systems, 116002), Stx1b rabbit polyclonal (Synaptic Systems,
110402), Snap25 rabbit polyclonal (Synaptic Systems, 111002), Vglutl
rabbit polyclonal (Synaptic Systems, 135303), Vgat mouse monoclonal
(Synaptic Systems, 131003), SV2a mouse monoclonal (Synaptic Systems,
119011), Sv2b mouse monoclonal (Synaptic Systems, 119111), Sv2c rab-
bit polyclonal (Synaptic Systems, 119203), Nicastrin rabbit mAb (Cell
Signaling Technology, #5665), Bacel rabbit mAb (Cell Signaling Tech-
nology, #5606, #2507), NMDA receptor 2B (GluN2B) (D15B3) rabbit
mAD (Cell Signaling Technology, #4212), and anti-mouse (SouthernBio-
tech, OB103105) and a 1:1 mix of anti-rabbit (SouthernBiotech,
OB405005) and anti-rabbit (Cell Signaling Technology, 7074) were di-
luted 1:1000 in 5% milk and used against mouse and rabbit primary
antibodies for 30 min at room temperature with shaking. Blots were
developed with West Dura ECL reagent (Thermo Fisher Scientific,
PI34076) and visualized on a ChemiDoc MP Imaging System (Bio-Rad).

Immunoelectron microscopy. Mouse brains were cut by a vibratome;
the cerebral cortex regions from sections (200 um) were punched out
and high-pressure frozen with a Leica Microsystems EM HPM100 at
2100 psi. Frozen samples were subsequently freeze-substituted in a Leica
Microsystems freeze-substitution unit (AFS2) and embedded in HM20
resin; 60 nm sections were cut using a Leica Microsystems UC7 Ultrami-
crotome and collected on formvar/carbon-coated grids. For immunola-
beling, grids were incubated with a monoclonal antibody against human
APP C terminus Y188 (Abcam) at 1:150 dilution overnight, followed by
rinsed in PBS, then incubated with 10 nm protein A gold (Utrecht UMC)
for 30 min. The grids were well rinsed in PBS, fixed in 1% glutaraldehyde
for 5 min, and stained in 2% aqueous uranyl acetate and lead citrate. The
labeled sections were examined by a FEI Tecnai Biotwin TEM at acceler-
ating voltage of 80 kV. Digital Images were recorded by a Morada CCD
camera and iTEM (Olympus) imaging software.

Immunofluorescent microscopy. Mice were anesthetized by isoflurane
inhalation and perfused with ACSF. Brains were extracted and sectioned
to 100 wm thickness by vibratome. Free-floating slices were incubated for
3 h at 30°C in ACSF alone or ACSF with 10 um FITC-Ex/TM peptide.
Slices were washed with PBS and fixed for 30 m in 4% PFA. Fixed slices
were then washed again and incubated for 90 min with blocking solution
(10% normal goat serum, 0.02% saponin, and 0.1% Triton, in PBS, pH
7.4). Slices were incubated overnight at 4°C with anti-Vamp2 (1:200,
Synaptic Systems, 104202) in blocking solution (Vamp2 staining not
shown in figure). After three washes with PBS, slices were incubated with
Alexa-594 anti-rabbit fluorescent secondary antibody (Thermo Fisher
Scientific) at room temperature for 2.5 h. After three washes with PBS,
slices were mounted on glass slides in DAPI Fluoromount-G (Southern-
Biotech). Hippocampi were visualized using a A1R confocal microscope
(Nikon) under 63X magnification.

Brain slice preparation. Mice and rats were deeply anesthetized with
isoflurane and intracardially perfused with an ice-cold cutting solution
containing the following (in mwm): 120 choline chloride, 2.6 KCI, 26
NaHCO;, 1.25 NaH,PO,, 0.5 CaCl,, 7 MgCl,, 1.3 ascorbic acid, 15 glu-
cose, prebubbled with 95% O,/5% CO, for 15 min. The brains were
rapidly removed from the skull. Coronal brain slices containing the hip-
pocampal formation (350 wm thick) were prepared in the ice-cold cut-
ting solution bubbled with 95% O,/5% CO, using Vibratome VT1200S
(Leica Microsystems) and then incubated in an interface chamber in
ACSF containing the following (in mwm): 126 NaCl, 3 KCI, 1.2 NaH,PO,,
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1.3 MgCl,, 2.4 CaCl,, 26 NaHCO,, and 10 glucose, pH 7.3, bubbled with
95% O,/5% CO, at 30°C for 1 h and then kept at room temperature. The
hemi-slices were transferred to a recording chamber perfused with ACSF
at a flow rate of ~2 ml/min using a peristaltic pump. Experiments were
performed at 28.0 * 0.1°C.

Whole-cell electrophysiological recording. Whole-cell recordings in the
voltage-clamp mode(—70 mV) were made with patch pipettes contain-
ing the following (in mm): 132.5 Cs-gluconate, 17.5 CsCl, 2 MgCl,, 0.5
EGTA, 10 HEPES, 4 ATP, and 5 QX-314, with pH adjusted to 7.3 by
CsOH. Basal synaptic responses were evoked at 0.05 Hz by electrical
stimulation of the Schaffer collateral afferents using concentric bipolar
electrodes. EPSCs were recorded in ACSF containing 15 um bicuculline
methiodide to block GABA-A receptors. For recording of paired-pulse
ratio, paired-pulse stimuli with 50 or 200 ms interpulse interval were
given. The paired-pulse ratio was calculated as the ratio of the second
EPSC amplitude to the first. For recording of AMPA/NMDA ratio, the
membrane potential was held at —70 mV to record only AMPAR cur-
rent; then the membrane potential was turned to 40 mV to record
NMDAR current. mEPSCs were recorded by maintaining neurons at
—70 mV with ACSF containing 1 um TTX and 15 um bicuculline me-
thiodide to block action potentials and GABA-A receptors, respectively,
and analyzed using mini Analysis Program. mIPSCs were recorded with
patch pipettes containing the following (in mm): 135 KCI, 2 MgCl,, 0.1
EGTA, 10 HEPES, 2 Na,ATP, 0.2 Na,GTP, pH 7.3 (osmolarity 290-310
mOsm) with 1 um TTX and AMPA receptor antagonist NBQX (10 u,
Tocris Bioscience) in perfusing ACSF. For AMPA input—output curves,
the membrane potential was held at —70 mV, and the stimulus intensity
was raised from 0.1 mA in steps of 100 wA. EPSCs were recorded for 5
min with 20 s interval at each stimulation intensity. Data were collected
and analyzed using the Axopatch 700B amplifiers and pCLAMP10 soft-
ware (Molecular Devices).

Experimental design and statistical analysis. The brain lysates for pro-
teomic experiments were obtained from 3- to 4- month-old female and
male mice (4 each). The slices used for electrophysiology studies were
obtained from 2- to 3-month-old mice and 6- to 8-week-old rats. The
recordings shown in Figure 4 were obtained from 5 male and 5 female
mice for each genotype (WT and App-KO). For the experiments shown
in Figure 5, we used the following: (1) 9 females and 9 males for the
control group C; (2) 7 females and 7 males for the Ex/TM 1 um group;
(3) 9 females and 9 males for the Ex/TM 100 nm group; and (4) 6 females
and 6 males for the 8/TM, EX/, and Ex/a groups. The recordings shown
in Figure 6 were obtained from 3 male and 3 female mice (one recording
with Ex/TM and one recording with vehicle alone from each animal).
The recordings shown in Figure 7A were obtained from 5 male and 5
female rats (one recording with Ex/TM and one recording with vehicle
alone, when possible, from each animal). The recordings shown in Figure
7B were obtained from 4 male and 4 female rats (one recording with
Ex/TM and one recording with vehicle alone, when possible, from each
animal).

Statistical significance was evaluated using the following: (1) ordinary
one-way ANOVA followed by post hoc Tukey’s multiple-comparisons
test when applicable (i.e., when the ordinary one-way ANOVA test
showed statistical significance) for experiments shown in Figures 4 and 5;
(2) two-way repeated-measures ANOVA followed by post hoc Tukey’s
multiple-comparisons test for experiments shown in Figure 6; and
(3) unpaired ¢ test for experiments shown in Figure 7A, B. Statistical
analysis was performed with GraphPad Prism version 8 for Mac. Signif-
icant differences were accepted at p < 0.05.

Results

Identification of an intraluminal SV-APP interacting domain
(ISVAID) containing the - and a-secretase cleavage sites

To test whether APP processing by - and a-secretases changes
the interactome of APP, we used a proteomic approach (Zhou et
al., 2004; Del Prete et al., 2014). Four synthetic peptides were
created: St (control Strep-tag peptide), a/TM-St, B'/TM-St, and
B/TM-St, which correspond to the sequence between each re-
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Figure 1.

The intraluminal APP-SV interactome. A, B- and/or c-secretases may: (1) destroy a binding domain of APP, thereby downregulating interaction with putative binding partners,

schematically represented as A; and (2) generate APP metabolites, SAPP 3, sAPP«x, «eCTF, and BCTF, with new docking sites for proteins, schematically represented as a— d, which do not interact
with full-length APP. B, Baits used for the proteomic experiments shown in this manuscript. Casp. indicates the caspase cleavage site present in the cytosolic tail of APP. 8 and arrow, 8’ and arrow
indicate the two cleavage sites of APP by 3-secretase; o and arrow indicates the cleavage site of APP by ae-secretase. C, Brain lysates were affinity purified on StrepTactin columns bound to the
indicated St peptides. Bound proteins were analyzed by Western blot. Syp, Vamp2, Syt1, and Vglut1 bound APP-derived baits with this quantitative order: Ex/TM-St > [3/TM-St [tmt] a/TM-St.

None of these four proteins bounds the negative control peptide St.

spective cleavage site and the start of the transmembrane domain
followed by a Strep-tag (Fig. 1B). These peptides were immobi-
lized on StrepTactin resin. Mouse brain fractions were precleared
on StrepTactin resin columns and applied in parallel on separate
columns packed with StrepTactin-St-, StrepTactin-a/TM-St-,
StrepTactin-B'/TM-St-, or StrepTactin-B/TM-St-coated resin.
After extensive washes, the St, a/TM-St, B'/TM-St, and B/TM-St
peptides and any potential interactors were eluted with desthio-
biotin. Eluted proteins were digested with trypsin and identified
by nano-LC-MS/MS. This analysis showed that BCTEF-St brings
down 33 integral SV proteins (including all subunits of the vac-
uolar proton ATPase, the vesicular-SNARE Vamp2 and Vampl,
and the Ca** sensors Synaptotagmin-1, Synaptotagmin-2), and
12 proteins associated with the outer membrane of SV or inter-
acting with SV (including AP-2 subunits, the target membrane
SNARESs Syntaxin-1b, Syntaxin-1a, the cytosolic SNARE Snap25,
Syntaxin-binding protein 1, Nsf, and o/B-Snaps) (Table 1).
Eleven and 8 of the 45 SV-related proteins interacting with
B/TM-St did not bind a/TM-St or B'/TM-St, respectively. The
others (34 for «/TM-St and 37 for B'/TM-St) were less abundant
in a/TM-St and B'/TM-St-St compared with B/TM-St pull-
downs (Table 1). Overall, abundance of synaptic vesicle-related
proteins followed this order: B/TM-St >> B'/TM-St > o/TM-St.

Next, we tested whether adding more APP residues NH,-
terminal to the B cleavage site would result in stronger binding to
SV proteins. To this end, we synthesized Ex/TM-St, which con-
sists of the extracellular/intraluminal region of APP spanning 8
amino acids NH,-terminal to the 8 cleavage site fused to the St
peptide at the COOH terminus (Fig. 1B), and performed a pull-
down experiment as above. As shown in Table 2, the same SV-
related proteins were pulled down, following this quantitative
order: Ex/TM-St > B/TM-St [tmt] o/ TM-St. Western analysis of
the eluate confirmed the proteomic data, as Synaptotagminl
(Synl), Synaptophysin (Syp), Vamp2, and the Vesicular gluta-
mate transporter 1 (VGlutl) were readily detected in Ex/TM-St-
but not in St control pull-downs (Fig. 1C). Consistent with the
proteomic data, the signals for these proteins were reduced in

B/TM-St and almost absent in a/TM-St pull-downs. The data
suggest that APP could establish an intraluminal SV-APP-
interacting network via the direct interaction of the ISVAID jux-
taposed to the vesicular membrane with some yet to be identified
SV protein. The other components are most likely indirectly as-
sociated with APP.

In synapses, APP is predominantly localized in SVs
For this intravesicular interactome of APP with SV proteins to
have biological relevance, APP must be present in SVs in vivo.
Albeit the localization of APP in SVs is well established (Groemer
etal., 2011; Del Prete et al., 2014), we performed further tests to
validate our interactome findings. First, SPs isolated from murine
brain cortex were fractionated into a TIF and a TSF. The TIF was
enrichment of PSD95 and Nmdar2b (Fig. 2A), two postsynaptic
density fraction proteins that are Triton X-100 insoluble. The
TSF vas enriched in SV proteins, such as Syp, SV2A, SV2B, SV2C,
Vamp2, VGlutl, and vesicular inhibitory amino acid transporter
(VIAAT), as well as the target membrane SNAREs Syntaxin-1b
(Stx1b), the cytosolic SNARE Snap25, Syntaxin-binding protein
1 (Stxbpl), and Nsf (Fig. 2A). It is worth noting that a small
amount of SV proteins were found in the TIF: since docked SV
docked at the presynaptic termini can copurify with the Triton
X-100 insoluble active zone, it is possible that these signals may
come from the ready-to-go SV pool present in the active zone
isolated in the TIF. APP, both the full-length precursor and
C-terminal fragments, was mainly present in the TSF of with a
small fraction in TIF fraction, just like SV proteins and proteins
associated with SV exocytosis. PS1 and Nicastrin (Nct), the cata-
lytic component and structural component of +y-secretase, re-
spectively, as well as B-secretase had a similar distribution to APP
(Fig. 2A). The finding that APP and proteins found in the Ex/
TM-St interactome cosediment in similar fractions supports the
biological relevance of this interactome.

The localization of APP in SVs is well established (Groemer et
al., 2011; Del Prete et al., 2014). To confirm these findings, we
used I-EM to localize APP at hippocampal CA1l synapses. We
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Table 1. List of integral SV proteins and proteins associated with SV that were included in the a/TM, B'/TM, and 3/TM-interactomes

of/TM-  B'/IM-  B/TM-  B'/IM: B/IM: B/TM:
Identified proteins Accession number MW (kDa) St St St St o/TM  «/TM  B'/TM
Integral vesicle proteins
Protein MAL2 sp|Q8BI08|MAL2_MOUSE 19 0 0 0 17
Secretory carrier-associated membrane protein 1 sp|Q8K021|SCAM1_MOUSE 38 0 0 31 95 3.1
Secretory carrier-associated membrane protein 3 sp|035609|SCAM3_MOUSE 38 0 0 n 61 55
Secretory carrier-associated membrane protein 5 sp|Q9JKD3|SCAM5_MOUSE 26 0 1 n 59 1 54 54
Sodium-dependent neutral amino acid transporter SLC6AT7 sp|Q8BJIT[S6A17_MOUSE 81 0 6 n 113 1.8 18.8 10.3
Synaptic vesicle glycoprotein 2A sp|Q9JIS5|SV2A_MOUSE 83 0 54 73 257 14 4.8 35
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 0 78 18 338 15 43 2.9
Synaptic vesicle glycoprotein 2C sp|Q69Z56|SV2C_MOUSE 82 0 0 0 16
Synaptogyrin-1 sp|055100|SNG1_MOUSE 26 2 19 32 59 1.7 3.1 1.8
Synaptogyrin-3 sp|Q8R191|SNG3_MOUSE 25 0 16 58 85 36 53 15
Synaptophysin sp|Q62277|SYPH_MOUSE 34 0 78 87 219 1.1 28 2.5
Synaptoporin sp|Q8BGNS|SYNPR_MOUSE 29 0 9 7 34 0.8 3.8 49
Synaptotagmin-1 sp|P46096]SYT1_MOUSE 47 2 1N 181 476 15 39 26
Synaptotagmin-12 sp|Q920N7|SYT12_MOUSE 47 0 6 19 51 3.2 8.5 2.7
Synaptotagmin-17 sp|Q920M7|SYT17_MOUSE 53 0 0 0 16
Synaptotagmin-2 sp|P46097|SYT2_MOUSE 47 0 16 43 236 2.7 14.8 55
V-type proton ATPase 116 subunit a isoform 1 sp|Q9Z1G4|VPP1_MOUSE 9 0 66 151 418 23 6.3 2.8
V-type proton ATPase catalytic subunit A sp|P50516/VATA_MOUSE 68 0 1M 14 392 13 3.5 2.8
V-type proton ATPase subunit B, brain isoform sp|P62814|VATB2_MOUSE 57 0 46 38 164 0.8 3.6 43
V-type proton ATPase subunit C 1 sp|Q9Z1G3|VATC1_MOUSE 44 0 43 4 137 1.0 32 33
V-type proton ATPase subunitd 1 sp|P51863|VAODT_MOUSE 40 2 26 35 12 13 43 3.2
V-type proton ATPase subunit D O sp|P57746|VATD_MOUSE 28 0 0 n 46 42
V-type proton ATPase subunit E 1 sp|P50518|VATET_MOUSE 26 0 21 18 113 0.9 5.4 6.3
V-type proton ATPase subunit F sp|Q9D1K2|VATF_MOUSE 13 0 n 7 29 0.6 26 4.1
V-type proton ATPase subunit G 2 sp|QIWTT4|VATG2_MOUSE 14 0 n 0 56 0.0 5.1
V-type proton ATPase subunit H sp|Q8BVE3|VATH_MOUSE 56 0 22 19 123 0.9 5.6 6.5
V-type proton ATPase subunit S1 sp|Q9RTQ9|VAST_MOUSE 51 0 0 Ll 31 2.8
Vesicle transport through interaction with t-SNAREs homolog 1A sp|089116|VTI1A_MOUSE 25 0 0 3 15 5.0
Vesicle-associated membrane protein 2 sp|P63044|VAMP2_MOUSE 13 0 33 33 185 1.0 5.6 5.6
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 0 59 86 261 15 44 3.0
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 0 6 53 8.8
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 0 0 n
Zinc transporter 3 sp|P97441|ZNT3_MOUSE [y} 0 n n 88 1.0 8.0 8.0
Associated vesicle proteins
Alpha-soluble NSF attachment protein sp|Q9DBO5|SNAA_MOUSE 33 0 n 0 43 0.0 3.9
AP-2 complex subunit alpha-1 sp|P17426/AP2A1_MOUSE 108 0 32 27 153 0.8 48 5.7
AP-2 complex subunit alpha-2 0 sp|P17427|AP2A2_MOUSE 104 0 26 33 113 13 43 3.4
AP-2 complex subunit beta sp|Q9DBG3|AP2B1_MOUSE 105 0 38 32 164 0.8 43 5.1
AP-2 complex subunit mu 0 sp|P84091|AP2M1_MOUSE 50 0 14 n 923 0.8 6.6 8.5
Beta-soluble NSF attachment protein sp|P28663|SNAB_MOUSE 34 0 15 0 92 0.0 6.1
Synaptosomal-associated protein 25 sp|P60879|SNP25_MOUSE 23 0 15 15 99 1.0 6.6 6.6
Syntaxin-12 sp|Q9ER00|STX12_MOUSE 31 0 6 0 24 0.0 4.0
Syntaxin-1A sp|035526|STX1A_MOUSE 33 0 0 29 81 2.8
Syntaxin-1B sp P61264|STX1B_MOUSE 33 0 21 42 161 2.0 1.7 3.8
Syntaxin-binding protein 1 sp|008599|STXB1_MOUSE 68 0 51 44 184 0.9 3.6 42
Vesicle-fusing ATPase sp|P46460|NSF_MOUSE 83 0 32 14 95 04 3.0 6.8

used the Y188 polyclonal antibody, which was raised against the
C-terminal sequences of APP. As shown in Figure 2C, D, the
positive immune-reactive signals are predominately associated
with SV. This immunoreactivity is specific because secondary
antibody alone gives no detectable signal (Fig. 2B). The EM result
is consistent with our biochemical fractionation data (Fig. 2A): it
is reasonable to assume that Y188 is detecting both full-length
APP and CTF fragments localized in CA1 SV. In summary, the
following evidence and published observations support the bio-
logical relevance of our proteomic data: (1) APP is found in SV
(Figure 2B) (Groemer etal., 2011; Del Prete et al., 2014), APP and
SV proteins are found in similar synaptosomal-derived fractions
(Fig. 2A), and endogenous APP is present in fractions highly
enriched in presynaptic termini (Groemer et al., 2011; Lundgren
et al., 2015); (2) the evidence that binding to SV proteins is re-

duced by N-terminal deletions of ISVAID (Fig. 1C; Tables 1, 2)
and that ST peptide alone and ST-Ccas (Del Prete et al., 2014;
Fanutza et al., 2015) do not bind SV-derived proteins suggests
specificity; and (3) the in vivo interactome of the APP in brain
reveals a protein network with SV proteins (Norstrom et al.,
2010; Kohli et al., 2012).

Evidence that the ISVAID modifies the release of
glutamatergic SV at SC-CA3>CA1 pyramidal cell synapses
Remarkably, the interactome of Ex/TM resembles that of the cytosolic
domain of APP, specifically that of the JCasp region (Del Prete et al.,
2014; Fanutza etal., 2015). Thus, APP may contain an ISVAID (Ex/TM)
as well as a “cytosolic SV-interacting domain” (JCasp), suggesting a pre-
synaptic role of APP in SV function.
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Table 2. List of integral SV proteins and proteins associated with SV that were included in the a/TM, B/TM and Ex/TM-interactomes

of/TM- B/TM- EX/TM-  B/TM: Ex/TM:
Identified proteins Accession number MW (kDa) St St St St o/TM  E/TM:/TM ~ B/TM
Integral vesicle proteins
Protein MAL2 sp|Q8BI08|MAL2_MOUSE 19 0 0 6 8 13
Secretory carrier-associated membrane protein 1 sp|Q8K021|SCAM1_MOUSE 38 0 0 4 58 1.4
Secretory carrier-associated membrane protein 3 sp|035609|SCAM3_MOUSE 38 0 0 29 39 13
Secretory carrier-associated membrane protein 5 sp|Q9JKD3|SCAM5_MOUSE 26 0 0 31 34 1.1
Sodium-dependent neutral amino acid transporter SLC6A17 sp|Q8BJIT|S6AT7_MOUSE 81 0 0 25 41 1.6
Synaptic vesicle glycoprotein 2A sp|Q9JIS5|SV2A_MOUSE 83 5 15 84 14 5.6 9.4 1.7
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 13 0 158 21 13
Synaptic vesicle glycoprotein 2C sp|Q69Z56|SV2C_MOUSE 82 0 0 0 13
Synaptogyrin-1 sp|055100[SNG1_MOUSE 26 0 6 39 58 6.5 9.666666667 1.5
Synaptogyrin-3 sp|Q8R191|SNG3_MOUSE 25 0 8 61 92 7.6 1.5 15
Synaptophysin sp|Q62277|SYPH_MOUSE 34 0 12 7 13 9.8 1.0 1.1
Synaptoporin sp|Q8BGNS|SYNPR_MOUSE 29 0 0 15 22 15
Synaptotagmin-1 sp|P46096|SYT1_MOUSE 47 0 0 212 324 15
Synaptotagmin-12 sp|Q920N7|SYT12_MOUSE 47 0 0 25 43 1.7
Synaptotagmin-17 sp|Q920M7|SYT17_MOUSE 53 0 0 13 22 1.7
Synaptotagmin-2 sp|P46097|SYT2_MOUSE 47 0 13 9% 166 7.2 128 1.8
Synaptotagmin-5 sp|Q9RONS5|SYT5_MOUSE 43 0 0 12 17 1.4
V-type proton ATPase 116 subunit a isoform 1 sp|Q9Z1G4|VPP1_MOUSE 96 6 24 198 247 8.3 103 1.2
V-type proton ATPase catalytic subunit A sp|P50516|VATA_MOUSE 68 8 32 136 232 43 73 1.7
V-type proton ATPase subunit B, brain isoform sp|P62814|VATB2_MOUSE 57 0 m 66 79 6.0 72 1.2
V-type proton ATPase subunit C 1 sp|Q9Z1G3|VATCI_MOUSE 44 0 14 49 61 3.5 44 1.2
V-type proton ATPase subunitd 1 sp|P51863|VAODT_MOUSE 40 29 57 87 6.3 9.7 15
V-type proton ATPase subunit D O sp|P57746/VATD_MOUSE 28 0 9 28 31 3.1 3.4 1.1
V-type proton ATPase subunit E 1 sp|P50518|VATET_MOUSE 26 0 2 44 53 2.0 24 12
V-type proton ATPase subunit F sp|Q9D1K2|VATF_MOUSE 13 0 0 n 19 1.7
V-type proton ATPase subunit G 2 sp|QIWTT4|VATG2_MOUSE 14 0 8 13 26 1.6 33 2.0
V-type proton ATPase subunit H sp|Q8BVE3|VATH_MOUSE 56 0 mn 56 83 5.1 7.5 15
V-type proton ATPase subunit S1 sp|Q9R1Q9|VAST_MOUSE 51 0 0 14 21 15
Vesicle transport through interaction with t-SNAREs homolog 1A sp|089116|VTI1A_MOUSE 25 0 0 8 14 1.8
Vesicle-associated membrane protein 1 sp|Q62442|VAMPT_MOUSE 13 0 0 0 44
Vesicle-associated membrane protein 2 sp|P63044/VAMP2_MOUSE 13 0 M 65 87 59 79 13
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 39 149 186 16.6 20.7 1.2
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 0 22 34 15
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 7 0 9 0.0 13
Zinc transporter 3 sp|P97441|ZNT3_MOUSE 42 0 0 19 28 15
Associated vesicle proteins
Alpha-soluble NSF attachment protein sp|Q9DBO5|SNAA_MOUSE 33 0 13 1 24 0.8 1.8 22
AP-2 complex subunit alpha-1 sp|P17426|AP2AT_MOUSE 108 0 39 28 72 0.7 1.8 26
AP-2 complex subunit alpha-2 0 sp|P17427|AP2A2_MOUSE 104 0 31 24 64 0.8 21 2.7
AP-2 complex subunit beta sp|Q9DBG3|AP2B1_MOUSE 105 0 37 27 73 0.7 2.0 2.7
AP-2 complex subunit mu 0 sp|P84091|AP2M1_MOUSE 50 0 21 4 32 2.0 1.5 0.8
Beta-soluble NSF attachment protein sp|P28663|SNAB_MOUSE 34 0 23 31 34 13 15 1.1
Synaptosomal-associated protein 25 sp|P60879|SNP25_MOUSE 23 0 13 45 71 3.5 55 1.6
Syntaxin-12 sp|Q9ERO0|STX12_MOUSE 31 0 0 9 21 23
Syntaxin-1A sp|035526|STXTA_MOUSE 33 0 0 25 39 1.6
Syntaxin-1B sp|P61264|STX1B_MOUSE 33 0 12 45 73 3.8 6.1 1.6
Syntaxin-binding protein 1 sp|008599|STXB1_MOUSE 68 0 89 76 121 0.9 14 1.6
Vesicle-fusing ATPase sp|P46460|NSF_MOUSE 83 0 21 34 65 1.6 3.1 1.9

The functional significance of SV-APP C-terminal interac-

tions was investigated using the peptide JCasp linked to the cell-
penetrating peptide Penetratinl (Penl) (Tamayev et al., 2012a).
Penl-JCasp, which is delivered inside neurons at hippocampal
SC-CA3>CALl synapses (Fanutza et al., 2015), reduced the re-
lease probability (Pr) of glutamatergic SV. Penl-JCasp had no
effects in App-KO animals, indicating that it acts as a dominant
negative inhibitor of a specific endogenous APP domain. In sum-
mary, Penl-JCasp allowed us to study the function of the
C-terminal APP domain in WT adult animals, eliminating the
confounding effects associated with App-KO models, such as de-
velopmental issues and compensatory mechanisms mediated by
APP-like Proteins-1 and -2 (Fanutza et al., 2015).

A similar approach could be used to study the functional rel-
evance of the ISVAID since Ex/TM should act as a dominant
negative inhibitor of the ISVAID’s functions. JCasp was linked to
Penl because, to be biologically active, JCasp needs to access the
neuronal synaptic cytosol (Fig. 3A,B) (Fanutza et al., 2015). In
contrast, we postulate that Ex/TM may modulate SV biology by
inhibiting intralumenal SV interactions, and that, as there is no
known targeting signal to SV, Ex/TM applied extracellularly can
enter the SV lumen during exocytosis and vesicular recycling
(Fig. 3C). To test this hypothesis, we generated Ex/TM peptides
with an N-terminal FITC label and incubated brain slices in
FITC-Ex/TM. Uptake into cells was measured by intracellular
localization of FITC-Ex/TM using confocal microscopy. After 3 h
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Figure 2.  APP localizes at presynaptic vesicles. A, TIF and TSF were prepared from mouse cortex and analyzed by SDS-PAGE and Western analysis. Postnuclear supernatant is labeled S1. S2
fractions have been depleted of synaptic markers, present only in P2 and/or subsequent fractions. SPs contain both presynaptic and postsynaptic markers. The TIF is enriched in postsynaptic markers
PSD95 and Nmdar2b, and the presynaptic markers Syp, Vamp2, Nsf, SNAP25, Stx1b, Stxbp1, SV2A, SV2B, SV2C, VGlut1, and VIAAT are enriched in the TSF. Fractions were analyzed for the presence
of APP by blotting against the C terminus, which recognizes full-length APP (~100 kDa) and all C-terminal fragments (~10—15 kDa), for the C terminus of PS1, Nct, and 3-secretase. Immuno-EM
using secondary antibody alone (B) or an anti-APP-C-terminal antibody Y188 in mouse cerebral cortex (C) or hippocampal CA1 (D) shows that APP-positive signals are closely associated with
presynaptic vesicles. We selected Y188 for I-EM because it has demonstrated specificity for APP in immunofluorescence experiments. Synapses were identified by morphology: SV (arrowheads),

clefts (SC), the AZ, and the postsynaptic density (PSD). Larger arrows pointing to gold particles (10 nm) indicate distribution of APP predominately on SVs (SV-A in D). Mitochondria (Mito) are also
indicated. Scale bars: B, €, 500 nm; D, 200 nm.
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Figure 3.

Ex/TM is uploaded into cells. Pen1-JCasp is present extracellularly, in SVs, and in the cytosol (4), whereas JCasp can only reside in extracellularly and in SVs (B). The evidence that

Pen1-JCasp, but not JCasp, reduces glutamate release (Fanutza et al., 2015) demonstrates that JCasp must be delivered to the cytosol to exert this biological activity. €, We postulate that Ex/TM is
biologically active inside the SV and that Ex/TM can be uploaded in SV during SV recycling. D, Confocal microscopy analysis of FITC-Ex/TM in brain slices. Brain slices from 12-week-old mice were
treated with 10 v FITC-Ex/TM in ACSF, fixed, and stained with DAPI. Hippocampi (CA1 shown here) were visualized by confocal microscopy. The images were merged in the right two panels.

FITC-ExTM is taken up into cells.

incubation, internalization of FITC-Ex/TM is apparent (Fig. 3D).
This experimental system does not rule out the possibility of
Ex/TM acting at the cell surface, as there is abundant unincorpo-
rated peptide visible by microscopy, or acting at the endolyso-
somal pathway via endocytosis.

Synaptic transmission experiments were performed as fol-
lows: soon after preparation, the brain slices were incubated in
200 ml of ACSF containing the indicated concentrations of Ex/
TM. Recordings were performed between ~1 and 4 h after prep-
aration of slices and incubation with the peptide. To test whether
Ex/TM (Fig. 4A) caused presynaptic impairments acting via
dominant negative inhibition of APP, we estimated its effects on
the release of glutamatergic SV in both WT and App-KO mice.
First, we analyzed a form of short-term synaptic plasticity,
paired-pulse facilitation (PPF). PPF is determined, at least in
part, by changes in Pr, such that a decrease in Pr leads to an
increase in facilitation and vice versa (Zucker and Regehr, 2002).
In addition, we analyzed mEPSCs. The frequency of mEPSC is
also in part determined by changes in Pr, such that a decrease in
Prleads to a decrease in frequency and vice versa. Ex/TM signif-
icantly decreased PPF measured at both 50 ms interstimulus in-
terval (ISI) [ordinary one-way ANOVA summary: F = 20.46, p <
0.0001 (significant): post hoc Tukey’s multiple-comparisons test:
WT vs App-KO, p = 0.9994 (not significant); WT vs WT+Ex/
TM, p < 0.0001 (significant); WT vs App-KO+Ex/TM, p =
0.8795 (not significant); App-KO vs WT+Ex/TM, p < 0.0001
(significant); App-KO vs App-KO+Ex/TM, p = 0.9398 (not sig-
nificant); WT+Ex/TM vs App-KO+Ex/TM, p < 0.0001 (signif-
icant)] and 200 ms ISI [ordinary one-way ANOVA summary:
F = 13.42, p < 0.0001 (significant): post hoc Tukey’s multiple-
comparisons test: WT vs App-KO, p = 0.9994 (not significant);
WT vs WT+Ex/TM, p < 0.0001 (significant); WT vs App-
KO+Ex/TM, p = 0.8795 (not significant); App-KO vs WT +Ex/

TM, p < 0.0001 (significant); App-KO vs App-KO+Ex/TM, p =
0.9398 (not significant); WT+Ex/TM vs App-KO+Ex/TM, p =
0.0004 (significant)] in WT but not App-KO animals (Fig. 4B).
Moreover, Ex/TM significantly increased the frequency of
mEPSC [ANOVA summary: F = 41.25, p < 0.0001 (significant);
post hoc Tukey’s multiple-comparisons test: WT vs App-KO, p =
0.9950 (not significant); WT vs WT+Ex/TM, p < 0.0001 (signif-
icant); WT vs App-KO+Ex/TM, p = 0.7305 (not significant);
App-KO vs WT+Ex/TM, p < 0.0001 (significant); App-KO vs
App-KO+Ex/TM, p = 0.8636 (not significant); WT+Ex/TM
vs App-KO~+Ex/TM, p < 0.0001 (significant)] (Fig. 3C), but had
no effect on mEPSC amplitude [ANOVA summary: F = 1.689,
p = 0.1866 (not significant)] or decay time [ANOVA summary:
F=1.862, p = 0.1535 (not significant)] (Fig. 4C), in WT but not
App-KO animals. Together, these data suggest that Ex/TM
increases glutamate release at SC-CA3>CA1 pyramidal cell
synapses via a presynaptic mechanism of action, possibly by
increasing the Pr of excitatory SV. The evidence that Ex/TM
does not alter the frequency of mEPSCs and PPF in App-KO
animals could have two explanations: (1) Ex/TM acts as a
dominant negative inhibitor of endogenous APP; or (2) APP
could function as a receptor for Ex/TM, implying direct bind-
ing of Ex/TM to APP. If Ex/TM were a ligand of APP, we would
have expected to detect a large amount of APP peptides in the
Ex/TM-St pull downs. Indeed, APP should have been the most
abundant protein isolated in these pull-downs. However, our
proteomic experiments were inconsistent with the possibility,
as Ex/TM-St pulled-down few murine APP peptides, which
could derive from APP molecules contained in SV. Thus, the
straightforward interpretation of these data is that Ex/TM acts
as a dominant negative inhibitor of endogenous APP. It is
worth noting that, while both Penl-JCasp and Ex/TM modu-
late glutamatergic SV release, they trigger opposite effects:
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Ex/TM increases glutamate release: APP is required for this effect. A, Sequence of the Ex/TM peptide. Ex indicates the arbitrarily chosen NH, terminus for our analysis; 3 and «indicate

the sites cleaved by 3- and c-secretase, respectively; and TM indicates the beginning of the transmembrane region of APP. B, Average PPF (second EPSP/first EPSP) at 50 and 200 ms ISI.
Representative traces of EPSPs are shown. Ex/TM significantly decreases PPF in WT, but not App-KO, rats. €, Cumulative probability of AMPAR-mediated mEPSC interevent intervals. Inset in
cumulative probability graphs represents average mEPSC frequency. mEPSC frequency was significantly increased by Ex/TMin WT, but not App-KO, mice. Amplitudes and decay time of mEPSCs were
not changed by Ex/TM. Representative recording traces of mEPSCs are shown. Data were analyzed by ordinary one-way ANOVA followed by post hoc Tukey’s multiple-comparisons test when ANOVA
showed statistically significant differences. The number of recordings analyzed for each group are indicated inside the bars. Data are mean == SEM. ****p < 0.0001.

Ex/TM facilitates, whereas Pen1-JCasp hampers, the release of
excitatory SV.

Evidence that B and « cleavage of the ISVAID may promote
glutamate release

The acidic pH of SVs favors 3 cleavage, and indeed there is an
enrichment of B-secretase and 3 cleavage APP metabolites in SV
subcellular fractionations (Del Prete et al., 2014) (Fig. 2A). Thus,
it is reasonable to hypothesize that processing of APP by
B-secretase may cut inside the ISVAID of APP (Fig. 1; Tables 1,
2), destabilizing these interactions, thereby modulating the pre-
synaptic function of APP. As an initial test of this hypothesis, we
compared the effects of the Ex/TM and B/TM peptides (Fig. 5A).
If B cleavage of APP destabilizes the intraluminal SV-APP inter-
actions, 3/TM should not alter glutamate release. Ex/TM repro-
ducibly reduced PPF and increased mEPSC frequency in a
dose-dependent manner (Fig. 5B, C), without affecting mEPSC

amplitude or decay time (Fig. 5C). We also measured the AMPA/
NMDA ratio, which is modified by qualitative and/or quantita-
tive alterations in either AMPAR or NMDAR at the postsynaptic
termini and found no effects of Ex/TM (Fig. 5D), confirming that
this peptide modifies glutamatergic transmission predominantly
via a presynaptic mechanism of action. Conversely, treatment of
brain slices with 1 uM concentration of the B/TM peptide did not
alter glutamatergic synaptic transmission (Fig. 5). Together,
these data are consistent with the hypothesis that 8 and « pro-
cessing of APP splits the ISVAID and may facilitate glutamate
release.

To further define the Ex/TM regions that interfere with gluta-
mate release, we tested two more peptides: Ex/f, which spans
from the Ex site to the B cleavage site; and Ex/«, which extends
from the Ex site to the « cleavage site (Fig. 5A). While Ex/f did
not change glutamatergic transmission (Fig. 5), 1 uM concentra-
tion of Ex/a reduced PPF at 50 ms ISI (Fig. 5B) and increased
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Figure5. The regions of Ex/TM NH,- and COOH-terminal to the (3 cleavage site are required to increase glutamate release. 4, Sequence of Ex/TM, B/TM, Ex/3, and Ex/cx. B, Average PPF at 50
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mEPSC frequency (Fig. 5C), similarly to the 100 nm concentra-

Tukey’s multiple-comparisons test: C vs
Ex/B, p = 0.4564; Cvs B/TM, p = 0.6487;
C vs Ex/a, p < 0.0001 (significant); C vs
Ex/TM-1 pMm, p < 0.0001 (significant); C
vs Ex/TM 100 nm, p < 0.0001 (signifi-
cant); Ex/B vs B/TM, p = 0.9925; Ex/B vs
Ex/a, p = 0.1377; Ex/P3 vs EX/TM 1 um,
p = 0.0006 (significant); Ex/B vs Ex/TM-
100 nm, p = 0.0217 (significant); B/TM vs
Ex/a, p = 0.0055 (significant); B/TM vs
Ex/TM-1 uM, p < 0.0001 (significant);
B/TM vs Ex/TM-100 nu, p = 0.0007 (sig-
nificant); Ex/a vs Ex/TM-1 um, p =
0.3142; Ex/a vs Ex/TM-100 n™m, p =
0.8919; Ex/TM-1 um vs Ex/TM-100 nMm,
P = 9696; (2) ANOVA summary of PPF at
200 ms ISI (Fig. 5B): F = 13.82, p < 0.0001
(significant): post hoc Tukey’s multiple-
comparisons test: Cvs Ex/f3, p = 0.9513; C
vs B/TM, p = 0.8793; C vs Ex/a, p =
0.4791; C vs Ex/TM-1 uMm, p < 0.0001

tion of Ex/TM. The data obtained with these peptides were ana-  (significant); C vs Ex/TM-100 nm, p = 0.0007 (significant); Ex/3
lyzed together by ordinary one-way ANOVA. The statistical ~ vs B/TM, p > 0.9999; Ex/B vs Ex/a, p = 0.9585; Ex/B vs Ex/TM-1
analyses gave the following results: (1) ANOVA summary of PPF uM, p = 0.0011 (significant); Ex/f vs Ex/TM-100 nm, p = 0.0386
at 50 ms ISI (Fig. 5B): F = 13.82, p < 0.0001 (significant): posthoc  (significant); B/TM vs Ex/a, p = 0.9142; B/TM vs Ex/TM-1 uM,



7002 - J. Neurosci., August 28,2019 - 39(35):6992—7005

Yao, Tambini et al. ® Glutamate Release by an Intrasynaptic Vesicle APP Domain

Table 3. APP-derived bait pull-downs contained large amounts of VGlut1, VGlut2, Mal2, and SV2b peptides, but very few peptides derived from VIAAT and SV2¢

Identified proteins Accession number MW (kDa) ST a/TM-St B’ /TM-St B/TM-St
Experiment 1
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 0 59 86 261
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 0 6 53
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 0 78 18 338
Protein MAL2 sp|Q8BI08|MAL2_MOUSE 19 0 0 0 17
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 0 0 n
Synaptic vesicle glycoprotein 2C sp|Q69Z56|SV2C_MOUSE 82 0 0 0 16
Experiment 2 a/TM-St BITM-St Ex/TM-St
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 3 9 149 186
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 0 22 34
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 13 0 158 211
Protein MAL2 5p|Q8BI08|MAL2_MOUSE 19 0 0 6 8
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 7 0 9
Synaptic vesicle glycoprotein 2C sp|Q69Z56|SV2C_MOUSE 82 0 0 0 13
Experiment 3 ST-AID
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 0 109
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 17
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 0 131
Protein MAL2 sp|Q8BI08|MAL2_MOUSE 19 0 8
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 0
Synaptic vesicle glycoprotein 2C sp|Q69Z56/SV2C_MOUSE 82 0 5
Experiment 4 ST-AID ST-Ccas ST-JCasp
Vesicular glutamate transporter 1 sp|Q3TXX4|VGLUT_MOUSE 62 0 46 6 44
Vesicular glutamate transporter 2 sp|Q8BLE7|VGLU2_MOUSE 65 0 0 0 5
Synaptic vesicle glycoprotein 2B sp|Q8BG39|SV2B_MOUSE 77 0 59 6 n
Protein MAL2 sp|Q8BI08|MAL2_MOUSE 19 0 5 0 12
Vesicular inhibitory amino acid transporter sp|035633|VIAAT_MOUSE 57 0 0 0 2
Synaptic vesicle glycoprotein 2C sp|Q69Z56/SV2C_MOUSE 82 0 0 0 0

p < 0.0001 (significant); B/TM vs Ex/TM-100 nM, p = 0.0057
(significant); Ex/a vs Ex/TM-1 uMm, p = 0.0233 (significant); Ex/a
vs Ex/TM-100 nM, p = 0.3049; Ex/TM-1 uM vs Ex/TM-100 nM,
p = 8655; (3) ANOVA summary of mEPSC frequency (Fig. 5C):
F = 15.09, p < 0.0001 (significant); post hoc Tukey’s multiple-
comparisons test: C vs Ex/f3, p > 0.9999; C vs B/TM, p = 0.9078;
CvsEx/a, p =0.0111 (significant); Cvs Ex/TM-1 um, p < 0.0001
(significant); C vs Ex/TM-100 nMm, p = 0.0193 (significant); Ex/3
vs B/TM, p = 0.9713; Ex/B vs Ex/a, p = 0.0296 (significant); Ex/3
vs Ex/TM-1 uM, p < 0.0001 (significant); Ex/B vs Ex/TM-100 nM,
p = 0.0460(significant); B/TM vs Ex/a, p = 0.1244; B/TM vs
Ex/TM-1 umM, p < 0.0001 (significant); B/TM vs Ex/TM-100 nM,
p = 0.1735; Ex/a vs Ex/TM-1 uM, p = 0.0023 (significant); Ex/«
vs Ex/TM-100 nM, p > 0.9999; Ex/TM 1 um vs Ex/TM-100 nM,
p = 0.0026 (significant); (4) ANOVA summary of mEPSC am-
plitude (Fig. 5C): F = 1.15, p = 0.3427; (5) ANOVA summary of
mEPSC decay time (Fig. 5C): F = 1.046, p = 0.3980; and (6)
ANOVA summary of AMPA/NMDA ratio (Fig. 5D): F = 0.8506,
p=0.5199.

Finally, we analyzed AMPA receptor-mediated EPSCs evoked
by various stimulus intensities. The input—output relationship of
AMPA receptor-mediated EPSCs of Ex/TM group displayed sig-
nificant increases in the amplitudes of evoked EPSCs compared
with vehicle controls; statistical assessment by two-way repeated-
measures ANOVA shows a significant effect of row factor
(F(5,60) = 40.03; p < 0.0001), column factor (F; 5y = 55.96; p <
0.0001), and row-column interaction (Fi5¢p = 3.590; p =
0.0066); post hoc Tukey’s multiple-comparisons test shows that
ISVAID significantly increases basal synaptic transmission com-
pared with vehicle control (Fig. 6), suggesting that Ex/TM pro-
motes basal synaptic transmission.

APP tunes the release of excitatory but not inhibitory SV

GABAergic inhibitory interneurons constitute only ~10% of
hippocampal neurons but are important for the regulation of the
hippocampal network (Freund and Buzsaki, 1996; Chamberland
and Topolnik, 2012). A proteomic comparison of glutamatergic
(VGlutl-positive) and GABAergic (VIAAT-positive) SVs showed
that the excitatory and inhibitory SVs share a qualitatively and
quantitatively similar composition, with very few proteins segre-
gating to one type of SV. These include the neurotransmitter
transporter (VGlutl and VGlut2 in excitatory SV, VIAAT in in-
hibitory SV), SV2b and Mal2 that are specifically present in ex-
citatory SV, and SV2¢, which is almost exclusively present in
inhibitory SV (Grenborg et al., 2010). Remarkably, Ex/TM-St
pull-downs contained large amounts of VGlutl, VGlut2, Mal2,
and SV2b peptides, but very few peptides derived from VIAAT
and SV2c (Table 3). Analysis of pull-downs previously performed
with baits containing APP-cytosolic domain sequences (St-AID,
which contains the entire APP intracellular domain, St-JCasp,
which contain the NH,-terminal soluble cytosolic peptides de-
rived from caspase cleavage of AID) revealed a similar binding
pattern: VGlutl, VGlut2, Mal2, and SV2b abundantly bind St-
AID and St-JCasp, whereas VIAAT and SV2c¢ do not (Table 3).
The simplest explanation for these data is that Ex/TM-St, St-AID,
and St-JCasp bind directly to proteins that are specifically present
in excitatory SVs (i.e., VGlut1/2, SV2b, and Mal2). This possibil-
ity is currently under investigation. Regardless, if these observa-
tions have biological significance, Ex/TM should not alter GABA
release. To test this prediction and to test whether this APP func-
tion can be replicated in a different species, we compared the
effects of Ex/TM on glutamate and GABA release in rats’” acute
hippocampal slices. As observed in murine SC-CA3>CAl pyra-
midal cell synapses (Fig. 5), Ex/TM increased mEPSC frequency
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Table 4. Abbreviations®

Abbreviation Term

ISVAID Intraluminal SV-APP interacting domain of APP

JCasp Intracytosolic APP domain that terminates (C-terminus) at Asp664, where caspases cleave APP; caspases cleave APP between Asp664 and Ala665
Ccas Intracytosolic APP domain that initiates (N-terminus) at Ala665

Ex/TM Intraluminal/extracellular APP fragment with N-terminus at Glu589 and C-terminus at Gly622; this sequence contains the ISVAID domain
BITM Intraluminal/extracellular APP fragment with N-terminus at Asp597 (3-cleavage site) and C-terminus at Gly622

B'/M Intraluminal/extracellular APP fragment with N-terminus at Glu607 (3’ -cleavage site) and C-terminus at Gly622

ao/TM Intraluminal/extracellular APP fragment with N-terminus at Leu613 (c-cleavage site) and C-terminus at Gly622

BCTF Membrane-bound C-terminal fragment of APP produced by 3-secretase

a(TF Membrane-bound C-terminal fragment of APP produced by c:-secretase

sAPPB Soluble N-terminal fragment of APP produced by 3-secretase

sAPP« Soluble N-terminal fragment of APP produced by «-secretase

ST Strep-tag peptide—WSHPQFEK

“The numbering of APP refers to the isoform of 695, which is the main CNS form for APP.
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(unpaired ¢ test, p = 0.0010), without affecting mEPSC ampli-
tude (unpaired ¢ test, p = 0.207) or decay time (unpaired ¢ test,
p = 0.6879) (Fig. 7A) also in rat SC-CA3>CAl pyramidal cell
synapses. In contrast, when mIPSCs where analyzed, Ex/TM
showed no significant effect on frequency (unpaired ¢ test, p =
0.593), amplitude (unpaired ¢ test, p = 0.1263), or decay time
(unpaired ¢ test, p = 0.3226) of mIPSCs (Fig. 7B). Table 4 lists
abbreviations used herein.

Discussion

Using an unbiased proteomic methodology, we found that:
(1) the intraluminal region of APP juxtaposed to the vesicular
membrane contains a putative interaction domain, herein called
ISVAID, which establishes an intraluminal SV-APP-interacting
network; and (2) secretase-mediated cleavage within the ISVAID
can negatively modulate these interactions. To test functional
relevance of this SV-APP-interacting network in SV biology, we
have used Ex/TM, a peptide encompassing the ISVAID, to assess
its electrophysiological function. Strikingly, Ex/TM caused a de-
crease in PPF, as well as an increase in mEPSC frequency, but not
amplitude and decay time, consistent with a presynaptic mecha-
nism of action. These effects are evident in WT synapses but
absent at synapses lacking APP, indicating that Ex/TM acts as a
dominant negative inhibitor of APP. Moreover, peptide mapping
of the functional segments of the ISVAID by electrophysiological
studies are consistent with the hypothesis that 8 and « cleavage of
APP may hinder the function of the ISVAID. Together, these
results indicate that: (1) the ISVAID hampers the release of excit-
atory SVs, likely via the interaction with and functional regula-
tion of SV protein; and (2) B and « cleavage of the ISVAID may
facilitate glutamate release.

The proteomic studies also indicated that SV-APP-interacting
networks may be restricted to glutamatergic SV, suggesting that
the SV-APP-interacting networks may modulate excitatory but
not inhibitory synaptic transmission. Fittingly, we found that the
Ex/TM peptide did not significantly alter GABA release.

The data reported here, together with a recent study, suggest
that APP may contain both an intraluminal and a cytosolic SV-
interacting domain, which modulate glutamatergic release in op-
posing fashions: glutamate release is hampered by intraluminal
interactions but facilitated by cytosolic interactions. These mech-
anisms of action could act in concert to control physiological
functions of APP on neurotransmitter release. Whether these
intravesicular interactions can be negatively modulated by 8- or
a cleavage of APP remains to be determined. The evidence that a
[B-secretase inhibitor causes strong reduction in the frequency of
sEPSC/mEPSC (Filser et al., 2015) and that B-secretase KO mice
show an increase in PPF ratio, which in the author’s words is
indicative of a reduction in presynaptic release (Wang et al.,
2008), are consistent with this hypothesis. However, given the
fact that B-secretase may process several synaptic substrates
that may affect synaptic transmission, future experiments will
be needed to determine whether these effects are due to inef-
ficient B-processing of APP. Conversely, the ISVAID-SV pro-
tein interactions may affect the downstream processing of
APP. Recently, it has been reported that APP is processed in a
high molecular weight complex wherein y-secretase interacts
with a- or B-secretase to direct the sequential cleavage of APP
(Liuetal.,2019). The ISVAID-SV interactions could therefore
represent a way in which a fraction of APP is sequestered from
or delivered to these high molecular weight complexes for
further processing.

Yao, Tambini et al. ® Glutamate Release by an Intrasynaptic Vesicle APP Domain
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