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Abstract

Intracellular 3-amyloid (A3) accumulation is an early event in Alzheimer’s disease (AD) progression. Recently, it has been
uncovered that presenilins (PSs), the key components of the amyloid precursor protein (APP) processing and the 3-amyloid
producing y-secretase complex, are highly enriched in a special sub-compartment of the endoplasmic reticulum (ER) function-
ally connected to mitochondria, called mitochondria-associated ER membrane (MAM). A current hypothesis of pathogenesis of
Alzheimer’s diseases (AD) suggests that MAM is involved in the initial phase of AD. Since MAM supplies mitochondria with
essential proteins, the increasing level of PSs and (3-amyloid could lead to metabolic dysfunction because of the impairment of
ER-mitochondrion crosstalk. To reveal the early molecular changes of this subcellular compartment in AD development MAM
fraction was isolated from the cerebral cortex of 3 months old APP/PS1 mouse model of AD and age-matched C57BL/6 control
mice, then mass spectrometry-based quantitative proteome analysis was performed. The enrichment and purity of MAM prep-
arations were validated with EM, LC-MS/MS and protein enrichment analysis. Label-free LC-MS/MS was used to reveal the
differences between the proteome of the transgenic and control mice. We obtained 77 increased and 49 decreased protein level
changes in the range of — 6.365 to + 2.988, which have mitochondrial, ER or ribosomal localization according to Gene Ontology
database. The highest degree of difference between the two groups was shown by the ATP-binding cassette G1 (Abcgl) which
plays a crucial role in cholesterol metabolism and suppresses A3 accumulation. Most of the other protein changes were
associated with increased protein synthesis, endoplasmic-reticulum-associated protein degradation (ERAD), oxidative stress
response, decreased mitochondrial protein transport and ATP production. The interaction network analysis revealed a strong
relationship between the detected MAM protein changes and AD. Moreover, it explored several MAM proteins with hub position
suggesting their importance in A3 induced early MAM dysregulation. Our identified MAM protein changes precede the onset of
dementia-like symptoms in the APP/PS1 model, suggesting their importance in the development of AD.
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Introduction

Alzheimer’s disease (AD) and the other protein conformation-
al diseases are caused by misfolding and aggregation of pro-
teins and by the accumulation of intracellular and extracellular
deposits [1]. Formation of toxic 3-amyloid (A{3) oligomers
plays a pivotal role in AD pathogenesis [2]. Amyloid aggre-
gation is based on the accumulation of A3 monomer close to
the generation from amyloid precursor protein (APP) [3].
Intracellular accumulation of A could be a result of improper
extent of amyloid clearance from the cell or it can be initiated
by overproduction of APP. The cellular hot-spots of A3 accu-
mulation are the intracellular membrane regions containing
high levels of APP and amyloidogenic proteases [4]. One of
these cell compartments functioning as a special interface for
intense molecule exchange, located between endoplasmic re-
ticulum (ER) and mitochondria, is called mitochondria-
associated ER membrane (MAM) [5]. Since intracellular ac-
cumulation of soluble A3 induces mitochondrial dysfunction,
ER stress, changes in glucose and lipid metabolism and dys-
functional Ca”* homeostasis and signalling [6, 7], the MAM
attracts particular attention in searching for initial phase pro-
cess of AD [8-10].

MAM is a special sub-compartment of ER functionally
connected to mitochondria that is involved in a number of
key metabolic functions of vital importance [11] including
cholesterol metabolism [12], synthesis and transfer of phos-
pholipids between the ER and mitochondria [13] and calcium
homeostasis [14]. Both in familial and sporadic AD subjects,
increased level of cholesterol and phosphatidylserine of MAM
origin can be detected [9]. Moreover, several MAM proteins
are known to be overexpressed in human post-mortem AD
brain samples [15]. Since the APP processing Presenilin-1
(PS1) and Presenilin-2 (PS2), the APP protein level and the
y-secretase activity itself are highly enriched in MAM com-
pared to other cell compartments (plasma membrane, mito-
chondria and ER) [16], MAM could have a pivotal role in
[3-amyloid production. According to the MAM hypothesis
of AD, elevated level of y-secretase activity increases the
Af3 abundance resulting into molecular, morphological and
functional alterations in MAM [8]. At a certain level of amy-
loid monomers, the collision induced oligomerization of am-
yloid begins forming the toxic and diffusible A3 oligomers.
The toxic and hydrophobic A oligomers could modify the
protein and lipid structure of MAM which may result into
spreading of toxic oligomers to the mitochondria and other
cell organelles. In turn, as an initial phase of AD pathogenesis,
MAM deregulates mitochondrial processes [17, 18], lipid me-
tabolism [19], glucose metabolism [20] and induces inflam-
mation [21].

The experimental data obtained in animal models may be
translated to the human AD. Increasing amount of evidence
suggests that A3 accumulation in MAMSs is an important
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factor in the initial phase of human AD as well. Electron
microscopic studies revealed that the size of MAM increased
in AD patients [9]. Deficiency of PS1 or PS2 increases the size
and functionally upregulates MAM [10]. Furthermore, PS2
enhances the Ca®* shuttle between ER and mitochondria by
increasing the number of MAM patches [22]. Apolipoprotein
E (ApoE) a well-known genetic risk factor protein of AD is
present in the MAM [23] suggesting a certain role of MAM in
AD-related lipid metabolism dysfunction.

MAM has a crucial role in glucose, phospholipid and cho-
lesterol metabolism, apoptosis, regulation of Ca** homeosta-
sis and signalling, all of which are affected by AD [24].
Proteins involved in Ca®* signalling (e.g., Inositol trisphos-
phate (IP3) receptor)), molecular chaperones (e.g., sigma-1
receptor chaperone, BiP, calreticulin), Bcl-2 family proteins
(e.g., Bcl-2), ubiquitin ligases (e.g., Amfr/Gp78), membrane
tethering/vesicular transport proteins (e.g., mitofusion-2,
phosphofurin acidic cluster sorting protein 2 (Pacs2)), and
lipid synthases (e.g., PtSer synthase, acetyl-CoA: cholesterol
acyltransferase) were reported to be localized in MAM [25].
This suggests that MAM is a hot-spot of molecular mecha-
nisms maintaining the cellular energy homeostasis via control-
ling the mitochondrial energy production and metabolism.

It is widely accepted that initial phase processes of AD
begins years before the first symptoms appear. Such an early
stage of a human disease having no symptoms can be inves-
tigated only in animal models. The APP/PS1 mouse is a dou-
ble transgenic, amyloid overexpressing model of AD [26, 27].
At 3 months of age, APP/PS1 mice perform without detect-
able memory deficit in behavioral tests [28], however, we
described changes in mitochondrial proteome with 2D-DIGE
based proteomics in our previous study [29].

In this report, we used 3 months old APP/PS1 mice and
measured MAM proteome changes comparing to age matched
control mice. Our data provide the basis for a hypothesis on
the initial phase of AD elucidating the importance of early
molecular changes in MAM. We report herein for the first time
proteome changes in MAM before the symptoms of AD as
memory deficit occur.

Methods
Animals

Three months old B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J
(APP/PS1) and C57BL/6 (B6) control mice were selected
for proteomics (n = 6—6) and electron microscopy experiments
(n=2).

Animals were kept under standard laboratory conditions
with 12-h light and dark periods (lights were on from 08.00
a.m. to 08.00 p.m.). Food and water were supplied ad libitum.
The care and experimentation of all animals conformed to the
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Hungarian Act of Animal Care and Experimentation (1998,
XXVIII) and to the guidelines of the European Communities
Council Directive, 86/609/EEC as well as with local regula-
tions for the care and use of animals for research.

Dissection of Cerebral Cortical Samples for MAM
Preparation

The APP/PS1 and B6 mice were decapitated and the brains
rapidly removed. The brains were washed in artificial cerebral
spinal fluid (ACSF), the cerebral cortices were dissected on
dry ice and the tissue samples were immediately frozen and
stored at — 80 °C until use.

Isolation of MAM

The cortical mitochondria-associated endoplasmic reticulum
membranes were isolated according to a previously published
protocol [30] with minor modifications (Fig. 1). In detail, cor-
tical tissue samples were homogenized in 1 ml of ice-cold
homogenization buffer (225 mM mannitol, 75 mM sucrose,
0.5% BSA, 0.5 mM EGTA, 30 mM Tris-HCI pH 7.4, supple-
mented with 5-5 pl protease and phosphatase inhibitor cock-
tails), using pre-chilled “loose fitting” Dounce glass homog-
enizer (Kontes Glass Co.; eight-stroke per sample). To avoid
post-mortem degradation, all steps were performed at 4 °C, in
cold room or on ice with ice-cold buffers and solutions. The
homogenates were centrifuged at 740xg for 10 min and the

supernatants were collected and centrifuged at 9000xg for
10 min. The supernatants were discarded and the pellets were
resuspended in 1 ml resuspending buffer I (225 mM mannitol,
75 mM sucrose, 0.5% BSA, 30 mM Tris-HCI pH 7.4) and
centrifuged at 10,000xg for 10 min. The supernatants were
again discarded and the pellets were resuspended in 1 ml
resuspending buffer II (225 mM mannitol, 75 mM sucrose,
30 mM Tris-HCI pH 7.4) and were centrifuged at 10,000xg
for 10 min. The resulting pellets that contains the crude mito-
chondria fraction were further resuspended in 1 ml
resuspending buffer III (250 mM mannitol, 5 mM HEPES,
0.5 mM EGTA, pH 7.4). This was overlaid on 8 ml Percoll
medium (225 mM mannitol, 25 mM HEPES, 1 mM EGTA,
30% (v/v) Percoll) and was centrifuged at 95,000xg for
30 min. The MAM fractions were collected from the upper
interface and were diluted 10 times with resuspending buffer
[T and centrifuged at 100,000xg for 60 min. The MAM frac-
tion was collected from the upper interface and precipitated
overnight with ice-cold acetone.

Electron Microscopy Validation of MAM Samples

For the electron microscopic validation whole brain homoge-
nization (n =3), mitochondria (n =3) and MAM fractions
(n=3) from cerebral cortex of B6 mice were fixed with 2%
formaldehyde (freshly depolymerized from paraformalde-
hyde) and 0.5% glutaraldehyde in 0.1 M Na-cacodylate for
30 min at room temperature. The samples were post-fixed in
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Fig. 1 Schematic figure of MAM fraction isolation from mouse cerebral cortex
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0.5% osmium tetroxide and 0.75% potassium hexacyano-
ferrate for 45 min, dehydrated and embedded in LR White
resin according to the manufacturer’s instructions. Ultrathin
sections (70 nm) were examined in JEOL JEM 1011 electron
microscope operating at 60 kV. Images were taken with
Olympus Morada 11 megapixel camera and iTEM software

(Olympus).
Proteolytic Digestion

The sample preparation for LC-MS analyses were imple-
mented as previously described with minor modifications
[31]. Briefly, the membrane samples were reconstituted in
urea buffer (7 M urea, 2 M thiourea, 4% CHAPS,
100 mM DTT and 50 mM TEAB) and sonicated.
Protein amounts were determined with the Pierce 660
protein assay. Fifty micrograms of samples were digested
with trypsin (1:100 w/w) using the filter-aided sample
preparation (FASP) [32, 33]. Tryptic peptides were ex-
tracted by successive washings of 50 pL of 50 mM
TEAB buffer and 50 puL of 0.5 M NacCl followed by
centrifugation at 13,000xg. Tryptophan fluorescence was
used for the peptide quantification in protein digests [34].
All digests for label free analyses were desalted and con-
centrated with reversed-phase C18 resins. Lyophilized
peptides were reconstituted in 5% formic acid and ana-
lyzed by LC-MS/MS.

Liquid Chromatography Tandem Mass Spectrometry

Samples were injected onto a Dionex Ultimate 3000 system
(Thermo Fisher Scientific) coupled to a Q-Exactive mass
spectrometer (Thermo Fisher Scientific, Germany). Carry
overs from previous samples were minimized by
implementing the following: (1) prevention of sample
overloading by normalizing to the peptide amount (1 pg per
analyses), (2) flushing of sample lines with ACN during pep-
tide separation as implemented by a preconcentration setup
and (3) injection of two BSA runs between different sample
groups to reduce carry overs. Samples were analyzed in the
LCMS into alternating groups of three with wild type groups
before transgenic animals (3 B6, 3 APP/PS1, 3 B6, 3 APP/
PS1) with two technical replicates per sample.

Software versions used for the data acquisition and opera-
tion of the Q-Exactive were Tune 2.5.0.2042 and Xcalibur
3.0.63. HPLC solvents were as follows: solvent A consisted
of 0.1% formic acid (FA) in water and solvent B consisted of
0.1% formic acid in 80% acetonitrile. From a thermostated
autosampler, 10 L sample containing about 1 pug of the pep-
tide mixture was loaded onto a trap column (PM100-C18
3 wm, 75 um % 20 mm, Thermo Fisher Scientific, Austria)
with a binary pump at a flow rate of 5 pulL/min using 0.1%
FA for loading and washing the pre-column. After washing,
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the peptides were eluted by forward-flushing onto a 50-cm
analytical column with an inner diameter of 75 pum packed
with 2 um-C18 reversed phase filling material (PepMap-C18
2 um, 75 um x 500 mm, Thermo Fisher Scientific, Austria).
The peptides were eluted from the analytical column with
235 min gradient ranging from 8 to 40% solvent B, followed
by a 5-min gradient from 40 to 90% solvent B and finally, to
90% solvent B for 5 min before re-equilibration to 5% solvent
B at a constant flow rate of 300 nL/min.

The LTQ Velos ESI positive ion calibration solution
(Pierce, IL, USA) was used to externally calibrate the instru-
ment prior to sample analysis and an internal calibration was
performed on the polysiloxane ion signal at m/z 445.120024
from ambient air [35]. MS1 scans were performed from m/z
380-1800 at a resolution of 70,000. Using a data-dependent
acquisition mode, the 20 most intense precursor ions of all
precursor ions with +2 to + 6 charge were isolated (within a
1.6 m/z window) and fragmented to obtain the corresponding
MS2 spectrum. The fragment ions were generated in a higher-
energy collisional dissociation (HCD) cell at an NCE of 27%
with a fixed first mass of 100 m/z and were detected in an
Orbitrap mass analyzer at a resolution of 17,500. The dynamic
exclusion for the selected ions was 60 s. Maximal ion accu-
mulation time allowed in MS and MS? mode was 100 and
50 ms, respectively. Automatic gain control was used to pre-
vent overfilling of the ion trap and was set to 3 x 10 ions and
1 % 10° jons for a full Fourier transform mass spectrometry
scan and MS2, respectively.

Protein Identification and Label Free Quantitation

The acquired raw MS data files were processed in
Proteome Discoverer (v 2.1, Thermo Fisher Scientific,
IL, USA with ProteoWizard (v3.0.5009) and were
searched against the mouse UniProt reference proteome
database version v2015.11.11 (24,774 sequences with iso-
forms and appended with chimeric mouse-human APP1
and human PSENI sequences) with MASCOT (v2.3.02,
MatrixScience, London, UK) [36] search engine. The
search parameters were as follows: two tryptic missed
cleavage sites, mass tolerances of =10 ppm and =+
0.02 Da for the precursor and fragment ions, respectively.
Oxidation of methionine was set as variable modification,
while carbamidomethylation of cysteine residues were set
as fixed modifications. The data was also matched against
a decoy database and using the Percolator [37] algorithm,
g-values were obtained. Peptide identifications with 1%
FDR (q value <0.01) and protein identifications requiring
a minimum of two peptides sequences were reported.
LFQProfiler v2.0.2 [38] was used for label-free peptide
and protein quantification within the Proteome
Discoverer platform.
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Bioinformatic Analysis

The enrichment analysis of MS identified proteins was per-
formed by Funrich software tool [39]. Using hypergeometric
test, Bonferroni and BH for enrichment statistics Funrich anal-
ysis identified the cellular components, biological pathways,
biological processes and molecular functions that are enriched
in the top 5 of the ranked protein list.

Significantly altered proteins were clustered according to
their most relevant cellular functions on the basis of the pro-
tein annotations in the UniProt (http://www.uniprot.org/) and
Gene Ontology (http://geneontology.org/) databases. The
proteins were clustered into groups according to their most
relevant cellular functions. The bioinformatic pathway
analysis to uncover the linkage between significantly altered
MAM proteins and AD was performed by Pathway Studio 11.
0 software (Elsevier Life Science Solutions) and Cytoscape
software (www.cytoscape.org).

Validation of Abcg1 Significantly Altered Proteins Via
Western Blot (WB)

Among the mass spectrometry identified MAM protein
changes Abcgl was selected for WB validation as it
showed the highest degree of change (—6.365 in APP/
PS1 mice). For validation, the same samples were used
which were utilized in the mass spectrometry analysis.
For immunoblotting, samples were reconstituted in SDS
lysis buffer (1.5% SDS, 100 mM sodium chloride, 20 mM
Tris-HCI pH 7.5 and supplemented with protease inhibi-
tors). Samples were sonicated and centrifuged at
13,000xg for 10 min. Protein quantities were determined
with the Pierce BCA protein assay (Thermo Fisher
Scientific, IL, USA). Protein samples (15 pg) were
warmed at 37 °C for 20 min in Laemmli sample buffer
(Bio-Rad Laboratories, Hercules, CA, USA). Protein sam-
ples were separated on 10% SDS-PAGE gels and trans-
ferred onto PVDF membranes. Membranes were blocked
with 5% non-fat dry milk (in TBS for 1 h at RT), and
incubated with primary antibodies against rabbit polyclon-
al Abcgl primary antibody (Proteintech, 13578-1-AP,
1:1000 dilution,) and mouse monoclonal Vdacl/Porin
(Abcam, ab14734, 1:5000) in 2.5% BSA in TBS with
0.2% Tween 20 overnight at 4 °C). After incubation with
HRP-conjugated secondary antibodies (in 2.5% BSA in
TBS with 0.2% Tween 20) and exposed to ECL (GE
Healthcare, Buckinghamshire, UK), membranes were
scanned on a ChemiDOC™ + Imaging system (Bio-Rad
Laboratories, Hercules, CA, USA). The densitometry data
of protein band intensities were analyzed with ImageJ
software (NIH, Bethesda). Densitometric values of the
Abcgl protein bands were normalized to the densities of
Vdacl in the same sample. Differences between APP/PS1

and B6 samples were statistically analyzed using indepen-
dent two-sample ¢ test.

Results
Validation of the Purity of MAM Fractions

For the validation of the quality of MAM preparation process
from mouse brain cerebral cortex, we used two independent
methods.

The different steps of MAM preparation from B6 control
mice (n=3) were quality controlled by using transmission
electron microscopy. The initial whole brain homogenization
contains large membrane fragments (black arrows), mitochon-
dria (white arrowheads), synaptosomes (white arrows) and
other cell fragments (Fig. 2a). Next, the separated mitochon-
dria fraction was confirmed by the accumulation of round
mitochondria with their cristae visible (white arrowheads)
(Fig. 2b). The final purified sample contains closed electron-
lucent membrane particles (black arrowheads) that most prob-
ably originate from mitochondrial outer membrane and the
connecting ER (Fig. 2¢, d). Essentially no intact organelles
(like mitochondria in Fig. 2b), synaptosomes or large mem-
branes (like in Fig. 2a) are present.

Results of LC-MS/MS protein identification of MAM
preparation revealed that MAM fractions contained 11 known
characteristic MAM proteins suggesting the MAM enrich-
ment in the samples. Among them, Pacs2 main MAM regu-
lator protein showed significant decreased. Moreover, MAM
preparation contained 13 known AD-associated proteins
confirming the literature results that MAM fraction is enriched
in AD-related proteins [10]. The APP695 chimeric mouse
human amyloid precursor protein (APP) showed significant
increased protein abundance in APP/PS1 mice (Table 1).

According to the Funrich enrichment analysis of MAM
samples, the mostly enriched cellular components are mito-
chondria, cytoplasm, ribosome, ER and Golgi apparatus,
confirming the enrichment of MAM subcellular region in
the sample. Moreover, most of the enriched biological path-
ways (like metabolism, citric acid cycle and respiratory elec-
tron transport), biological processes (like protein metabolism,
energy pathways and transport) and molecular functions (like
transporter-, catalytic- and oxidoreductase activity) are strong-
ly related to mitochondrial-ER processes (Table 2).

Protein Identification and Label-Free Quantitation

A label-free LC-MS/MS proteomic approach was applied to
analyze the differentially expressed proteins between the APP/
PS1 mouse and the age-matching control groups. From each
group, we collected 6 samples from the cortex of 6 animals
and each sample was measured twice.
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Fig. 2 Electron microscopic images of the different steps of MAM
preparation. The image of whole brain homogenization shows large
membrane fragments (black arrows), mitochondria (white arrowheads),
synaptosomes (white arrows) and other cell fragments (a). The image of
separated mitochondria fraction shows round mitochondria with their

cristae visible (white arrowheads) (b). The image of MAM fraction
shows closed electron-lucent membrane particles (black arrowheads) that
most probably originate from mitochondrial outer membrane and the
attached ER (c). High magnification image of connecting membrane
particles (black arrowheads) (d). Scale bar: 1 um (A, B, C), 200 nm (d)

Table 1 Identified proteins
known to localize in MAM and Gene
associated with Alzheimer’s Mtor
disease. (UP: unique peptides) Mapt
App
Apoe
Htra2
Apbbl
Adam10
Apbal
Nestn
Apba2
Snca
Parl
Adam9

Gene
Itprl
Hspa9
Acatl
Mfn2
Vdacl
Acsl4
Vapb
Rmdn3
Fisl
Bceap31
Pacs2

Alzheimer’s disease associated proteins

Serine/threonine-protein kinase mTOR

Isoform Tau-A of microtubule-associated protein tau

APP695 chimeric mouse human amyloid precursor protein
Apolipoprotein E OS = Mus musculus GN =Apoe PE=1 SV =2

Serine protease HTRA2, mitochondrial OS = Mus musculus GN=Htra2 PE=1 SV =2

Isoform 2 of amyloid beta A4 precursor protein-binding family B member 1
Disintegrin and metalloproteinase domain-containing protein 10

Isoform 3 of amyloid beta A4 precursor protein-binding family A member 1
Nicastrin

Amyloid beta A4 precursor protein-binding family A member 2

Isoform 2 of alpha-synuclein

Presenilins-associated rhomboid-like protein, mitochondrial

Disintegrin and metalloproteinase domain-containing protein 9

Known MAM:-localized proteins

Isoform 3 of Inositol 1,4,5-trisphosphate receptor type 1
Stress-70 protein, mitochondrial

Acetyl-CoA acetyltransferase, mitochondrial

Mitofusin-2

Isoform Mt-VDACI of voltage-dependent anion-selective channel protein 1
Isoform short of long-chain-fatty-acid--CoA ligase 4
Vesicle-associated membrane protein-associated protein B
Regulator of microtubule dynamics protein 3
Mitochondrial fission 1 protein

B-cell receptor-associated protein 31

Phosphofurin acidic cluster sorting protein 2

UP
44
22
21

12

D L Y Y 0 0 O O

90
39
28
26
22
15
14
10
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Table2  The Funrich enrichment analysis of MS identified proteins. The most enriched (top 5) cellular components, biological pathways, biological
processes and molecular functions of the ranked protein list. Statistics: hypergeometric test with Bonferroni and BH method

No. of genes No. of genes Percentage Fold P value Bonf BH
(protein list) (database) of genes enrichment (hyp test) method method

Cellular component

Mitochondrion 659 1259 21.197 3.238 1.147E-210 9E-208 4.5E-208

Cytoplasm 1575 5684 50.65937601 1.714 2.537E-162 2E-159 SE-160

Ribosome 85 144 2.734 3.651 1.294E-31 1.01E-28 1.27E-29

Endoplasmic reticulum 327 1104 10.518 1.832 5.606E-31 4.39E-28 4.88E-29

Golgi apparatus 274 897 8.813 1.889 2.743E-28 2.15E-25 1.95E-26
Biological pathway

Metabolism 386 823 12.416 2.901 9.787E-100 1.63E-96 1.63E-96

Developmental biology 198 432 6.369 2.835 1.173E-48 1.96E-45 9.78E-46

The citric acid cycle 89 118 2.863 4.665 2.982E-46 4.97E-43 1.66E-43

and respiratory
electron transport

Axon guidance 127 219 4.085 3.587 1.783E-45 2.97E-42 7.44E-43

Metabolism of proteins 140 259 4.503 3.343 4.477E-45 7.47E-42 1.49E-42
Biological process

Metabolism 560 1683 18.012 2.058 3.287E-74 5.85E-72 5.85E-72

Energy pathways 543 1633 17.465 2.057 1.214E-71 2.16E-69 1.08E-69

Protein metabolism 402 1323 12.930 1.879 3.858E-41 6.87E-39 2.29E-39

Transport 369 1215 11.868 1.879 1.334E-37 2.37E-35 5.94E-36

Signal transduction 789 3934 25.378 1.241 2.100E-13 3.74E-11 748E-12
Molecular function

Structural constituent of ribosome 101 152 3.248 4.110 4.725E-44 1.06E-41 1.06E-41

Transporter activity 194 576 6.240 2.083 8.182E-26 1.83E-23 9.16E-24

Catalytic activity 182 532 5.854 2.116 3.644E-25 8.16E-23 2.72E-23

GTPase activity 100 222 3217 2.786 2.368E-24 5.31E-22 1.33E-22

Oxidoreductase activity 73 161 2.348 2.805 2.405E-18 5.39E-16 1.08E-16

Reflecting the extreme complexity of the MAM region
a total of 5957 proteins were identified. Among them,
3245 common proteins were successfully quantified from
all individual samples, suggesting the reproducibility of
MAM sample preparation. Of these, 335 proteins showed
significant protein abundance changes (independent two
sample ¢ test, P<0.05 level of significance), while 317
proteins showed more than +£1.2 protein fold changes.
To graphically represent the significance and magnitude
of protein changes, volcano plot—IloglO(P value) vs.
log2(fold change of APP/PS1/B6 group)—was construct-
ed. Points above the non-axial horizontal line represent
proteins with significantly different abundances
(P <0.05). Points to the left of the left non-axial vertical
line indicate protein fold changes of APP/PS1/B6 less
than — 1.2, while points to the right of the right non-
axial vertical line label protein fold changes of APP/
PS1/B6 greater than + 1.2 (Fig. 3a). The LFQ intensities
of the highest protein abundance changes represent the

average protein abundances and the variance between
the individual samples (Fig. 3b).

Among the significant protein changes, 128 proteins have
mitochondrial, ER or ribosomal localization according to
Gene Ontology database. Of these, the abundance of 77 pro-
teins significantly increased, while the abundance of 49 pro-
teins significantly decreased. Protein abundance differences
were in the range of —6.365 to 2.988, and the number of
proteins changed more than 2 fold was unusually high (=
18, dark gray highlight in Table 3) suggesting a complex re-
organization of the MAM in the A} overexpressing model.
ATP-binding cassette sub-family G member 1 (Abcgl)
showed the highest protein abundance change in APP/PS1
mice (— 6.365 fold change).

The significantly altered MAM protein changes participate
in a variety of metabolic processes, including cytoplasmic
protein synthesis (n =32); mitochondrial protein synthesis
(n=16); lipid metabolism (n = 12); oxidative stress and apo-
ptosis (n=10); ER-associated protein degradation (n=38);
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Fig. 3 Volcano plot illustrates a 74 Foldchange=i1.2, . Foldchange=1.2
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nucleotide metabolism (n = 5); electron transport chain (n=
5), mitochondrial protein transport (z = 5); signal transduction
(n=15); cytoplasmic protein transport and organelle trafficking
(n=4); cytoskeleton organization (n = 4); Ca** transport and
homeostasis (n =3); pyruvate metabolism (n = 3); glutamate
metabolism (n =3); neurotransmission (n=3); ER-
mitochondria morphology (n = 2); ER-mitochondria commu-
nication (n = 1); mitophagy (n = 1) and others (n = 2) based on
Gene Ontology database. Based on these data, the cytoplasmic
and mitochondrial protein synthesis changed in the greatest
extent (Table 3).

To explore the relationships of the significantly altered
MAM proteins, a localization network from a direct protein-
protein interaction database was generated using Pathway
Studio (Elsevier). The interaction network contained 55
connecting MAM proteins with 32 positive (green), 22 nega-
tive (red) and 80 other (gray) relationships suggesting strong
connections between Af3 affected ER-mitochondrial process-
es. Among these proteins, there are important protein kinases
(n=2), receptors (n=2), transcriptional factors (n=3) and
transporters (n = 6) (Fig. 4).

We also analyzed the interactions of MAM proteins with
AD-related molecular alterations. We revealed that MAM pro-
tein changes have direct interactions with APP (22 proteins)
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and PS1 (7 proteins) AD-associated proteins, which show
increased expression in APP/PS1 mice (Fig. 4).

Abcg1 Protein Changes Validation with Western Blot

WB analysis was performed for Abcgl in the MAM
fraction of cerebral cortex (Fig. 5). The protein expres-
sion of Abcgl in the ratio of Vdacl loading control
protein (0.452+0.169) showed significant decreasing
level (p<0.05) in the APP/PS1 MAM compared to the
B6 control mice (0.856+0.079). Thus, the WB results
of Abcgl protein confirmed the LC-MS/MS data.

Bioinformatical Analysis

The Cytoscape interaction network analysis of protein
synthesis related protein changes revealed several in-
creased ribosomal protein with hub position suggesting
their important role in A3 affected cellular protein ho-
meostasis (Fig. 6).

We also analyzed the oxidative stress and signal
transduction related protein changes and described sev-
eral increased hub proteins (Fig. 7) suggesting their
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Table 3  Functional clusters of significant MAM protein changes. The
color gradient of red and blue was used to visualize the increased or
decreased abundances of APP/PS1 mouse proteins compared to the

control group, respectively. The dark gray highlight indicates proteins
with more than twofold changes (UP: identified unique peptides, FC: fold
change)

SwissProt ID Gene name Protein name upP FC p-value
Cytoplasmic protein synthesis
RS21_MOUSE Rps21 405 ribosomal protein 521 4 - 1.19E-05
TMED2_MOUSE ~ Tmed2 Transmembrane emp24 domain-containing protein 2 5 1.13E-03
HNRPD_MOUSE  Hnrnpd Isoform 2 of Heterogeneous nuclear ribonucleoprotein DO 5 2.368  1.30E-02
RL5_MOUSE Rpl5 60S ribosomal protein L5 10 2.024  1.47E-05
RS24_MOUSE Rps24 Isoform 2 of 40S ribosomal protein S24 4 1.852 1.38E-03
TMED9_MOUSE  Tmed9 Transmembrane emp24 domain-containing protein 9 5 1.771  3.70E-03
SURF4_MOUSE Surf4 Surfeit locus protein 4 4 1.708 2.11E-02
RS14 MOUSE Rps14 40S ribosomal protein S14 7 1.681 3.80E-02
RL17_MOUSE Rpl17 60S ribosomal protein L17 7 1.681 2.45E-03
RL3_MOUSE Rpl3 60S ribosomal protein L3 21 1.653 1.30E-02
RS12_MOUSE Rps12 40S ribosomal protein S12 1.626 1.75E-02
RS16_MOUSE Rps16 40S ribosomal protein S16 8 1.584 3.91E-04
RL9_MOUSE Rpl9 60S ribosomal protein L9 8 1.563  7.93E-04
RS15A_MOUSE Rps15a 40S ribosomal protein S15a 7 1.555 7.81E-03
RS9_MOUSE Rps9 40S ribosomal protein S9 12 1.535 3.64E-03
EF1B_MOUSE Eeflb Elongation factor 1-beta 5 1.495 3.31E-02
RS13_MOUSE Rps13 40S ribosomal protein S13 9 1.476 1.81E-04
RS5_MOUSE Rps5 40S ribosomal protein S5 6 1.474 1.58E-02
RS7_MOUSE Rps7 40S ribosomal protein S7 7 1.466 2.65E-02
RS3_MOUSE Rps3 40S ribosomal protein S3 17 1.460  3.18E-03
RSSA_MOUSE Rpsa 40S ribosomal protein SA 9 1.451 3.68E-03
RS11_MOUSE Rps1l 40S ribosomal protein S11 8 1.449 9.69E-03
RL21_MOUSE Rpl21 60S ribosomal protein L21 1.447  7.16E-03
RS2_MOUSE Rps2 40S ribosomal protein S2 12 1.443  1.80E-02
RL27_MOUSE Rpl27 60S ribosomal protein L27 6 1.422  2.83E-02
RL34_MOUSE Rpl34 60S ribosomal protein L34 5 1.405  2.23E-02
SDCB1_MOUSE Sdcbp Syntenin-1 4 1.405 2.10E-02
RL10_MOUSE Rpl10 60S ribosomal protein L10 9 1.402  2.25E-02
RS25_MOUSE Rps25 40S ribosomal protein S25 3 1.396 4.05E-02
RL14_MOUSE Rpl14 60S ribosomal protein L14 5 1.379 5.78E-03
RS10_MOUSE Rps10 40S ribosomal protein S10 6 1.344  2.14E-02
RL35_MOUSE Rpl35 60S ribosomal protein L35 4 1.344  3.10E-02
RS23 MOUSE Rps23 40S ribosomal protein S23 6 1.309 5.24E-03
RS20_MOUSE Rps20 40S ribosomal protein S20 3 1.285 3.76E-02
Mitochondrial protein synthesis
RM39_MOUSE Mrpl39 39S ribosomal protein L39, mitochondrial 6 1.634  3.44E-02
SYYM_MOUSE Yars2 Tyrosine--tRNA ligase, mitochondrial 9 1.539 2.37E-02
LYRM4_MOUSE Lyrm4 LYR motif-containing protein 4 3 1.484  4.00E-02
MPPA_MOUSE Pmpca Mitochondrial-processing peptidase subunit alpha 12 1.362 1.23E-02
PTCD3_MOUSE Ptcd3 Pentatricopeptide repeat domain-containing protein 3, mitochondrial 13 -3.421 5.11E-04
RM40_MOUSE Mrpl40 39S ribosomal protein L40, mitochondrial 3 -2.512  6.52E-04
RM49_MOUSE Mrpl49 39S ribosomal protein L49, mitochondrial 2 -2.453  5.60E-04
RM21_MOUSE Mrpl21 39S ribosomal protein L21, mitochondrial 4 -1.894  6.54E-03
$2536_MOUSE Slc25a36 Solute carrier family 25 member 36 2 -1.773  1.37E-02
RM38_MOUSE Mrpl38 39S ribosomal protein L38, mitochondrial 6 -1.700 1.72E-03
RMND1_MOUSE Rmnd1 Required for meiotic nuclear division protein 1 homolog 7 -1.558  1.82E-02
SYTM_MOUSE Tars2 Threonine--tRNA ligase, mitochondrial 11 -1.562  2.82E-02
EFGM_MOUSE Gfm1 Elongation factor G, mitochondrial 16 -1.489  1.01E-02
RT30_MOUSE Mrps30 28S ribosomal protein S30, mitochondrial -1.463  3.23E-02
RMO01_MOUSE Mrpl1 39S ribosomal protein L1, mitochondrial 5 -1.431  2.43E-02
RM19_MOUSE Mrpl19 39S ribosomal protein L19, mitochondrial 5 -1.407  3.41E-02
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SwissProt ID Protein name (V]34 FC p-value
ER associated protein degradation
SDF2_MOUSE Sdf2 Stromal cell-derived factor 2 4 2.246  5.70E-03
EMC10_MOUSE Emc10 Isoform 2 of ER membrane protein complex subunit 10 2 2.040  1.40E-02
SE1L1_MOUSE Selll Protein sel-1 homolog 1 11 1.887 2.72E-02
VPS25_MOUSE Vps25 Vacuolar protein-sorting-associated protein 25 6 1.732 2.34E-02
ERMP1_MOUSE  Ermpl Endoplasmic reticulum metallopeptidase 1 6 1.651  4.14E-02
NPL4_MOUSE Nploc4 Nuclear protein localization protein 4 homolog 8 1.305 4.47E-02
FBX6_MOUSE Fbxo6 F-box only protein 6 4 -1.334  1.75E-02
UBQL1_MOUSE Ubginl Isoform 2 of Ubiquilin-1 11 -1.297  1.02E-02
Oxidative stress and apoptosis
HMGB1_MOUSE Hmgbl High mobility group protein B1 6 2.136 2.21E-03
GBLP_MOUSE Rack1 Guanine nucleotide-binding protein subunit beta-2-like 1 14 1.766  8.66E-04
AN32A_MOUSE  Anp32a Acidic leucine-rich nuclear phosphoprotein 32 family member A 10 1.676 = 7.94E-03
MPV17_MOUSE  Mpv17 Protein Mpv17 4 1.633  1.96E-02
NOL3_MOUSE Nol3 Arc Nucleolar protein 3 6 1.463  2.14E-04
HS71B_MOUSE Hspalb Heat shock 70 kDa protein 1B 13 1.462 1.93E-02
FKBP8 MOUSE Fkbp8 Isoform 2 of Peptidyl-prolyl cis-trans isomerase FKBP8 9 1.294 2.49E-02
MCTS1_MOUSE Mcts1 Malignant T-cell-amplified sequence 1 7 -1.586  2.54E-04
CHCH2_MOUSE  Chchd2 Coiled-coil-helix-coiled-coil-helix domain-containing protein 2 4 -1.336  1.65E-02
TIGAR_MOUSE Tigar Fructose-2,6-bisphosphatase TIGAR 3 -1.303  3.95E-02
Lipid metabolism
A4_MOUSE App Isoform APP695 chimeric mouse human amyloid precursor protein 21 2.304  4.16E-08
AMACR_MOUSE  Amacr Alpha-methylacyl-CoA racemase 7 1.687  2.59E-02
FPPS_MOUSE Fdps Farnesyl pyrophosphate synthase 11 1.405 4.68E-02
HNRPQ_MOUSE  Syncrip Isoform 2 of Heterogeneous nuclear ribonucleoprotein Q 10 1.308 1.42E-02
CP46A_MOUSE Cyp46al Cholesterol 24-hydroxylase 21 1.299  5.59E-03
ACO13_MOUSE Acot13 Acyl-coenzyme A thioesterase 13 7 1.283 4.47E-02
ABCG1_MOUSE Abcgl ATP-binding cassette sub-family G member 1 4 3.96E-03
MINP1_MOUSE Minpp1l Multiple inositol polyphosphate phosphatase 1 3 -1.548  4.50E-02
ODBA_MOUSE Bckdha 2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial 9 -1.429  3.40E-02
COASY_MOUSE Coasy Bifunctional coenzyme A synthase 7 -1.396  3.41E-02
MCAT_MOUSE Slc25a20 Mitochondrial carnitine/acylcarnitine carrier protein 12 -1.276  2.72E-02
HEMH_MOUSE Fech Ferrochelatase, mitochondrial 15 -1.232  3.86E-02
Nucleotide metabolism
CMPK2_MOUSE  Cmpk2 UMP-CMP kinase 2, mitochondrial 9 1.451 6.42E-03
CSDE1_MOUSE Csdel Cold shock domain-containing protein E1 18 1.408  2.88E-05
ABCF2_MOUSE Abcf2 ATP-binding cassette sub-family F member 2 5 1.291  3.37E-02
PUR8_MOUSE Adsl Adenylosuccinate lyase 18 -1.312  4.03E-02
VWA8_MOUSE Vwa8 von Willebrand factor A domain-containing protein 8 21 -1.306  4.37E-03
Pyruvate metabolism
MAOX_MOUSE Mel NADP-dependent malic enzyme 25 1.255 7.04E-04
MPC2_MOUSE Mpc2 Mitochondrial pyruvate carrier 2 9 -1.274  3.94E-02
PDK3_MOUSE Pdk3 [Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 3,
. . 16 -1.196 4.23E-02
mitochondrial
Glutamate metabolism
CMC2_MOUSE Slc25a13 Calcium-binding mitochondrial carrier protein Aralar2 4 -2.232  1.26E-02
TDRKH_MOUSE  Tdrkh Tudor and KH domain-containing protein 11 -1.297  2.15E-02
P5CS_MOUSE Aldh18al  Delta-1-pyrroline-5-carboxylate synthase 15 -1.290  2.03E-02
Electron transport chain
NDUB2_MOUSE  Ndufb2 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 2,
. . 3 -1.593  5.32E-03
mitochondrial
TIDC1_MOUSE Timmdcl  Complex | assembly factor TIMMDC1, mitochondrial 3 -1.554  3.66E-02
DHSD_MOUSE Sdhd Succinate dehydrogenase [ubiquinone] cytochrome b small subunit,
. ) 2 -1.436  4.54E-03
mitochondrial
NDUS8_MOUSE  Ndufs8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mitochondrial 10  -1.405  4.07E-03
NDUS3_MOUSE  Ndufs3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 20 -1.334  8.16E-03
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SwissProt ID Protein name (V]34 FC p-value
Mitochondrial protein transport
TI17B_MOUSE Timm17b  Mitochondrial importinner membrane translocase subunit Tim17-B 3 -2.420  2.64E-04
TIM16_MOUSE Pam16 Mitochondrial import inner membrane translocase subunit TIM16 4 -2.289  4.04E-02
TOM22_MOUSE  Tomm?22 Mitochondrial import receptor subunit TOM22 homolog 7 -1.285  7.53E-03
MTCH1_MOUSE  Mtchl Isoform 2 of Mitochondrial carrier homolog 1 11 -1.381  5.07E-04
TPC_MOUSE Slc25a19 Mitochondrial thiamine pyrophosphate carrier 4 -1.255  4.67E-02
Protein transport and organellum trafficking
TPC12_MOUSE Trappcl2  Trafficking protein particle complex subunit 12 7 2.077 1.26E-02
RAB1A_MOUSE Rab1A Ras-related protein Rab-1A 13 1.200 4.78E-02
SC31A_MOUSE Sec3la Isoform 2 of Protein transport protein Sec31A 15 -1.438  1.18E-02
EHD4_MOUSE Ehd4 EH domain-containing protein 4 14 -1.275  3.74E-03
Signal transduction
SND1_MOUSE Snd1 Staphylococcal nuclease domain-containing protein 1 36 1.927  2.79E-03
RHOA_MOUSE Rhoa Transforming protein RhoA 6 1.867 1.88E-02
SYJ2B_MOUSE Synj2bp Isoform 2 of Synaptojanin-2-binding protein 5 1.527 3.79E-02
MK10_MOUSE Mapk10 Isoform Alpha-1 of Mitogen-activated protein kinase 10 9 -1.591  1.58E-03
MKO08_MOUSE Mapk8 Mitogen-activated protein kinase 8 14 -1.416  1.05E-02
Cytoskeleton organisation
SEPT4A_MOUSE Sept4 Isoform 2 of Septin-4 20 1.475  9.71E-03
RAB35_MOUSE Rab35 Ras-related protein Rab-35 13 1.356 1.92E-02
NFH_MOUSE Nefh Neurofilament heavy polypeptide 12 1.632 5.09E-03
RASK_MOUSE Kras Isoform 2B of GTPase KRas 6 1.199 2.17E-02
Calcium transport and homeostasis
ESYT1_MOUSE Esytl Extended synaptotagmin-1 6 2.177 3.64E-03
NUCB1_MOUSE  Nucb1l Nucleobindin-1 18 1.383  1.15E-02
RYR1_MOUSE Ryrl Ryanodine receptor 1 3 -1.313  3.75E-02
Neurotransmission
NMDZ1_MOUSE  Grinl Glutamate receptor ionotropic, NMDA 1 4 -2.075  4.68E-02
ATAD1_MOUSE  Atadl ATPase family AAA domain-containing protein 1 17 -1.355  3.29E-02
COMT_MOUSE Comt Isoform Soluble of Catechol O-methyltransferase 11 1.333 2.91E-02
ER-mitochondrium morphology
MIC13_ MOUSE  Micl3 MICOS complex subunit MIC13 g 2660 s5.256-03
REEP2_MOUSE Reep2 Receptor expression-enhancing protein 2 g 1.288 2.52E-02
ER-mitochondrium communication
PACS2_MOUSE Pacs2 Phosphofurin acidic cluster sorting protein 2 6 -2.081  1.96E-02
Mitophagy
FUND1_MOUSE Fundcl FUN14 domain-containing protein 1 2 1.812 1.58E-02
Others
CC136_MOUSE Ccdcl36 Isoform 2 of Coiled-coil domain-containing protein 136 8 1.447  2.38E-02
PPTC7_MOUSE Pptc7 Protein phosphatase PTC7 homolog 6 -1.571  6.28E-03

@ Springer



7850

Mol Neurobiol (2018) 55:7839-7857

\|
<

\~
a

AW - |

Q‘i
X[

= -_—

w

Protein
(Protein kinase)

° Protein e

Relations are colored

by Effect ——@— negative

Fig. 4 Direct interaction network of significantly altered MAM proteins
according to their localization. Red/blue highlights indicate the signifi-
cantly increased/decreased MAM proteins in APP/PS1 mice. Green/red/
gray arrows indicate the positive/negative/other regulation between the
proteins. Abbreviations: App—amyloid precursor protein; Psenl—
Presenilin-1; Rpl3, 5, 10, 14, 17, 21, 27, 34, 35 - 60S ribosomal protein
L3, 5,10, 14, 17, 21,27, 34, 35; RpsA, 2, 3, 10, 13, 15A 20, 21, 23,24 -
40S ribosomal protein SA, 2, 3, 10, 13, 15A, 20, 21, 23, 24; Tmed2, 9 -
Transmembrane emp24 domain-containing protein 2, 9; Nucbl—
Nucleobindin-1; Cyp46al—Cholesterol 24-hydroxylase; Syncrip—
Heterogeneous nuclear ribonucleoprotein Q; Hnrnpd—Heterogeneous
nuclear ribonucleoprotein DO; Csdel—Cold shock domain-containing
protein E1; Ubglnl—Isoform 2 of Ubiquilin-1; Vps25—Vacuolar
protein-sorting-associated protein 25; Synj2bp—Isoform 2 of
Synaptojanin-2-binding protein; Fbxo6—F-box only protein 6; Grinl—

important protective role against A3 induced MAM
dysregulation.

According to the interaction network analysis of /ipid
metabolism related protein changes, there is a strong
interaction between Abcgl, ApoE and APP that may
have an important role in Af affected MAM lipid me-
tabolism (Fig. 8).
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Glutamate receptor ionotropic, NMDA 1; Abcgl—ATP-binding cassette
sub-family G member 1; Mitchl—Mitochondrial carrier homolog 1,
Pacs2—Phosphofurin acidic cluster sorting protein 2; Mapk8, 10—
Mitogen-activated protein kinase 8, 10; Chchd2—Coiled-coil-helix-
coiled-coil-helix domain-containing protein 2; Snd1—Staphylococcal
nuclease domain-containing protein 1; Fkbp8—Isoform 2 of Peptidyl-
prolyl cis-trans isomerase FKBPS; Rackl—Receptor of activated protein
C kinase 1; Kras - GTPase Kras; Anp32a—Acidic leucine-rich nuclear
phosphoprotein 32 family member; Septd—Isoform 2 of Septin-4;
Esytl—Extended synaptotagmin-1; Rhoa—Transforming protein
RhoA; Rab35, la—Ras-related protein Rab-35, 1A; Nefh—
Neurofilament heavy polypeptide; Fdps—Farnesyl pyrophosphate syn-
thase; Comt—Isoform Soluble of Catechol O-methyltransferase; Mel—
NADP-dependent malic enzyme; Hmgb1—High mobility group protein
B1; Cyp46al—Cholesterol 24-hydroxylase

Discussion
The MAM Preparation
We report here an extensive proteome alteration pattern in MAM

during in an experimental animal model of AD pathogenesis.
The largest part of MAM protein fraction have mitochondrial,
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Fig.5 Validation of the decreased A2
expression of Abcgl in MAM.
Immunopositive bands are shown
for Abcgl and Vdacl loading
control. Densitometric analysis
was performed for Abcgl (n=4).
The expression of Abcgl was
significantly decreased in APP/
PS1 mice compared to B6
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L — s e
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Vdac | R D e o o T

0.8 1

ol

0.4 1

Abcg1 densitometric value (AU)

021
controls (independent two sample
t test, *p < 0.05). Error bars 0.0
indicate SD APP/PS1
ER and ribosomal origin based on Gene Ontology database. For the validation of the quality of MAM preparation pro-
Besides the exact mitochondria-ER connecting membrane re-  cess from mouse brain cerebral cortex, we used two indepen-
gion, mitochondrial matrix, ER membrane and ribosomal frag-  dent methods. Firstly, MAM samples were investigated by
ments can be present in low extent in enriched MAM samples. electron microscopy and no intact cell organelles
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Fig. 7 Interaction network of the oxidative stress related MAM protein
changes. The color gradient of red and blue were used to visualize the
increased or decreased abundances of APP/PS1 mouse proteins compared
to the control group, respectively. Abbreviations: App—Amyloid-beta
A4 protein; Ryrl—Ryanodine receptor 1; Mapk8 and 10—Mitogen-ac-
tivated protein kinase 8 and 10; Snd 1—Staphylococcal nuclease domain-
containing protein 1; Rackl—Receptor of activated protein C kinase 1;

(mitochondria, synaptosome, Golgi, etc) were found.
Secondly, we analyzed the proteome of the MAM samples
by mass spectrometry and identified a majority of known
MAM marker proteins described in the literature and several
AD associated proteins. We found plenty of ER and mito-
chondrial proteins although there was no intact mitochondrion
observed in the electron microscopy images of the samples.
This may suggest that we measured ER-associated mitochon-
drial proteins or mitochondrial proteins pooled in ER. It is
interesting to note, that both mitochondrial and cytosolic ribo-
some proteins were found in our MAM samples. Although
special ER-bound ribosomes exist [40], no intact ribosomes
were observed from electron microscopic images taken from
our samples. The detected ribosomal proteins are likely
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Hsf1

Ndusf3—NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mi-
tochondrial; Anp32a—Acidic leucine-rich nuclear phosphoprotein 32
family member A; Chchd2—Coiled-coil-helix-coiled-coil-helix
domain-containing protein 2; Nucbl—Nucleobindin-1; Hspalb—Heat
shock 70 kDa protein 1B; Hmbgl—High mobility group protein B1;
Rhoa—Transforming protein RhoA

MAM-associated and not from intact ribosome
contamination.

We emphasize that MAM showed an extraordinary change
in a number of proteins in the early stage of amyloid accumu-
lation. It supports the idea that MAM compartment could be
of outmost importance for research of the pre-symptomatic
early stage of AD.

Protein Synthesis and Folding as an Initial Process
of AD

Most of the significantly altered protein levels in our study
were involved in protein synthesis, folding and degradation.
Among them, all of the cytoplasmic protein synthesis related,
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Fig. 8 Interaction network of the lipid metabolism related MAM protein
changes. The color gradient of red and blue were used to visualize the
increased or decreased abundances of APP/PS1 mouse proteins compared
to the control group, respectively. Abbreviations: App—Amyloid-beta
A4 protein; Abcgl—ATP-binding cassette sub-family G member 1;

mainly ribosomal proteins showed increased abundance,
while most of the mitochondrial protein synthesis associated
proteins were downregulated (Table 3). Consistent with that, a
number of mitochondrial protein transport-related protein
changes were described. Both outer (Tom22 (mitochondrial
import receptor subunit)) and inner mitochondrial membrane
localized channel proteins (Tim17 and 16) showed decreased
expression in the MAM region of APP/PS1 mice, which could
perform a marked effect on transport of amyloid and other
cytoplasmic proteins. The decreased levels of channel proteins
can induce serious mitochondrial protein deficiency in citric
acide cycle and oxidative phosphorylation processes, which
leads to early metabolic dysfunctions in AD [29, 41].

B-Amyloid Induced ER-Associated Protein
Degradation (ERAD)

Several ER-associated protein degradation (ERAD) related
proteins showed increased abundance in APP/PS1 mice prob-
ably suggesting the increased amount of misfolded proteins.
During ERAD, misfolded proteins of ER are targeted for
ubiquitination and degradation by the proteasome. The ER-
stress and misfolded protein aggregation induced ubiquitin
proteasome system (UPS) activation is detectable already in
the early phase of Alzheimer’s disease [42].

A main ERAD regulator protein, Selll (Protein Sel-1 ho-
molog 1) showed significantly increased levels in APP/PS1
mice. The soluble form of Selll— Hrp1 (Ubiquitin C-terminal

Cyb5r3

Rabl2

Gr|d2 Tmch
Apoa‘l

Apoe / Kenma1

Ywhaz

Syncrip—Heterogeneous nuclear ribonucleoprotein Q; Coasy—
Bifunctional coenzyme A synthase; Bckdha—2-oxoisovalerate dehydro-
genase subunit alpha, mitochondrial; Amacr—Alpha-methylacyl-CoA
racemase; Minpp
Fech—Ferrochelatase, mitochondrial

hidroxilase 6) complex supports the UPS degradation of APP.
On the other hand, the increase of detergent resistant form of
Selll and Hrpl proteins correlates with A3 accumulation,
because the insoluble forms do not trigger APP degradation
[43]. Based on these data, the increased Selll protein level in
MAM region might have an important role in APP accumu-
lation and A3 production.

An important UPS and ERAD regulator protein, UbqIn1
(Isoform 2 of Ubiquilin-1) showed decreased protein level in
APP/PS1 mice. There is a strong association between Ubqlinl
genetic variants and familiar form of Alzheimer’s disease de-
velopment [44, 45]. UbgIn1 shows also decreased protein lev-
el in AD, furthermore it has a role in APP biosynthesis, traf-
ficking and A3 secretion [8, 46]. Specifically, Ubgln1 is able
to connect to Htra2 APP cleaving protein, that showed de-
creased level in mitochondria of 3 months old APP/PS1 mice
in our previous study [29]. Moreover, the increased APP in-
tracellular domain level in Ubglnl overexpressing cell line
suggests its role in non-amyloidogenic cleavage of APP
[47]. According to these data, the decreased levels of
UbgInl in the MAM fraction could have a significant role in
Af3 accumulation.

Mitochondrial Apoptosis and Oxidative Stress
Response

The protein network analysis of oxidative stress related pro-
teins described several important hub proteins (Fig. 7).
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Fig. 9 The homeostatic-MAM hypothesis. The red and blue frames vi-
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changes in the cell processes. Abbreviations: App—Isoform APP695
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Among them, the Hspalb chaperone protein (Heat shock
70 kDa protein 1B) showed increased expression in APP/
PS1 mice. During protein synthesis Hsp40 binds to the newly
synthesized proteins and carries it to Hsp70, which is a central
player in protein folding and also effective against toxic
misfolded protein aggregation in different disease models
[48]. Hsp70 creates the conformation of the proteins by
ATP binding and hydrolysis followed by the binding of
a nucleotide-exchange factor catalyzing the ADP-ATP
exchange, while further chaperonines connect to the
synthetized protein [49]. In agreement with our findings,
a previously published human study also described the
increased Hsp70 protein level as a consequence of AD
pathogenesis [50].

Hsp70 has also an important regulatory role in the ap-
optotic cascades, like INK (Mitogen-activated protein ki-
nase 8 (Mapk8)) related oxidative stress response [51].
Mapk8 has a role in Ca®* transport from ER to mitochon-
dria through IP3R, Ryrl (Ryanodine receptor 1) and
Vdacl [52]. Although the misfolded protein aggregation
related ER stress activates the Mapk8 pathway [53], the
decreased abundance of Mapk8 and Ryrl in APP/PS1
mice are suggesting their anti-apoptotic effect in APP/
PS1 mice brain by the present study.
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Mipl 40 and 49—39S ribosomal protein L40 and L49, mitochondrial;
Ndufb2—NADH dehydrogenase [ubiquinone] 1 beta subcomplex sub-
unit 2, mitochondrial; Ndufs3 and 8—NADH dehydrogenase [ubiqui-
none] iron-sulfur protein 3 and 8, mitochondrial; Hmbg1—High mobility
group protein B1; Sdf2—Stromal cell-derived factor 2; Emc10—Isoform
2 of ER membrane protein complex subunit 10; Rpl5—60S ribosomal
protein L5; Rps21—40S ribosomal protein S21; Tmed2—
Transmembrane emp24 domain-containing protein 2; Hnrnpd—Isoform
2 of Heterogeneous nuclear ribonucleoprotein DO

Moreover, we identified the decreased expression of the
main MAM regulator protein Pacs2, which is a multifunctional
vesicular sorting protein that controls ER—mitochondria tether-
ing, membrane trafficking and Bid-mediated apoptosis [54].
The decreased abundance of Pacs2 in APP/PS1 mice proposes
the inhibitory effect of amyloid on ER-mitochondria commu-
nication and mitochondrial apoptotic processes.

Several NADH dehydrogenase (ubiquinone) subunits
showed a decrease in APP/PS1 mice. NADH dehydrogenase
(also called electron transport chain complex I) catalyzes the
transfer of electrons from NADH to ubiquinone, and further-
more it is the major source of mitochondrial superoxide anion
production [55]. Consistent with Complex I decrease,
Timmdcl (Complex I assembly factor TIMMDCI1) also
showed decreased protein level in MAM. Based on these re-
sults, A3 could have an early effect on MAM-associated elec-
tron leakage and reactive oxygen species (ROS) production.

Consistent with previous data, Fundel (FUN14 domain -
containing protein 1) protein showed increased level in APP/
PS1 mice. This protein exerts a main role in hypoxia-induced
mitophagy, which represent an important mechanism in mito-
chondrial quality control [56]. The increased Fundcl could
have a protective role against increased oxidative stress and
apoptotic processes [57].
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Dysregulation of Cholesterol and Lipid Metabolism
in MAM: the Outstanding Role of Abcg1 Protein
in Alzheimer’s Disease

Among Alzheimer’s disease associated proteins, several pro-
teins belong to the cholesterol and lipid metabolism functional
group, as Abegl, which showed the highest decrease in our
study (—6.365 fold change) (Fig. 8). Abcgl is a cholesterol
transporter, that has a main role in apolipoprotein mediated
cholesterol transport, intraneuronal cholesterol distribution
and neuronal cholesterol export. Therefore the decreased
Abcgl expression suggests cholesterol metabolism dysregu-
lation and intracellular cholesterol accumulation in the APP/
PS1 brain.

MAM has a pivotal role in lipid synthesis and contains
large amounts of lipoproteins [12] and therefore MAM is a
main pool of apolipoproteins (like ApoE). ApoE ¢4 isoform is
one of the main risk factors of AD [58] which has a smaller
A binding affinity [59]. Since the MAM region is one of the
main A producing compartment within the cells [60], it
could have a significant role in ApoE - A3 complex formation
and soluble A3 oligomers accumulation. A previous study
described that Abcal and Abcgl play a significant role in
the regulation of neuronal cholesterol efflux and in the sup-
pression of APP processing to generate A3 peptides [61].
Moreover, Abcgl and Abcg4 protein supressing y-secretase
activity and A3 production [62].

The intracellular cholesterol accumulation reaches the ER
where it can be metabolized by Acatl to a cholesteryl ester.
Through another possible elimination pathway, accumulated
cholesterol is metabolized to 24-hydroxycholesterol (24-HC)
by Cyp46al (Cholesterol 24-hydroxylase) enzyme, that
showed increased expression in APP/PS1 mice brain. The
24-HC can diffuse through the membranes and blood brain
barrier and is therefore a potential serum marker candidate in
AD [63].

Conclusion

According to our results, A3 overexpression is associated
with extensive MAM proteome changes in the cerebral cortex
of APP/PS1 mice. Most of the MAM-localized proteins in-
volved in protein synthesis, oxidative stress response and
ERAD showed increased levels. However, the mitochondrial
protein transport and energy metabolism related proteins were
downregulated, suggesting the general inhibition of main mi-
tochondrial metabolic processes. Applying bioinformatical
analysis strategies, a strong relationship was identified be-
tween the detected MAM protein changes and the main path-
ological hallmarks of Alzheimer’s disease. The identified pro-
tein synthesis, oxidative stress and lipid metabolism related
hub proteins is pointing their importance in A3 affected

MAM homeostasis, which could be a key mechanism in AD
initiation. The MAM protein alterations reported in the current
study appeared before development of any behavioral symp-
toms in APP/PS1 model, suggesting their early significant role
in the development of AD.

We created a data-based model of MAM-related protein
changes shown in Fig. 9. Our homeostatic-MAM hypothesis
reports that the early stage of APP accumulation in the MAM
the decreased mitochondrial protein transport and metabolism
is leading to increased mitochondrial amyloid levels, but the
dementia progression is compensated through increased oxi-
dative stress response, ERAD, protein synthesis and other cell
protecting mechanisms (green at Fig. 9). In late phase, the
APP and the amyloid accumulation is so advanced, that the
cell reparing mechanisms cannot reverse the dementia pro-
gression (yellow at Fig. 9).

We propose studies on the ER-mitochondrion complex in
the early stage of AD to disclose the molecular mechanisms
and new molecular targets in that sensitive stage of the disease
development.
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