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Phosphorylated tau interactome in the human
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Accumulation of phosphorylated tau is a key pathological feature of Alzheimer’s disease. Phosphorylated tau accumulation
causes synaptic impairment, neuronal dysfunction and formation of neurofibrillary tangles. The pathological actions of phos-
phorylated tau are mediated by surrounding neuronal proteins; however, a comprehensive understanding of the proteins that
phosphorylated tau interacts with in Alzheimer’s disease is surprisingly limited. Therefore, the aim of this study was to determine
the phosphorylated tau interactome. To this end, we used two complementary proteomics approaches: (i) quantitative proteo-
mics was performed on neurofibrillary tangles microdissected from patients with advanced Alzheimer’s disease; and (ii) affinity
purification-mass spectrometry was used to identify which of these proteins specifically bound to phosphorylated tau. We identi-
fied 542 proteins in neurofibrillary tangles. This included the abundant detection of many proteins known to be present in neuro-
fibrillary tangles such as tau, ubiquitin, neurofilament proteins and apolipoprotein E. Affinity purification-mass spectrometry
confirmed that 75 proteins present in neurofibrillary tangles interacted with PHF1-immunoreactive phosphorylated tau. Twenty-
nine of these proteins have been previously associated with phosphorylated tau, therefore validating our proteomic approach.
More importantly, 34 proteins had previously been associated with total tau, but not yet linked directly to phosphorylated tau
(e.g. synaptic protein VAMP2, vacuolar-ATPase subunit ATP6VOD1); therefore, we provide new evidence that they directly
interact with phosphorylated tau in Alzheimer’s disease. In addition, we also identified 12 novel proteins, not previously known
to be physiologically or pathologically associated with tau (e.g. RNA binding protein HNRNPA1). Network analysis showed
that the phosphorylated tau interactome was enriched in proteins involved in the protein ubiquitination pathway and phagosome
maturation. Importantly, we were able to pinpoint specific proteins that phosphorylated tau interacts with in these pathways for
the first time, therefore providing novel potential pathogenic mechanisms that can be explored in future studies. Combined, our
results reveal new potential drug targets for the treatment of tauopathies and provide insight into how phosphorylated tau medi-
ates its toxicity in Alzheimer’s disease.
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Introduction

Neurofibrillary tangles (NFTs) are one of the key patho-
logical hallmarks of Alzheimer’s disease. NFTs primarily
consist of phosphorylated tau (pTau). In the healthy brain
tau binds to microtubules, providing stability and facilitating
axonal transport (Mandelkow and Mandelkow, 2012;
Sotiropoulos et al., 2017). However, in Alzheimer’s disease
tau becomes hyperphosphorylated, causing it to disassociate
from microtubules and aggregate into the paired helical fila-
ments that are present in NFTs and dystrophic neurites
(Spillantini and Goedert, 2013). This accumulation of pTau
is associated with synaptic impairment, neurodegeneration
and the development of dementia. How pTau specifically
mediates these toxic effects is still unknown.

Determining the proteins that pathological pTau interacts
with in Alzheimer’s disease would increase our understanding
of how pTau is involved in the pathogenesis of Alzheimer’s
disease and could lead to the discovery of new drug targets.
Currently, our knowledge of the proteins that pTau interacts
with in the human Alzheimer’s disease brain is surprisingly
limited. To date, three previous studies have used affinity
purification-mass spectrometry (AP-MS) to identify the bind-
ing partners of total tau in human Alzheimer’s disease brain
tissue (Meier et al., 2015; Ayyadevara et al., 2016; Hsiech
et al., 2019). However, it is currently still unknown which of
these proteins specifically interact with the more pathological-
ly relevant pTau species. Previous targeted studies have
shown that the interaction between tau and surrounding
neuronal proteins is crucial for regulating its role in disease.
For example, the physiological interaction between tau and
microtubules is thought to prevent abnormal aggregation of
tau in the healthy brain (Kellogg et al., 2018). Interaction be-
tween tau and select kinases (CDKS5, CAMK2A, GSK3p)
results in phosphorylation, dissociation from microtubules
and aggregation of tau (Baumann et al., 1993; Litersky et al.,
1996; Lovestone et al., 1996). Protein interactions also regu-
late pTau degradation via the ubiquitin-proteasome system or
autophagy (Lee et al., 2013). Specifically in Alzheimer’s dis-
ease, protein interactions mediate amyloid-B-associated
neurotoxicity and synaptic pathology; for example, interac-
tions between tau, Fyn and amyloid-p mediates excitotoxicity
(Ittner et al., 2010) and the interaction between pTau and

synaptogyrin-3 is hypothesized to regulate synaptic impair-
ment (Mclnnes et al., 2018). Given the pathological import-
ance of interactions between pTau and surrounding neuronal
proteins, the goal of our current study was to comprehensive-
ly identify proteins that interact with pTau in Alzheimer’s dis-
ease brain tissue using unbiased proteomics approaches. In
this study we used two complementary proteomic approaches
(localized proteomics and AP-MS) to identify proteins present
in neurons with NFTs and to identify the proteins that direct-
ly interact with pTau in the human Alzheimer’s disease brain.

Materials and methods

Ethics statement

All procedures were performed under protocols approved by
Institutional Review Boards at Case Western Reserve University
and University Hospitals Case Medical Center in Cleveland,
OH and New York University Alzheimer Disease Center, NY.
In all cases, written informed consent for research was obtained
from the patient or legal guardian, and the material used had
appropriate ethical approval for use in this project. All patients’
data and samples were coded and handled according to NIH
guidelines to protect patients’ identities.

Patients and clinical evaluations

Seven cases of sporadic Alzheimer’s disease were included in the
localized proteomics study of NFTs and five cases of sporadic
Alzheimer’s disease were included in the pTau interactome study.
Cases were randomly selected from donated brain tissue collected
at the Department of Pathology at Case Western Reserve
University and at the New York University Alzheimer’s Disease
Clinical Center (NYU ADC). Individual patient information [sex,
age, ABC neuropathological score (Montine et al., 2012), and
post-mortem interval time] is included in Table 1 (except for a
few cases where post-mortem interval was not recorded).

Laser capture microdissection of
neurofibrillary tangles

NFTs were microdissected from formalin-fixed paraffin
embedded (FFPE) blocks of human brain tissue containing the
hippocampus and entorhinal cortex that were collected and
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Table | Patient characteristics

Proteomics study Patient Sex Age ABC Score PMI,

type ID h

Localized proteomics sADI Female 91 A3, B3,C3 14
of NFTs sAD2  Female 67 A3,B3,C3 67

sAD3 Female 84
sAD4 Female 85

A3,B3,C2 n/a
A2,B2,ClI n/a

sAD5 Male 8l A3, B3, C3 18
sAD6 Male 89 A3, B3,C3 n/a
sAD7 Male 8l A3, B3,C3 20
pTau interactome sAD8 Male 76 A3,B3,C3 12
sAD9 Female 90 A3,B3,C3 15
sADIO  Male 69 A3,B3,C3 6
sADII  Male 62 A3, B3, C3 14
sADI2  Female 6l A3, B3, C3 8

n/a = not available; PMI = post-mortem interval.

processed as part of routine autopsy procedures. Laser capture
microdissection (LCM) of NFTs was performed using our pub-
lished protocol (Drummond et al., 2018b). FFPE sections (8-pum
thick) were collected onto LCM-compatible PET Frame Slides
(Leica). NFTs were visualized using chromogenic immunohisto-
chemistry using our previously described protocol (Drummond
et al., 2018Db). Briefly, sections were dewaxed and rehydrated by
a series of xylene and ethanol washes, sections were treated
with H,O, [0.3% in phosphate-buffered saline (PBS) for 20 min
at room temperature] and blocking solution [10% normal goat
serum (NGS) in PBS for 1 h at room temperature] and incu-
bated with an anti-phosphorylated tau antibody (AT8; Thermo;
cat. #MN1020; 1:500 diluted in 4% NGS; overnight at 4°C).
Sections were then incubated with anti-mouse biotinylated IgG
secondary antibody (1:1000; 2 h at room temperature), fol-
lowed by ABC solution (1 h at room temperature), and finally
with 3,3/-diaminobenzidene (DAB). Sections were then thor-
oughly rinsed with PBS and ddH,0 and allowed to completely
dry prior to LCM. NFTs (1.5 mm? total area) were manually
microdissected from each sample using a LMD6500 microscope
(Leica). NFTs were selected for microdissection based the pres-
ence of AT8 staining that was present in a morphological pat-
tern typical of NFTs. As such, proteomic results reflect proteins
present in both living neurons and ghost tangles. The 1.5 mm?
total area consisted of ~4000 NFTs per sample. As collection of
this many NFTs was not feasible to do in one sitting, three sam-
ples of 0.5 mm? total area were collected separately and com-
bined prior to peptide extraction. NFTs were collected into caps
containing ddH,0. After collection, samples were centrifuged at
14 000g for 2 min and stored at —80°C until peptide extraction.

Localized proteomics of
neurofibrillary tangles

Sample preparation

Samples were processed for label-free quantitative LC-MS/MS
using our published formic acid extraction protocol
(Drummond et al., 2015, 2018b). Briefly, NFTs were resus-
pended in 100 mM ammonium bicarbonate/20% acetonitrile
solution and deparaffinized by heating at 95°C for 1 h followed
by 65°C for 2 h. Samples were dried in a SpeedVac concentrator
and subsequently incubated in 70% LC-MS grade formic acid
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overnight at room temperature. Samples were sonicated three
times for 3 min and vortexed in between sonication. Samples
were dried in the SpeedVac again and next resuspended in 100
mM ammonium bicarbonate. The proteins were reduced with
dithiothreitol (DTT; 20 mM) at 57°C for 1 h and alkylated with
iodoacetamide (50 mM) at room temperature for 45 min.
Protein samples were digested with 250 ng of sequencing grade-
modified trypsin (Promega) overnight at room temperature with
gentle agitation. Samples were acidified with 0.5% formic acid
and 0.2% trifluoroacetic acid (TFA) and peptides were desalted
using POROS beads. Briefly, a slurry of R2 20 um POROS
beads (Life Technologies Corporation) was added to each sam-
ple. Samples were incubated with agitation at 4°C for 3 h. The
beads were loaded onto equilibrated C18 ziptips (Millipore)
using a microcentrifuge for 30 s at 6000 rpm. POROS beads
were rinsed three times with 0.1% TFA followed by microcentri-
fugation. Extracted porous beads were further washed with
0.5% acetic acid. Peptides were eluted off the beads by addition
of 40% acetonitrile in 0.5% acetic acid followed by the addition
of 80% acetonitrile in 0.5% acetic acid. The organic solvent was
removed using a SpeedVac concentrator and the samples were
reconstituted in 0.5% acetic acid and stored at —80°C until fur-
ther analysis.

LC-MS/MS analysis

An aliquot of each sample was loaded onto a trap column
(Acclaoim® PepMap 100 pre-column, 75 pm x 2 cm, C18, 3 pm,
100 A, Thermo Scientific) connected to an analytical column
(EASY-Spray column, 50 m x 75 um ID, PepMap RSLC C18, 2
um, 100 A, Thermo Scientific) using the autosampler of an EASY-
nLC 1000 HPLC (ThermoFisher). The peptides were gradient
eluted [solvent A (2% acetonitrile, 0.5% acetic acid); solvent B
(95% acetonitrile, 0.5% acetic acid)] directly into a Q Exactive
(Thermo Scientific) mass spectrometer using the following gradi-
ent: in 120 min from 2 to 30% solvent B, in 10 min to 40% solv-
ent B and to 100% solvent B in another 10 min. The Q Exactive
mass spectrometer acquired high-resolution full MS spectra with a
resolution of 70 000, automatic gain control (AGC) target of 10°,
with a maximum ion time of 120 ms, and scan range of 400-
1500 m/z. Following each full MS, 20 data-dependent high-reso-
lution higher-energy collisional dissociation (HCD) MS/MS spectra
were acquired using a resolution of 17 500, AGC target of
5 x 10*, maximum ion time of 120 ms, one microscan, 2 m/z iso-
lation window, fixed first mass of 150 m/z, normalized collision
energy (NCE) of 27 and dynamic exclusion of 30 s.

LC-MS/MS data analysis

Protein quantitation was performed using the MaxQuant soft-
ware suite (Cox et al., 2014). The MS/MS spectra were searched
against the UniProt human reference proteome database using
Andromeda (Cox et al., 2011) using the following settings: oxi-
dized methionine (M) and deamidation (asparagine and glutam-
ine) were selected as variable modifications, and
carbamidomethyl (C) as fixed modifications; precursor mass tol-
erance was set to 10 ppm; fragment mass tolerance was set to
0.01 Th. Formalin fixation induced modifications were not
included as their level was determined to be low in a mass error
tolerant search using Byonic (Bern et al., 2012). The identifica-
tions were filtered with a false discovery rate (FDR) of > 0.01
using a target-decoy approach at the protein and peptide level.
Only protein groups with >2 unique peptide identifications/
protein were further analysed. Label-free quantification (LFQ)
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intensity values were log2 transformed and protein group quan-
tification was performed only for protein groups that were iden-
tified in at least three of seven cases. Missing values were
imputed based on normal distribution. Keratins were removed
from the analysis.

Human brain sample
homogenization for phosphorylated
tau AP-MS

Five cases of sporadic Alzheimer’s disease were used for AP-MS
studies (Table 1). Grey matter from the frontal cortex was dis-
sected from archived fresh frozen human tissue samples that
were stored at —80°C. Cortical tissue (0.25 g per sample) was
homogenized using a gentle method optimized to maintain pro-
tein-protein interactions. Frozen tissue was initially pulverized
using a hammer and then Dounce homogenized on ice (25
strokes) in a low salt homogenization buffer [50 mM HEPES
pH 7.0, 250 mM sucrose, 1 mM EDTA, Protease inhibitor
cocktail (cOmplete™ ULTRA Tablets, Mini, EDTA-free;
Millipore Sigmaj cat. #5892791001) and phosphatase inhibitor
cocktail (PhosphoSTOP™ EASYpack; Millipore Sigma; cat.
#4906845001)]. Total protein concentration of homogenates
was determined using a BCA assay.

Co-immunoprecipitation for AP-MS

Mass spectrometry was used to analyse co-immunoprecipitation
(co-IP) products generated using 1.5 mg total brain homogenate
and 10 pg of antibody per sample. Two co-IPs were performed
for each case; one using the antibody PHF1 (provided by Dr
Peter Davies) to affinity enrich phosphorylated tau and its bind-
ing partners, and one using a mouse IgG isotype control anti-
body (BioLegend, cat. #400202) to control for non-specific
binding. As a result, 10 separate co-IP samples were individually
analysed using LC-MS/MS. Brain homogenate and antibody
were incubated overnight at 4°C with over-end rotation to allow
antibody binding. Samples were then incubated with Dynabeads
(7.5 mg/sample) overnight at 4°C with over-end rotation.
Antibody/Dynabead complexes were recovered using a magnet,
resuspended in 100 ul elution buffer for 5 min to remove the co-
IP product from the Dynabeads, and stored at —20°C until use.

Western blot

Western blot was used to confirm that the co-IP for phosphory-
lated tau was successful. Five per cent of the IP product was
mixed in Bolt™ LDS Sample Buffer (Life Technologies) without
DTT or boiling in order to preserve the aggregated structure of
paired helical filaments. Proteins were resolved on 4-12% Bis-
Tris gels (Life Technologies) and then transferred to 0.2 um
nitrocellulose membranes (Bio-Rad). Blots were blocked with
5% milk in Tris-buffered saline with Tween for 1 h and probed
with anti-pTau (1:3000; BioLegend; cat. #S1G-39472) at room
temperature for 1 h. Finally, blots were incubated with anti-rab-
bit horseradish peroxidase-labelled antibody (1:3000; GE
Healthcare). Western blot results were visualized using enhanced
chemiluminescence (Pierce ECL; Thermo Scientific; #32106).
Signals were captured using ChemiDoc imaging system (Bio-
Rad).
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AP-MS proteomics

Sample preparation

Eluted co-IP products were reduced with DTT (20 mM) at
57°C for 1 h and alkylated with iodoacetamide (50 mM) at
room temperature for 45 min, and run on a NuPAGE™ 4-
12% Bis-Tris 1.0 mm Gel (Life Technologies). The gel was
stained with GelCode Blue Stain Reagent (Thermo Scientific)
and the IgG bands excised and analysed separately on the mass
spectrometer from the rest of the gel. The excised bands were
destained in a 1:1 (v/v) methanol/100 mM ammonium bicar-
bonate solution and dehydrated using acetonitrile followed by a
SpeedVac concentrator. The dehydrated gel pieces were rehy-
drated with 200 ng of trypsin (Promega) in 100 mM ammo-
nium bicarbonate enough to cover the gel pieces and allowed to
digest overnight at room temperature with gentle agitation. A
slurry of R2 50 pM POROS™ Beads (Thermo Scientific) in
5% formic acid, 0.2% TFA was added to the samples at a vol-
ume double of the 100 mM ammonium bicarbonate used to re-
hydrate the gel pieces. The samples were left to shake for 3 h at
4°C. The beads were loaded onto equilibrated C18 ZipTips®
(Millipore) and desalted as described above for the localized
proteomics. The desalted peptide mixture was stored at —=80°C
until further analysis.

LC-MS/MS analysis

An aliquot of each peptide mixture was loaded onto a trap col-
umn (Acclaipl® PepMap 100 pre-column, 75 um x 2 c¢cm, C18,
3 um, 100 A, Thermo Scientific) connected to an analytical col-
umn (EASY-Spray column, 50 m x 75 pm ID, PepMap RSLC
C18, 2 um, 100 A, Thermo Scientific) using the autosampler of
an EASY-nLC 1200 HPLC (ThermoFisher). The peptides were
gradient eluted [solvent A (2% acetonitrile, 0.5% acetic acid);
solvent B (80% acetonitrile, 0.5% acetic acid)] directly into a
Orbitrap Fusion™ Lumos (Thermo Scientific) mass spectrom-
eter using the following gradient: 5 min at 5% solvent B, in 80
min to 25% solvent B, in 15 min to 45% solvent B and to
100% solvent B in another 10 min. High resolution full mass
spectra (MS) were obtained with a resolution of 240000, AGC
target of 10°, a maximum injection time of 50 ms, and a scan
range of 400-500 m/z. Following each full MS, HCD MS/MS
spectra were acquired in the ion trap (rapid scan mode) with a
top N methods (3 s) using an AGC target of 2 x 10%, a max-
imum injection time of 18 ms, one microscan, 0.7 m/z isolation
window, a fixed first mass of 110 m/z, and an NCE of 30.

LC-MS/MS data analysis

The MS/MS spectra were searched against the UniProt human
reference proteome database using SEQUEST within Proteome
Discoverer. The search parameters were as follows: precursor
mass tolerance = 10 ppm, fragment mass tolerance + 0.4 Da,
trypsin cleavage with two missed cleavages allowed, variable
modification of oxidation of methionine, phosphorylation on
serine, threonine and tyrosine, and deamidation of glutamine
and asparagine and fixed modification of carbamidomethylation
of cysteine. Peptides and proteins were filtered to better than
1% FDR using a target-decoy database strategy and proteins
required at least two unique peptides to be reported. To obtain
a probabilistic score (SAINT score) that a protein is a bona fide
pTau interactor, the data were analysed using the
SAINTexpress algorithm (Choi et al., 2011) at https://reprint-
apms.org. The results of fold change and SAINT analysis were
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plotted in a one-sided volcano plot. Proteins that had a SAINT
score >0.65 were considered to be potential pTau interactors
and further analysed.

Localized proteomics and AP-MS
bioinformatic analysis

Protein enrichment analyses were performed using Ingenuity
Pathway Analysis (IPA; Qiagen) and STRING (Version 11.0)
(Szklarczyk et al., 2019). IPA was used to identify upstream
regulator proteins, which were determined based on prior
knowledge of expected effects between regulator and target pro-
teins/genes stored in the Ingenuity Knowledge Database. This
analysis determined whether proteins in NFTs were enriched for
a particular upstream regulator (statistically determined using
Fisher’s exact test and threshold for significance set to P < 0.01)
(Kramer et al., 2014). Cell type enrichment analysis was con-
ducted by leveraging a previously curated (as used in
Drummond et al., 2017) list of brain cell-type-specific genes for
the following brain cell types: astrocytes, endothelial, microglia,
neurons and oligodendrocytes based on data published in
Zhang et al. (2016). The enrichment analysis consisted of a
Fisher’s exact test using a entire proteogenome (downloaded
from UniProt on 20 May 2019) as background, where the sub-
set observed to be enriched in pTau is compared to the subset
known to be specific to every given cell-type.

Systematic literature searches were used to determine whether
a protein had novel association with tau. The following
PubMed searches were performed for all 125 potential pTau
interactors: ‘tau” and Gene ID; ‘tau’ and protein name; ‘neuro-
fibrillary tangle’ and Gene ID; ‘neurofibrillary tangle’ and pro-
tein name. Gene ID or protein name aliases were also taken into
account and contributed to a positive search result. A protein
was designated as present in NFTs if there was published immu-
nohistochemistry evidence of co-localization of this protein in
NFTs or if it was identified in NFTs by at least two peptides in
either of the two previous proteomic studies of NFTs using
human brain tissue (Wang et al., 2005; Minjarez et al., 2013).
Previously reported interaction with tau was determined by
comparison with published studies of the tau interactome in
mouse (Liu et al., 2016; Wang et al., 2017; Maziuk et al., 2018)
and human brains (Meier et al., 2015; Ayyadevara et al., 2016;
Hsieh et al., 2019) or by co-IP confirmation in targeted studies
identified through PubMed searches. Previous association with
Alzheimer’s disease was determined by systematic PubMed
searches for ‘Alzheimer’s disease’ and Gene ID or ‘Alzheimer’s
disease’ and protein name, or by identification in our in-house
developed database (NeuroPro), which compiles data from all
previous proteomic studies that analysed human Alzheimer’s
disease brain samples (Andreev ef al., 2012; Hondius et al.,
2016; Seyfried et al., 2017; Johnson et al., 2018; Zhang et al.,
2018; Mendonca et al., 2019; Xu et al., 2019). Previous prote-
omic studies of Alzheimer’s disease brain tissue were only
included in NeuroPro if they contained data that allowed for
sufficiently stringent statistical comparison between Alzheimer’s
disease and control samples (significance shown by either FDR-
corrected #-test or t-test in combination with fold chance differ-
ence between groups >1.5). Protein identifications from these
previous studies were only included if proteins were identified
by at least two peptides per protein. Proteins were designated as
having novel association with Alzheimer’s disease if they did not
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have positive search results for any of the searches/comparisons
described above.

Validation studies:
co-immunoprecipitation

To validate interactions, immunoprecipitations of HSP90B1,
SCRN1 and EZR were performed. Immunoprecipitations were
performed using 300 pg of human brain homogenate from one
of the cases used for AP-MS studies (Case sADS), and 2 pg of
anti-SCRN1 (LSBioj; cat. #L.S-C162903), anti-HSP90B1 (Sigma,
cat. #HPA003901), anti-Ezrin (Thermo Scientific; clone 3C12;
cat. #35-7300), rabbit IgG isotype control (Thermo Fisher
Scientific, cat. #02-6102) or mouse IgG isotype control
(BioLegend, cat. #400202) antibodies. Antibody and brain hom-
ogenate were incubated overnight at 4°C. Immunocomplexes
were then incubated with 1.5 mg Dynabeads Protein G magnet-
ic beads (Invitrogen; cat. #1003D) overnight at 4°C. Beads were
washed four times and IP product was eluted in elution buffer
(glycine pH 2.8). To confirm pTau co-IP, western blot was per-
formed using PHF1 (Ser396/Ser404, mouse monoclonal; 1:500;
P. Davies) for HSP90B1 and SCRN1 immunoprecipitations and
two separate anti-phosphorylated tau antibodies for EZR immu-
noprecipitation (Ser404, rabbit polyclonal, 1:3000, BioLegend;
cat. #S1G-39472 and Ser199/Ser202, rabbit polyclonal, 1:1500;
Invitrogen; cat. #44-768G).

Data availability

The mass spectrometry raw files are accessible under MassIVE
ID: MSV000085305 and ProteomeXchange ID: PXD018629.

Results

Proteome of neurofibrillary tangles
in sporadic Alzheimer’s disease

The first goal of our study was to determine the proteins
present in NFT-containing neurons (hereafter referred to
as NFTs) in advanced sporadic Alzheimer’s disease. To
this end, NFTs were microdissected from Alzheimer’s dis-
ease brain tissue using laser capture microdissection (7 = 7
cases). A total NFT area of 1.5 mm? was microdissected
per case, each containing on average 3831+279 tangles
(average + standard error of the mean). LC-MS was per-
formed on each of these samples individually to determine
the proteins present in NFTs. LC-MS identified 542 pro-
teins in NFTs (Supplementary material). As expected, tau
was identified in all cases. Other proteins previously
detected in NFTs were also abundant including: ubiquitin
(Perry et al., 1987), neurofilament light, medium and
heavy polypeptides (Vickers et al., 1994), APOE (Namba
et al., 1991), GAPDH (Wang et al., 2005) and CDKS$
(Augustinack et al., 2002). Amyloid-B was not detected in
NFTs.

Enrichment analyses were performed to identify protein
families/pathways that were enriched in NFTs. These
analyses showed that tau was the most significant
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upstream regulator of proteins present in NFTs (104 pro-
teins regulated by tau; P=1.17 x 10™°%; Supplementary
Data 1). NFTs were highly enriched in proteins associated
with neurological diseases (336 proteins), notably includ-
ing proteins associated with movement disorders
(P=1.17 x 107°%), tauopathy (P=5.61 x 107*%) and
Alzheimer’s disease (P =3.89 x 1072°). Pathway analysis
showed that proteins involved in mitochondrial dysfunction
(P=2.10 x 107'8), EIF2 signalling (P =3.84 x 107'%),
phagosome maturation (P =2.68 x 10™") and 14-3-3 sig-
nalling (P = §.23 x 10™"%) were particularly enriched. It was
also of note that proteins involved in the protein ubiquitina-
tion pathway (2.97 x 107'") and the unfolded protein re-
sponse (P = 8.37 x 107%) were also enriched. Specific protein
families were also particularly enriched in NFTs including
RNA binding proteins and heat-shock protein 70 and 90
families (Fig. 1).

Phosphorylated tau interactome in
sporadic Alzheimer’s disease

Our NFT proteome results provide the most comprehensive
profile of proteins present in NFTs to date. However, one
limitation of this approach is that it cannot be determined
from this dataset whether the proteins identified in NFTs
were present because they directly interacted with pTau or if
they were neuronal proteins that were present by chance in
NFTs. Therefore, we performed a second, complementary
proteomic analysis to identify proteins that directly interacted
with pTau, which together form the pTau interactome. To
this end, we performed AP-MS using the anti-pTau antibody
PHF1 to co-immunoprecipitate pTau and its binding part-
ners. PHF1 was selected because it is a widely used antibody
that recognizes pTau species that are abundant in NFTs and
dystrophic neurites in Alzheimer’s disease. Co-IP was per-
formed on frontal cortex tissue from five cases of advanced
sporadic Alzheimer’s disease. Two co-IPs were performed on
each case, the first using PHF1 and the second using an iso-
type control IgG antibody, resulting in 10 samples that were
individually analysed using LC-MS. Across the 10 samples,
1194 proteins were detected (after removal of all IgG identifi-
cations and any duplicate proteins; Supplementary material).

Characterization of the
co-immunoprecipitated
phosphorylated tau species

As expected, tau was the most abundant protein detected in
the PHF1 co-IP samples. One hundred and sixty-six unique
tau peptides were identified in this study (taking into ac-
count the presence of post-translational modifications).
Analysis of tau specific peptides showed evidence of all six
human tau isoforms (Supplementary material). Twenty-three
different phosphorylated residues on tau were identified on
the co-immunoprecipitated tau species (Fig. 2 and
Supplementary material), importantly including
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phosphorylation of serine 396 and serine 404, which are the
phosphorylated residues that the PHF1 antibody recognizes.
The most abundant tau peptide detected in this study was
one containing the S396 phosphorylated residue. This pep-
tide was detected in all five PHF1 co-IP samples and not in
any IgG control co-IP samples, providing evidence that the
PHF1 co-IP abundantly and specifically isolated the disease-
associated pTau species that we were targeting from
Alzheimer’s disease brains. We were surprised to identify so
many phosphorylated residues on tau given that we did not
enrich for phosphopeptides prior to LC-MS (as has been ne-
cessary in prior studies, Dammer et al., 2015) and because
tau is known to undergo rapid dephosphorylation with
increased post-mortem interval in mice (Wang et al., 2015).
Our robust identification of phosphorylated tau peptides
suggest that these species of phosphorylated tau are still de-
tectable even after an extended post-mortem interval, pos-
sibly because of their presence in NFTs.

The phosphorylated tau
interactome

We identified pTau interactors using the SAINT algorithm,
which determines the statistical probability that a given pro-
tein is a bona fide interactor. A SAINT score for each pro-
tein was determined: 1 = highest probability of being a bona
fide interactor; and 0 = lowest probability of being a bona
fide interactor. For our analysis any protein with a SAINT
score >0.65 was considered to be a pTau interactor. At this
stringency, 125 proteins were identified as pTau interactors,
including many proteins known to interact with pTau such
as ubiquitin, apolipoprotein E and sequestosome-1 (Fig. 3
and Supplementary material). Amyloid-p was not identified
as a pTau interactor. Multiple protein families were signifi-
cantly enriched in the pTau interactome including 14-3-3
family, microtubule binding proteins and protein families
related to the proteasome (Fig. 3).

Network analysis showed that the pTau interactome was
most significantly enriched in proteins involved in the ubi-
quitin-proteasome  system  (Fig. 3; 17  proteins;
P =2.49 x 107", It is well established that pTau is ubiquiti-
nated, and therefore it was not surprising to find an inter-
action between pTau and multiple forms of ubiquitin (UBB/
UBC and UBAS2). In addition, we observed a significant
interaction between pTau and 10 of 20 protein subunits of
the 19S regulatory lid of the proteasome including PSMC1,
PSMC2, PSMC3, PSMC4, PSMCS, PSMD2, PSMD3,
PSMD8, PSMD11, and PSMD13. In contrast, we did not
observe an interaction between pTau and any 20S protein
subunit. Combined, these results provide evidence that
PHF1 immunoreactive pTau is ubiquitinated and directly
binds to the 19S lid of the proteasome.

The pTau interactome was also enriched in proteins
involved in phagosome maturation (Fig. 3; 10 proteins;
P=1.26 x 107®), including three subunits of the vacuolar
ATPase that acidifies vesicles (ATP6VOD1, ATP6V1B2,
ATP6V1H) and three members of the SNARE complex that
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Figure | Protein families that were most enriched in NFTs in advanced Alzheimer’s disease. Enrichment of protein families was
determined using PFAM enrichment analysis within STRING. The protein families that were most significantly enriched in NFTs are shown.
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Figure 2 Phosphorylated residues identified to be present on tau by AP-MS. Numbering corresponds to the longest tau isoform (441
amino acids in length). Phosphorylated residues recognized by PHF| are shown in red.

mediates vesicle fusion to membranes (VAMP2, NSF,
NAPB). We also found a significant enrichment in proteins
associated with necrosis (56 proteins; P =2.26 x 107'!). A
conspicuous lack of interaction between pTau and tubulins
was evident; TUBAS was the only tubulin identified as a sig-
nificant pTau binding protein. This finding is consistent with
the fact that tau detaches from microtubules after phosphor-
ylation. Interestingly, there was still a significant interaction
observed between pTau and other microtubule associated
proteins including MAP1B, MAP2 and MAP4, suggesting
that this interaction remains after phosphorylation.
Comparison of our pTau interactome with the human
kinome (Manning et al., 2002) identified four kinases that

significantly interacted with pTau; CAMK2A, CAMK2B,
CAMK2D and CDKS. This suggests that these kinases may
be particularly involved in phosphorylation of PHF1-immu-
noreactive pTau. An additional 17 kinases were identified in
our AP-MS study; however, the probability of these kinases
having a bona fide interaction with pTau did not reach our
required level of statistical significance. Comparison of the
pTau interactome with a comprehensive list of all human
phosphatases (Sacco et al., 2012) revealed that PPP2R1A
was the only phosphatase that was found to significantly
interact with pTau. PPP2R1A is a regulatory subunit of pro-
tein phosphatase 2A, which is known to dephosphorylate
tau (Sontag et al., 1996) and was recently identified as a
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Figure 3 Proteins identified by AP-MS for pTau. Each point corresponds to an individual protein plotted by fold change difference after
co-IP for pTau versus isotype control antibody (x-axis) and the probability that a protein is a pTau interactor (SAINT score; y-axis). SAINT score

= | identifies proteins with the highest probability of being a pTau interactor (proteins with a SAINT score = | detailed in the box labelled ‘most
significant pTau interactors’). One hundred and twenty-five proteins were found to be significant pTau interactors (highlighted in red). Enriched
pathways/families highlights examples of the most significantly enriched protein pathways or families identified by enrichment analysis.

new genetic variant associated with sporadic Alzheimer’s dis-
ease (Miron ef al., 2019). Our results also therefore confirm
the involvement of PP2A as the primary phosphatase that
interacts with PHF1 immunoreactive pTau.

A cell-type-specific analysis of the pTau interactome
showed that pTau interacting proteins were significantly
more likely to be neuron specific proteins (P = 2.74 x 107).
In contrast, there was no enrichment of astrocyte, microglia,
oligodendroglia or endothelial specific proteins in the pTau
interactome. Neuron-specific proteins in the pTau interac-
tome included HSPA12A, SNAP91, OXCT1, STXBPI,
YWHAG, DNM1, NSF, CKMT1A, NAPB, MAP2,
YWHAH, AP3B2, RTN1, SYNGR3, MAP1B and TUBAS.
Astrocyte specific proteins included APOE and IDH2.
FCER1G, PIP4K2A and KIF5A were the only microglia,
oligodendrocyte and endothelial specific proteins identified
in the pTau interactome respectively. These results confirm
the PHF1 immunoreactive pTau predominantly interacts
with proteins inside neurons rather than interacting with
proteins present in other cell types.

Comparison of proteins found in
neurofibrillary tangles and the
phosphorylated tau interactome

The overall goal of our study was to identify the proteins
present in NFTs that directly interacted with pTau, as these

are most likely be of pathological importance in Alzheimer’s
disease. Therefore, we compared our NFT proteome with
the pTau interactome. As expected, there was significant
overlap between the two studies; 75 of the 125 pTau inter-
actome proteins were present in NFTs (Tables 2, 3, Fig. 4
and Supplementary material).

This subset of 75 proteins was most significantly
enriched in proteins involved in phagosome maturation
(enrichment P = 3.96 x 107%; 8/75 proteins; ATP6VOD1,
ATP6V1B2, ATP6V1H, NAPB, NSF, PRDXS, PRDX6,
VAMP2). Four of 75 proteins were 14-3-3 protein family
members (including 14-3-3 gamma, theta, eta and beta/
alpha). This subset was also enriched in DNA binding
proteins  (six  proteins; enrichment P =0.00027;
HNRNPK, HNRNPA2B1, HNRNPA1, SSBP1, MAPT,
PURA) and proteins that regulate synaptic plasticity (10
proteins; 2.88 x 1079).

Fifty pTau interacting proteins were not found in NFTs
(Supplementary material). A closer analysis of these 50
proteins showed that 25 were actually detected in NFTs
in our study, but were only present in two or fewer cases,
and were therefore removed from further analysis in the
NFT data set based on our stringency criteria
(Supplementary material). These proteins typically were
detected with low abundance in NFTs. The remaining 25
proteins were not detected in NFTs in any case and may
represent a unique subset of proteins that interact with
pTau outside of NFTs.
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Comparison of the phosphorylated
tau interactome with previously
published studies

To place our results in the context of what is already known
about proteins that are associated with tau, we compared
our pTau interactome with previously published studies
using a combination of systematic literature searches and
data mining of previous proteomics studies. We found that
98% of the 125 proteins in our pTau interactome had been
previously associated with Alzheimer’s disease (122 proteins;
Supplementary material). These previous findings confirm
that the pTau interactome proteins that we identified are al-
ready known to be proteins of interest for Alzheimer’s dis-
ease. We were then interested to determine which pTau
interactome proteins had been previously associated with
tau. Tau association was designated if there was published
evidence of co-localization in NFTs, interaction with tau, or
if a protein was mechanistically linked to tau in a targeted
study. Ninety-six (77%) of the pTau interactome proteins
were associated with tau in previous studies; 33 that were
directly associated with pTau and 63 that were associated
with tau generally, therefore, validating our results
(Supplementary material). The high degree of overlap be-
tween our results and previous studies provides additional
confidence in the 29 novel pTau interacting proteins that we
identified. Importantly, 26 of these novel proteins have been
previously associated with Alzheimer’s disease, therefore,
here we provide new evidence that the involvement of these
proteins in Alzheimer’s disease likely involves interaction
with tau.

Validation of AP-MS results

HPS90B1 was selected as an example protein for validation
studies based on its presence in NFTs, the high number of
peptides identified after AP-MS (suggestive of a significant
interaction with pTau), the availability of an appropriate
commercial antibody and no previous evidence of inter-
action with pTau in human Alzheimer’s disease brain tissue.
We confirmed that immunoprecipitation for HPS90B1
resulted in the abundant co-IP of pTau (Fig. 5), therefore
providing additional validation of our AP-MS results. Co-
IPs for two additional proteins were also included in this
validation study, one that acted as a positive control (secer-
nin-1, SCRN1) and one that acted as a negative control
(ezrin, EZR). We recently identified SCRN1 as a novel pTau
interacting protein that co-localizes with pTau aggregates in
Alzheimer’s disease, but not in other tauopathies (Pires
et al., 2019). In the current study, we confirmed that
SCRN1 had a significant interaction with pTau (SAINT
score = 0.92) and validation studies confirmed that immu-
noprecipitation of SCRN1 resulted in the co-IP of pTau
(Fig. 5). EZR was included as an example negative control
protein based on its significant increase in Alzheimer’s dis-
ease brain tissue (Hondius et al., 2016; Seyfried et al., 2017,
Johnson et al., 2018; Zhang et al., 2018; Xu et al., 2019)
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and abundant presence in amyloid plaques (Drummond
et al., 2017), but no evidence of direct interaction with pTau
in our study. Accordingly, immunoprecipitation of EZR did
not result in the co-IP of pTau, therefore providing a nega-
tive control for our validation studies provides support for
the specificity of the interaction between HSP90B1 and
pTau (Fig. 5).

Discussion

We have generated a comprehensive profile of the pTau
interactome in the human Alzheimer’s disease brain. Our
two complementary proteomics approaches allowed us to
determine the proteins present in NFTs and the proteins that
interact with pTau. Combined analysis of data generated
using both of these approaches identified 75 proteins that
are both present in NFTs and significantly interact with
pTau. These results are the first to comprehensively define
the proteins that interact with disease-associated pTau spe-
cies in Alzheimer’s disease; all previous similar studies have
identified proteins that interact with any species of tau,
including physiological, non-phosphorylated tau (Meier
et al., 2015; Ayyadevara et al., 2016; Liu et al., 2016; Wang
et al., 2017; Maziuk et al., 2018; Hsieh et al, 2019).
Despite these differences we were pleased to see a significant
overlap between our results and previous total tau interac-
tome studies; 84% of proteins that were present in
NFTs and interacted with pTau in our study, have been
associated with tau in previous studies, therefore validating
our results. Importantly our study confirms that these pro-
teins specifically interact with pTau in human Alzheimer’s
disease brain tissue, suggesting that they are excellent candi-
dates for future studies examining the toxic role of tau in
Alzheimer’s disease. Excitingly, we identified an additional
12 proteins that were both present in NFTs and interacted
with pTau that have not yet been associated with tau.
Therefore, we provide new evidence about their association
with tau and increased understanding about how they may
be involved in Alzheimer’s disease.

The pTau interactome was significantly enriched in neu-
ron-specific proteins. Very little interaction between pTau
and proteins specific to astrocytes, microglia, oligodendro-
cytes or epithelial cells was observed. This is to be
expected given the intraneuronal location of pTau and
NFTs in Alzheimer’s disease. Enrichment analyses showed
that the pTau interactome was most significantly enriched
in proteins associated with the two main protein degrad-
ation systems in the cell; the ubiquitin-proteasome system
and the phagosome-lysosome system. The ubiquitin-prote-
asome system recycles damaged or misfolded proteins.
Proteins are tagged with ubiquitin, which signals them to
be trafficked to the proteasome with the assistance of
chaperone proteins for degradation. Our AP-MS studies
showed that pTau directly interacted with proteins
involved in all aspects of this system including enzymes re-
sponsible for ubiquitination of proteins, ubiquitin itself,
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Table 2 pTau interacting proteins present in NFTs (novel pTau interactors)

Protein name (gene)

Fold change SAINT Score Known Interaction - Total Tau

Published association with tau, but not with pTau or NFTs
Vesicle-associated membrane protein 2 (VAMP2)

Heat shock 70 kDa protein 12A (HSPAI2A)

V-type proton ATPase subunitd | (ATP6VOD )

26S protease regulatory subunit 7 (PSMC2)

Elongation factor Tu, mitochondrial (TUFM)

Clathrin coat assembly protein AP180 (SNAP9[)
Transcriptional activator protein Pur-alpha (PURA)

LanC-like protein | (LANCLI)

Isocitrate dehydrogenase [NADP], mitochondrial (IDH2)
Actin-related protein 2/3 complex subunit 4 (ARPC4)
Eukaryotic initiation factor 4A-Il (EIF4A2)

Ubiquitin carboxyl-terminal hydrolase 5 (USP5)
Phosphoglycerate mutase (PGAMI)

Endoplasmin (Grp94) (HSP90BI)

Vesicle-fusing ATPase (NSF)

Creatine kinase U-type, mitochondrial (CKMT/A)

WD repeat-containing protein | (WDRI)

Beta-soluble NSF attachment protein (NAPB)

26S proteasome non-ATPase regulatory subunit 2 (PSMD2)
Ubiquitin-like modifier-activating enzyme | (UBAI)
Reticulon-4 (RTN4)

Alanine—tRNA ligase, cytoplasmic (AARS)

Band 4.1-like protein 3 (EPB4/L3)

Peroxiredoxin-5, mitochondrial (PRDX5)
Serine/arginine-rich splicing factor 7 (SRSF7)

Cell cycle exit and neuronal differentiation protein | (CENDI)
60S ribosomal protein LI (RPLI )

Transketolase (TKT)

78 kDa glucose-regulated protein (HSPAS)
Microtubule-associated protein 4 (MAP4)

V-type proton ATPase subunit B, brain isoform (ATP6VB2)
ATP-dependent 6-phosphofructokinase, platelet type (PFKP)
Pyruvate dehydrogenase El component subunit beta, mitochondrial (PDHB)
Cytosolic non-specific dipeptidase (CNDP2)

Novel tau associated proteins

Heterogeneous nuclear ribonucleoprotein Al (HNRNPAT)
Succinyl-CoA : 3-ketoacid-coenzyme A transferase (OXCT/)
Immunoglobulin superfamily member 8 (IGSF8)

Histone H2A type |-B/E (HISTIH2AB)

Histone H2A type |-H (HISTIH2AH)

Cytochrome c oxidase subunit 5B, mitochondrial (COX5B)
Elongation factor |-gamma (EEF/G)

V-type proton ATPase subunit H (ATP6V | H)

Single-stranded DNA-binding protein (SSBP/)
Voltage-dependent anion-selective channel protein 2 (VDAC2)
40S ribosomal protein S3 (RPS3)

Histone H2B (HIST | H2BJ)

40 | Interacts in human brain®
74 | Interacts in human®® and mouse brain®
44 | Interacts in human brain?
66 | Functional®; Interacts in human brain®
58 0.99 Interacts in mouse brain®
44 0.99 Interacts in mouse brain®
48 0.99 Interacts in mouse brain®
14.4 0.99 Interacts in human*® and mouse brain®
54 0.99 Interacts in human brain®
30 0.98 Interacts in mouse brain®
38 0.97 Interacts in human® and mouse brain’
15.5 0.95 Interacts in human?® and mouse brain®
6.12 0.93 Interacts in human®® and mouse brain®f
7.35 091 Interacts in mouse brain®
10.71 0.88 Interacts in human® and mouse brain“®
7.75 0.82 Interacts in mouse brain®
9.5 0.8l1 Interacts in human brain®
7 0.8 Interacts in human brain®®
66 0.8 Functional; interacts in human brain®
20 0.79 Interacts in human®® and mouse brain®
28 0.79 Interacts in human brain®
36 0.79 Interacts in human® and mouse brain®
I 0.78 Interacts in human brain®?<
24 0.78 Interacts in mouse brain“®
30 0.78 Functional®
24 0.78 Interacts in mouse brain®
20 0.77 Interacts in human brain®
4.47 0.76 Interacts in mouse brain®
493 0.72 Interacts in mouse brain®
7.75 0.72 Functional
6.12 0.69 Interacts in mouse brain®
7.67 0.66 Interacts in human®® and mouse brain®
4.5 0.65 Interacts in mouse brain®
4.5 0.65 Interacts in human brain®
62 | Novel
62 0.99 Novel
52 0.98 Novel
13.67 0.85 Novel
14 0.85 Novel
34 0.8 Novel
42 0.8 Novel
28 0.79 Novel
24 0.78 Novel
54 0.72 Novel
7.67 0.67 Novel
10 0.65 Novel

Proteins listed in order of SAINT score. Fold change refers to the fold change difference in interaction with PHF| versus control IgG. ‘Functional’ refers to a reported functional as-
sociation between pTau and protein. Additional information about previously reported interactions available in Supplementary Table 2.
*Hsieh et al, 2019; bAyyadevara etal, 2016; “Wang et al, 2017; IMeier et al, 2015; °Liu et al,, 2016; Maziuk et al,, 2018; 8Myeku et al,, 2016; "Gao et al,, 2007; ‘Dehmelt and Halpain, 2005.

molecular chaperones involved in transporting ubiquiti-
nated proteins and subunits of the proteasome. It is well
known that aggregated tau present in NFTs is highly ubig-
uitinated (Mori et al., 1987; Perry et al., 1987). It has been

hypothesized that the accumulation of ubiquitinated tau in
Alzheimer’s disease is because either the ubiquitin-prote-
asome system is impaired in Alzheimer’s disease (Keller
et al., 2000; Keck et al., 2003) or because the proteasome
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Table 3 pTau interacting proteins present in NFTs (previously validated pTau interactors)

Protein name Fold SAINT Known interaction: Known interaction:
change Score total tau pTau
Ubiquitin (UBB; UBC) 15.21 | Functional®; interacts in human brain®® In NFTs?
Microtubule-associated protein tau (MAPT) 52.22 | Tau itself In NFTs®
Protein disulfide-isomerase (P4HB) 25 | Functional’, interacts in human brain® In NFTs®
Sequestosome-1 (SQSTMI) 322 | Functional”; interacts in human brain®* In NFTs'
Glucose-6-phosphate isomerase (GPI) 18.67 0.99 Interacts in human brain® In NFTs!
Glutaminase kidney isoform, mitochondrial (GLS) 58 0.98 Interacts in mouse brain* In NFTs'
Calcium/calmodulin-dependent protein kinase 10.8 0.97 Interacts in human® and mouse brain* Functional™; in NFTSs/
type |l subunit alpha (CAMK2A)
Adenylate kinase isoenzyme | (AK/) 26 0.97 Interacts in human brain® Functional”
Syntaxin-binding protein | (STXBPI) 8.13 0.93 Interacts in human® and mouse brain*° Functional®; in NFTs?
Secernin-1 (SCRN/) 14 0.92 Interacts in human brain® In NFTs"; interacts with pTau"
14-3-3 protein gamma (YWHAG) 4.63 091 Interacts in human® and mouse brain® Functional’; in NFTs®
Dynamin-1 (DNMI) 11.86 091 Interacts in human®® and mouse brain“®  In NFTs!
Carbonyl reductase [NADPH] | (CBR/) 7.33 0.83 Interacts in human brain®< In NFTs"
Heterogeneous nuclear ribonucleoproteins A2/B| 9.14 0.83 In NFTs"
(HNRNPA2BI)
Calcium/calmodulin-dependent protein kinase 9.4 0.82 Interacts in human brain® Functional™
type Il subunit beta (CAMK2B)
Heterogeneous nuclear ribonucleoprotein K 18 0.81 Functional™ In NFTs!
(HNRNPK)
Microtubule-associated protein 2 (MAP2) 112 0.8 Functional’; interacts in human brain® Interacts with pTau®
Nucleolin (NCL) 46 0.8 Functional™ In NFTs™
Serine/threonine-protein phosphatase 2A 65 kDa 34 0.79 Interacts in human® and mouse brain®“ Functional®®
regulatory subunit A alpha isoform (PPP2RA)
Apolipoprotein E (APOE) 9.25 0.78 Interacts in human®°® and mouse brain®  Functional®
Peptidyl-prolyl cis-trans isomerase NIMA-interact- 28 0.78 Interacts in human brain® Functional®; in NFTs%
ing | (PINT)
Cyclin-dependent-like kinase 5 (CDK5) 24 0.78 Interacts in human brain® Functional™
Carbonic anhydrase 2 (CA2) 18 0.76 In NFTs!
Peroxiredoxin-6 (PRDX6) 5.75 0.73 In NFTs'
Microtubule-associated protein |B (MAPIB) 6.69 0.71 Functional’; interacts in human brain®® Interacts with pTau®
Aldehyde dehydrogenase, mitochondrial (ALDH2) 5.83 0.69 Functional"
14-3-3 protein theta (YWHAQ) 3.32 0.67 Interacts in human® and mouse brain® Functional®
14-3-3 protein beta/alpha (YWHAB) 3.39 0.67 Interacts in human®® and mouse brain®  Functional’; in NFTsl;
interacts with pTau**
14-3-3 protein eta (YWHAH) 332 0.65 Interacts in human®®® and mouse brain“ Functional’;

interacts with pTau**

Proteins listed in order of SAINT score. Fold change refers to the fold change difference in interaction with PHFI versus control IgG. Functional refers to a reported functional asso-
ciation between pTau and protein. Additional information about previously reported interactions available in Supplementary Table 2.

?Lee et al., 2013; YHsieh et al., 2019; cAyyadevara etal, 2016; dPerry etal., 1987; eGrundke-lqbal etal., 1986; Xu et al., 2013; 8Honijo et al., 2010; "Babu et al., 2005; ‘Kuusisto et al.,
2002; 'Wang et al., 2005; “Wang et al.,, 2017; 'Kowall and Beal, 1991; ™Yoshimura et al., 2003; "Park et al.,, 2012; °Liu et al., 2016; PShetty et al., 1995; Takahashi et al., 2000; "Pires
etal, 2019; *Chen et al.,, 2019; ‘Umahara et al., 2004; “Minjarez et al., 2013; "Mizukami et al., 2005; “Ferrer et al., 2001; *Liu and Szaro, 201 |; "Dehmelt and Halpain, 2005; “Alonso

et al, 1997; **Sjoberg et al.,, 2006; ®°Dranovsky et al., 2001; “Maziuk et al., 2018; “*Taleski and Sontag, 2018; **Meier et al, 2015; Shi et al, 2017; %Lu et al, 1999; ""Baumann et dl.,

1993; iOhsawa et al., 2008; iSugimori et al., 2007; ““Sadik et al., 2009.

is unable to degrade pTau (Poppek et al., 2006). The pro-
teasome is known to have an important role in tau degrad-
ation (David ef al., 2002). Intriguingly, pTau has been
shown to inhibit proteasome function (Keck et al., 2003;
Myeku et al., 2016), and this inhibition of the proteasome
results in the accelerated formation of tau inclusions
(Goldbaum et al., 2003; Tan et al., 2008). Combined with
our results, these studies support the hypothesis that pTau
may inhibit the proteasome in Alzheimer’s disease, which
has likely downstream consequences of increased pTau ac-
cumulation and an overall decrease in protein degradation.

Our results show interaction between pTau and 10 subu-
nits of the 19S proteasome regulatory lid, but not any sub-
unit of the 20S catalytic core particle where proteolysis
occurs. One interpretation of these results is that ubiquiti-
nated pTau is trafficked to the proteasome for degradation
where it binds to the 19S regulatory lid of the proteasome,
but is unable to enter the catalytic core of the proteasome
(likely because of the large size of pTau aggregates). The
interaction between pTau and the 19S proteasome regula-
tory lid could then physically block the proteasome pore
and inhibit general proteasome function.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa223#supplementary-data

2814 | BRAIN 2020: 143; 28032817

We also showed that pTau interacts with proteins
involved in the phagosome-lysosome system. We confirmed
the known interaction between tau and sequestosome-1
(also known as p62), which is a major cargo protein that
directs bound proteins for both autophagy and degradation
by the proteasome (Salminen et al., 2012). Interestingly we
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Figure 4 Overlap of pTau interactors and proteins found in
NFTs. Seventy-five proteins present in NFTs were also significant
pTau interactors. Overlapping proteins are shown by gene IDs, with
the font size corresponding to the number of peptide spectrum
matches for each protein after pTau AP-MS. As expected, tau
(MAPT) was the most abundant protein identified after AP-MS, fol-
lowed by ubiquitin (UBB).
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also observed an interaction between pTau and 3 of 14 sub-
units of the vacuolar ATPase (v-ATPase) proton pump,
which is responsible for acidifying lysosomes. Impairment of
v-ATPases have been associated with the pathogenesis of
Alzheimer’s disease (Colacurcio and Nixon, 2016), but no
study has yet linked v-ATPase impairment with pTau.
Pathological species of tau have been shown to cause mor-
phological abnormalities and dysfunction of lysosomes
in vitro (Wang et al., 2009) and in transgenic mice (Lim
et al., 2001; Collin et al., 2014; Feng et al., 2020). Impaired
lysosome morphology is also present in human brain tissue
from patients with tau-only dementias such as corticobasal
degeneration and progressive supranuclear palsy (Piras et al.,
2016). More study is needed to analyse the interaction be-
tween v-ATPases and tau, but our results suggest that it is
possible that pTau could contribute to lysosomal dysfunc-
tion in Alzheimer’s disease via interaction with v-ATPases.
Impairment of both main protein degradation systems would
result in accumulation of many different waste proteins in
the cell. Interestingly, tau has recently been shown to under-
go liquid phase transition, which causes localized molecular
crowding, enhances the opportunity for interaction with
other proteins, and can promote the formation of oligomers
(Wegmann, 2019). We observed that tau interacted with a
number of other proteins that also undergo liquid phase
transition (HNRNPA1, SQSTM1, HNRNPA2B1 and UBB)
(Li et al., 2020), suggesting that these interactions may pos-
sibly facilitate such phase transitions for other proteins.

One important limitation of this study is that our pTau
interactome is restricted to those proteins that interact with

225 4
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Figure 5 Validation of AP-MS results using co-IP. Validation of HSP90BI, SCRNI (positive control) and EZR (negative control) interac-
tions with pTau. Co-IP was performed on fresh frozen frontal cortex tissue from one Alzheimer’s disease case. Immunoprecipitation was per-
formed using anti-HSP90BI, anti-SCRNI, anti-EZR, rabbit IgG isotype control or mouse IgG isotype control. Both HSP90B| and SCRN pulled
down pTau, while EZR did not. Presence of pTau, HPS90BI, SCRN | and EZR in input brain homogenate was confirmed. Asterisks indicate bands

corresponding to cross-reactive IgGs.
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species of tau that are immunoreactive to PHF1. PHF1 rec-
ognizes tau phosphorylated at serines 396 and 404, which is
typically found in mature NFTs (Greenberg et al., 1992;
Otvos et al., 1994) and therefore, our interactome results do
not provide insight into proteins that uniquely interact with
unphosphorylated tau or tau species that are phosphorylated
at other residues but not at $S396 or S404. In the future,
studies that use a similar approach using antibodies that rec-
ognize other forms of pTau, especially those forms that are
present in early Alzheimer’s disease, would be useful to pro-
vide a more complete picture of pTau interactions through-
out the progression of Alzheimer’s disease. In addition, it is
important to note that the pTau interacting proteins
reported in this study are limited to those that interact with
PHF1 immunoreactive tau specifically in Alzheimer’s disease
and not necessarily PHF1 immunoreactive species in other
tauopathies. Recent studies have shown that pTau aggre-
gates have significantly different conformations in
Alzheimer’s disease and Pick’s disease (Fitzpatrick et al.,
2017; Falcon et al., 2018a, b) and this different conform-
ation would likely result in different protein interactions.
Our recent findings showing that secernin-1 specifically
interacts with PHF1 immunoreactive pTau in Alzheimer’s
disease but not in other tauopathies supports this hypothesis
(Pires et al., 2019). In addition, it is also important to note
that the pTau interactors that we have identified may not ex-
clusively interact with pTau. While this may be the case for
some proteins, it is also likely that some proteins interact
with both non-phosphorylated tau and pTau. Future studies
directly comparing the interaction of these proteins with
non-phosphorylated tau and pTau will clarify which of these
proteins exclusively interact with pTau. Another important
consideration is that pTau interactors identified in this study
may not necessarily directly bind to pTau; their interaction
with pTau may result from an interaction between pTau
and members of a protein complex that these proteins be-
long to. Future mechanistic studies will help determine
which of these proteins directly interact with pTau and
which are indirectly interacting with pTau as part of a pro-
tein complex. Therefore, our results provide the first piece of
a complex puzzle of tau pathophysiology in Alzheimer’s dis-
ease. Despite these limitations we were pleased to see that
we identified many of the proteins previously associated
with pTau in targeted studies as well as many proteins that
have already been implicated in Alzheimer’s disease patho-
genesis. This strongly suggests that our approach identified
tau interacting proteins that are pathologically relevant in
Alzheimer’s disease.

In conclusion, we present a comprehensive analysis of the
pTau interactome in the human Alzheimer’s disease brain.
Unbiased proteomics studies, such as this one, are an essen-
tial step to enhance our understanding about Alzheimer’s
disease pathogenesis (Drummond and Wisniewski, 2017,
2019; Drummond et al., 2018a). It is our hope that this re-
source will help uncover new biomarkers of disease, novel
drug targets and will increase our understanding about the
pathological role of tau in Alzheimer’s disease.
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