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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is pathologically
characterized by the formation of extracellular amyloid plaques and intraneuronal tau tangles. We
recently identified that tau associates with proteins known to participate in endoplasmic reticulum
(ER)-associated degradation (ERAD); consequently, ERAD becomes dysfunctional and causes
neurotoxicity. We hypothesized that tau associates with other ER proteins, and that this association
could also lead to cellular dysfunction in AD. Portions of human AD and non-demented age
matched control brains were fractionated to obtain microsomes, from which tau was co-
immunoprecipitated. Samples from both conditions containing tau and its associated proteins were
analyzed by mass spectrometry. In total, we identified 91 ER proteins that co-immunoprecipitated
with tau; 15.4% were common between AD and control brains, and 42.9% only in the AD
samples. The remainder, 41.8% of the proteins, was only seen in the control brain samples. We
identified a variety of previously unreported interactions between tau and ER proteins. These
proteins participate in over sixteen functional categories, the most abundant being involved in
RNA translation. We then determined that association of tau with these ER proteins was different
between the AD and control samples. We found that tau associated equally with the ribosomal
protein L28 but more robustly with the ribosomal protein PO. These data suggest that the
differential association between tau and ER proteins in disease could reveal the pathogenic
processes by which tau induces cellular dysfunction.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that affects 5.2
million Americans [1] and 36 million people worldwide [2]. This number is expected to rise
to 13.8 million by 2050. The direct and indirect costs of maintaining the quality of life of
AD amounts to $203 billion annually. Since there is currently no cure for AD, and
therapeutic interventions are ineffective in preventing the dramatic rise of patients,
expenditures are projected to reach $1.2 trillion annually by 2050.

The pathological hallmarks of AD consist of amyloid plaques and neurofibrillary tangles
(NFTSs). Plaques result from extracellular aggregation of a 40-42 amino acid peptide termed
amyloid-f (AB) (reviewed in [3]). Meanwhile, NFTs are intraneuronal lesions comprised of
aberrant aggregates of the microtubule-associated protein tau. Within NFTs, tau is
abnormally folded, oligomerized, hyperphosphorylated, and mislocalized [4-6]. In AD, as
well as in other tauopathies, tau becomes neurotoxic [7]; however, the exact mechanisms
leading to tau neurotoxicity have not been identified.

As a microtubule stabilizing protein [8], tau interacts with various other proteins that are
transported along microtubules. Pathogenic tau adopts a B-pleated sheet conformation [9],
rendering it hydrophobic and able to bind non-specifically to other proteins and itself
(reviewed in [10, 11]). In many cases, these aberrant linkages have deleterious consequences
to the functions and processes in which tau-associated proteins participate [11-16]. For
example, soluble, pathological tau conformers associate with endoplasmic reticulum (ER)-
associated degradation (ERAD) proteins, and abrogate ERAD function [12].

Recent studies suggest that a key mechanism of neuronal dysfunction in neurodegenerative
diseases is impaired protein synthesis [17]. This phenomenon could be the result of tau-
mediated impairment of ribosomal function. Tau normally associates with ribosomes [18].
However, due to its intrinsically disordered conformation, which is amplified in disease, tau
binds to proteins that participate in RNA translation thereby impairing translation [19].
Thusly, a mechanism of tau-mediated neurodegeneration could implicate aberrant tau-
ribosomal interactions.

In the current study, we sought to identify tau-associated ER proteins with particular
emphasis on proteins involved in RNA translation. We hypothesized that tau-associated ER
proteins could serve as potential therapeutic targets. We identified tau-interacting ER
proteins in both AD and non-AD brains with an integrated approach involving sub-cellular
fractionation, co-immunoprecipitation, and mass spectrometry. We established three types of
tau-associated ER proteins: those that were identified in AD brains, others that were only
identified in non-AD brains, and those that were common to both. Interestingly, 85% of the
proteins we identified had not been previously established as associating with tau. Among
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them, were several proteins that participate in RNA translation. To validate our approach, we
focused on the ribosomal proteins L28 and PO, which had not been previously identified to
be associated with tau, and we found that tau associated more robustly with PO in the AD
brain. Overall, these data suggest that changes in the association between tau and ER
proteins could underlie pathogenic mechanisms leading or contributing to cellular
dysfunction evident in AD. Further characterization and validation of AD tau-associated ER
proteins and their functions could lead to better understanding of the pathogenesis of AD
and other tauopathies.

MATERIALS AND METHODS

Human brain samples

Samples were obtained from the University of Kentucky-Alzheimer’s Disease Center Tissue
Bank. All sample collection and experimental procedures involving human subjects were in
compliance with the University of Kentucky Institutional Review board (IRB) protocols.
Samples from the superior and mid-temporal gyrus (Brodmann areas 21/22) were used. AD
tissues were from symptomatic individuals and they were neuropathologically scored as
Braak V (female, 93 years old), VI (male, 88 years old), and VI (female, 80 years old); non-
demented control samples were scored Braak | (male, 79 years old), Il (female, 94 years
old), and Il (female, 88 years old). The average postmortem interval (between death and the
tissue being snap-frozen in liquid nitrogen) was 3.0 h.

Microsome isolation

Microsomes were isolated as previously described [20, 21] and modified for brain [22].
Briefly, 200 mg of human brain samples were dounce homogenized in 0.25 M sucrose
containing 1X protease inhibitor mixture (Calbiochem), 100 mM phenylmethylsulfonyl
fluoride, and 1X phosphatase inhibitor 11 and 111 cocktails (Sigma). All samples were then
centrifuged at 16,000 x g for 15 min at 4°C. The supernatant was transferred and centrifuged
at 100,000 x g for 1 h at 4°C. The pellet, which corresponded to the microsomal protein
fraction, was resuspended in RIPA buffer containing 1X protease inhibitor mixture
(Calbiochem), 100 mM phenylmethylsulfonyl fluoride, and 1X phosphatase inhibitor Il and
I11 cocktails (Sigma).

Co-immunoprecipitations (co-IP) and western blotting

Co-IP was performed as previously described [23] using antibodies for tau (Tau5 EMD
Millipore), actin (Sigma-Aldrich), RPL28 (GeneTex), or RPPO (Gene-Tex). Western blots
were performed as previously described [24]. Briefly, 20 ug of protein were denatured by
mixing with a sample buffer (consisting of 2x Laemmli buffer with 5% [-mercaptoethanol)
and subjecting to heat at 100°C for 10 min. Samples were loaded in 10% tris-glycine gels
(Life Technologies). Gels were subjected to 100 mV until the dye front reached the bottom
of the gel. We then performed wet transfers as indicated previously [25]. Samples were
blocked in 7% non-fat dry milk (LabScientific) with 0.02% sodium azide. This milk was
used to mix antibodies for incubation with the membranes. Antibodies used were anti total
tau h-150 (1:1000) from Santa Cruz Biotechnology, actin (1:1000) from Sigma, RPL28 from
GeneTex, RPPO from GeneTex, and calnexin C-20 from Santa Cruz Biotechnology.
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Immunofluorescence

Microscopy

Frozen brain samples were fixed in 4% paraformaldehyde. Fixed brains were cryoprotected
in successive 24 h increments of 10%, 20%, and 30% sucrose gradients as described
previously [26]. Brains were frozen on a temperature-controlled freezing stage, sectioned
(25 um) on a sliding microtome, and stored in a solution of PBS containing 0.02% sodium
azide at 4°C. Immunostaining was performed following protocols described previously with
minor modifications [22]. Brain sections were mounted on glass slides with medium (30%
ethanol in PBS). Once dry, sections were blocked and permeabilized in blocking buffer (4%
normal goat serum, 0.2% Triton X-100, and 0.02% sodium azide in TBS) for 1 h. Slides
were incubated overnight at 4°C with the following antibodies: tau h-150 (1:50), PHF1
(1:50), calnexin C-20 (1:50), calnexin F-17 (1-50). Slides were then washed with TBS and
incubated with Alexa Fluor 488 nm and Alexa Fluor 594 nm secondary antibodies (Life
Technologies) at 1:2000 for 2 h at room temperature. Tissues were stained with Sudan black
to block autofluorescence inherent to the sample. Slides were then washed again and
incubated with Neurotrace (1:200) according to the manufacturer’s recommendations. Slides
with both AD and control were stained omitting primary antibodies in order to identify non-
specific background signal.

All slides were imaged using a Nikon Eclipse Ti laser-scanning confocal microscope. Fields
for colocalization analysis were randomly selected based upon tau immunolabeling by an
investigator blinded to group inclusion. Specifically, fields were chosen that included areas
of tau staining with morphological distribution in agreement with NeuN labeling; ER
labeling was not considered in field selection. All immunolabeling acquisition intensities,
field sizes, and microscopy settings were kept consistent across all images. Scatter plots and
images for graphical representation of co-localization were prepared using the NIS Elements
4.20 (Nikon) and Photoshop Cs6 (Adobe) software programs and were based upon cells that
most closely approximated the group means.

Co-localization analysis

Images were analyzed for co-localization as previously described with minor modifications
[12]. Briefly, regions of interest (ROIs) corresponding to z-stack images of neurons that
stained positively for calnexin and tau (either total tau or PHF1) were selected for co-
localization analysis. Three to five ROIs were selected per image, and there were at least
three images per brain from three AD brains. Z-stack images were analyzed according to
[27] using Pearson’s, Manders’, and Costes’ (auto-threshold and randomization control)
coefficients.

Mass spectrometry (MS) and proteomics data analysis

Each lane in the gel was excised into 12 major portions and subjected to dithiothreitol
reduction, iodoacetamide alkylation, and in-gel trypsin digestion using a standard protocol
as previously reported [28, 29]. The resulting tryptic peptides were extracted, concentrated
to 15 pl each using a SpeedVac, and 5 pl was injected for nano-LC-MS/MS analysis. LC-
MS/MS data were acquired on an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher
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Scientific, Waltham, MA) coupled with a Nano-LC Ultra/cHiPLC-nanoflex HPLC system
(Eksigent, Dublin, CA) through a nano-electrospray ionization source. The tryptic peptides
sample was injected by an autosampler, desalted on a trap column, and subsequently
separated by reverse phase C18 column (75 mm i.d. x 150 mm) at a flow rate of 250 nL/min.
The HPLC gradient was linear from 5% to 60% mobile phase B for 30 min using mobile
phase A (H,0, 0.1% formic acid) and mobile B (90% acetonitrile, 0.1% formic acid). Eluted
peptides were analyzed using data-dependent acquisition: peptide mass spectrometry was
obtained by Orbitrap with a resolution of 60,000. The seven most abundant peptides were
subjected to collision induced dissociation and MS/MS analysis in LTQ linear trap. The LC-
MS/MS data were submitted to a local MASCOT server for MS/MS protein identification
search via the ProteomeDiscoverer software. The mass error tolerance was 5 ppm for
peptide MS and 0.8 Da for MS/MS. All peptides were required to have an ion score greater
than 30 (p < 0.05). The false discovery rate in each LC-MS/MS analysis was set to be less
than 1%. Proteins that were identified in the actin-IP samples were excluded from the tau-IP
list. Although tau binds to actin under normal conditions this interaction occurs primarily in
the growth cone [30]. Since tau tangles deposit in the soma [31], our results reflect primarily
ER proteins associated with pathological tau [32].

Functional categorization of MS results

Functional descriptions for all proteins were acquired by searching for accession numbers in
the UNIPROT database (http://www.uniprot.org). Proteins were categorized by function
(Fig. 3B). In some cases, proteins were multifunctional, but they were only organized into
one parameter as justified by their primary function.

Western blot analysis

For western blots, the relative intensity of the bands was measured using ImageJ. Bands of
the protein of interest were normalized to a loading control. Statistical analysis of the bands
was performed using Student’s #test. All graphs were prepared in Prism 6 (GraphPad).

RESULTS

Tau abnormally associates with proteins on the cytosolic surface of the ER in the rTg4510
tau transgenic model [12]. VCP and Hrd1 are two examples of tau-associated ER proteins,
and both of these proteins play crucial roles in ERAD. As a result of this abnormal
interaction, ERAD function becomes impaired in tau transgenic mice and in AD brain.
Therefore, we hypothesized that tau associated with other ER proteins, the functions of
which could similarly be altered by the abnormal association with tau.

In AD brains, tau tangle formation occurs primarily in neuronal soma [31, 33]. In fact, a
large pool of tau deposits in the perinuclear region coincident with the ER [12, 34, 35]. To
further characterize this interaction, we performed subcellular fractionation of three AD and
three age-matched, non-demented control brains to isolate the microsomal compartment,
which is predominantly composed of ER and associated proteins [36]. Tau formed high
molecular weight complexes (Fig. 1A, C) in AD brains which is characteristic of
hyperphosphorylated and detergent insoluble pathological tau (reviewed in [37]).

J Alzheimers Dis. Author manuscript; available in PMC 2016 May 26.


http://www.uniprot.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meier et al.

Page 6

Conversely, control brains showed a typical tau smear between 48-60 kDa. We quantified
the amount of tau in the 48-60 kDa range of AD and control whole brain lysates and
microsomes. We determined that while tau levels did not differ between whole cell lysates of
AD and control, AD microsomes contained 34% more tau than control (Fig. 1A-1D). These
data suggest that tau shifts in tau distribution in AD. We then performed co-
immunofluorescent staining of human AD and control brains to determine the distribution of
total and hyperphosphorylated tau with the ER (Fig. 1E, L). We co-immunofluorescently
labeled total tau or hyperphosphorylated tau (pS396/S404 detected with PHF1) and calnexin,
an ER transmembrane protein [38]. We found that both tau and hyperphosphorylated tau
decorated the ER by largely co-localizing with calnexin (Fig. 1G, K).

To reveal the identity of tau-associated ER proteins, we isolated microsomes from human
AD and control brains and performed co-immunoprecipitation analyses using an anti-tau
antibody (Tau5); actin was co-immunoprecipitated from the same tissues as a control. All
samples were processed for liquid chromatography-tandem mass spectrometry (LC-MS/MS)

(Fig. 2).

We applied robust exclusion criteria to minimize false positive results. First, each peptide
matched from a MS/MS spectrum had an ion score based on the calculated probability, p,
that the observed match between the experimental data and the database sequence was a
random event. We set an ion score threshold to achieve p < 0.05. The scores in the tables
(Protein Score) were mathematically derived from the ion scores of all peptides matched to
this protein. Confidence in protein identification is directly proportional to the magnitude of
the Protein Score. In addition, we set the false discovery rate at 1% for the MASCOT data
analysis to ensure the high confidence of all proteins identified from the LC-MS/MS data.
Second, proteins that were identified in the actin-1P samples were excluded from the tau-1P
list. Although tau binds to actin under normal conditions this interaction occurs primarily in
the growth cone [30]. Since tau tangles deposit in the soma [31], our results reflect primarily
ER proteins associated with pathological tau [32].

Data were submitted to a local Mascot server for protein identification analysis. Tau was
identified in both the AD and non-AD samples, indicating that the co-immunoprecipitation
was successful. In addition, a total of 92 proteins were identified (Tables 1-3). Of these, 39
(42.4%) were found in AD brain (Table 1), 38 (41.3%) were only found in the non-AD brain
(Table 2), and 15 (16.3%) were found in both AD and non-AD (Table 3; Fig. 3A).
Interestingly, 77 of these (85%) had not been previously identified as tau-interacting
proteins. Based on previous work showing that the aberrant association of tau with ERAD
proteins caused ERAD impairments [12], we grouped the 92 proteins identified in our screen
by functional categories (Fig. 3B). Each protein was assigned a function based on the
description in the UNIPROT database. Figure 3B represents the relative abundance of
proteins from each category.

Our screen showed that the ribosomal proteins L28 and PO co-immunoprecipitated
differentially with tau in both AD and control brains. More specifically, PO did not complex
with tau in control brains. To confirm these results, we co-immunoprecipitated L28 or PO
from human AD or control brain microsomes. We determined that tau formed a complex
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with both L28 and PO (Fig. 4A, B); however, the tau-P0 association was much more robust
in the AD microsomes than in control, as suggested by the MS/MS data (Fig. 4C).
Interestingly, the data show that PO formed a complex with high molecular weight tau
species. We also performed the reverse co-immunoprecipitation by isolating tau from AD
and control microsomes and measuring the levels of PO and L28 by western blot. We found
no significant difference in the levels of PO or L28 in the reverse co-immunoprecipitation
(Fig. 4G). The input blot shows that the primary tau species that was isolated corresponded
to a 50-60kDa tau band that lacks post-translational modifications. These data suggest that
PO and L28 associate normally with tau around the ER; however, in AD brains, there is a
significant increase in the association of high molecular weight tau (heavily post-
translationally modified and pathological) with PO.

DISCUSSION

We present a list of 92 tau-associated ER proteins. The list contains proteins that have been
previously identified as disease modulators such as AD-related tau kinases and
apolipoprotein E (ApoE). However, 77 proteins (85%) have not been previously linked to
tau. Among the identified proteins were several that participate in ERAD thereby validating
this approach with previous findings [12]. Moreover, we show that the subcellular
fractionation-colP-MS/MS approach is sufficiently sensitive to identify different affinities of
tau for L28 and PO, which are closely localized in ribosomes.

The newly identified tau-associated ER proteins could reveal tau functions that have not
been previously described. For instance, synaptojanin, a protein involved in the uncoating of
synaptic vesicles [39], was identified as a tau-associated ER protein in normal, non-AD
brain. This suggests that tau facilitates synaptojanin’s function and therefore indirectly
participates in endocytic processes for synaptic function. Similarly, loss of the tau-
synaptojanin interaction would reduce uncoating of synaptic vesicles altering synaptic
function; indeed, synaptojanin was not identified as a tau-associated ER protein in the AD
brain data set. Another example is caspase-14, which had not been previously identified as a
tau interacting protein but was a positive hit in the normal brain. This could be the first
evidence of tau cleavage by another caspase besides caspases 3, 6, 7, 8, and 9 [40-43]. Since
this association was not determined in the AD brain, it is possible that caspase-14 function is
beneficial, and loss of the interaction could lead to early pathogenesis.

Ribosomal proteins constituted the largest functional category of tau-associated ER proteins.
Yet, since the immunoprecipitation was performed with Tau5, an antibody that binds to the
middle region of tau (aa 210-241), it is possible that the co-IP isolated both mature and
nascent tau (partially translated tau beyond aa 241), the latter of which could still be attached
to ribosomes while it is being translated. Identification of chaperones as tau-associated ER
proteins also supports the idea that this is non-pathological nascent tau. However, some of
these tau-associated ribosomal proteins are different between the AD and control brains. For
instance, ribosomal proteins PO and L28 showed differential association with pathological
tau suggesting possible disease-based differences that could alter ribosomal function.
Indeed, hyperphosphorylated tau associates with ribosomes in AD and tauopathy models but
not in normal models but the consequences of this interaction are unknown [19, 44]. This is
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critical to understand disease mechanisms since ribosomal dysfunction has been associated
with AD pathogenesis [45]. Ribosomal proteins PO and L28 are both structural proteins
located in the 60 S subunit. While the individual proteins have not been studied in depth, the
function of the 60 S subunit has been extensively covered. Proteins in this subunit participate
in ribosome biogenesis, all phases of translation, viral transcription, and nonsense-mediated
decay of mMRNA [46]. The structural proteins in the 60 S ribosomal subunit play a critical
part in joining the 60 S subunit with the 40 S subunit. Since PO and L28 are structural
proteins, it is possible that the association of abnormal tau with these proteins could prevent
the coupling of the 60 S subunit with the 40 S subunit and would subsequently lead to a
decrease in translation.

Our study further characterizes region-specific features of previously identified tau-
interacting proteins. For instance, ApoE, the main cholesterol transporter in the brain, was
previously identified as a tau-interacting protein [47]. Since expression of different ApoE
iso-forms confer either increased risk for AD (ApoE4) or protection from AD (ApoE2), and
tau is intricately involved in AD pathology, the ApoE-tau relationship should be studied in
further detail. Identification of ApoE in our study highlights that this interaction occurs in
proximity to the ER. Interestingly, ApoE was identified as a tau-associated ER protein in
both AD and non-AD brains. Therefore, the ApoE-tau interaction plays a normal role in the
brain, and aberrancy of the interaction could be a component of the AD mechanism.

Spectrin, a cytoskeletal protein that was identified in our screen, had also been reported to
associate with tau [48]. However, the association occurs as a consequence of disease or
trauma instead of a direct interaction [49, 50]. In AD and traumatic brain injury, axonal
damage activates calpains and caspases that cleave tau and spectrin. Consequently, cleaved
tau and spectrin levels increase in parenchyma and cerebrospinal fluid [37]. These cleavage
products have been studied as potential biomarkers of AD diagnosis and traumatic brain
injury severity.

The association of a functional category with tau is more robust than that of tau with an
individual protein. Therefore, while Table 1 presents interesting leads, Figure 3B offers
tantalizing support for unidentified tau functions, the disturbance of which could be linked to
AD. For example, identification of complement C3 as a tau-associated ER protein is
insufficient evidence to suggest involvement of tau in regulating inflammatory processes.
However, identification of other proteins that participate in inflammation, such as S100A8,
S100A9, and inter-alpha-trypsin inhibitor as tau-associated ER proteins, supports the
possibility of a role for tau in inflammation.

Although the mass spectrometry platform maximizes the sample input and yields a high
amount of data, it is limited in the characterization of protein-protein interactions. Therefore,
identification of individual tau partners must be validated to establish whether both proteins
associate or interact. Albeit, despite the robust exclusion criteria we applied to our data, we
identified tau-associated ER proteins that were previously validated as tau-interacting
proteins such as ApoE and annexin, among others (Table 1) [8, 47, 51]. Tubulin, which
interacts with both tau and actin, was identified in both co-immunoprecipitates. Since our
exclusion criterion to limit false positives involved eliminating proteins identified in the
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actin co-IP from the tau co-IP, we excluded tubulin from the list of tau-interacting proteins.
Our approach adds novelty to these findings by establishing that this interaction might occur
in brain microsomes.

We utilized robust exclusion criteria that showed no association between tau and the
ribosomal protein PO in non-demented control brain. Further characterization of these
interactions revealed that tau indeed associated with PO in both the AD and control samples;
these data suggest that the exclusion criteria considered the less robust tau-P0 association
below the threshold of a true positive hit. Furthermore, these data underscore the importance
of validating MS/MS results such as the tau-ER proteins identified herein.

AD is a complex disease that often presents other clinical and pathological signs.
Considering the complexity of AD etiology, it is possible that our current results are not
unique to AD. In fact, they could be a common occurrence in many and newly-characterized
tauopathies [52].

In conclusion, we performed a selective identification of ER proteins that associate with tau
in AD and control brains. Further characterization of the dynamic changes in the association
of tau and the listed proteins could reveal novel insights into the pathogenesis and
progression of AD and related tauopathies. In addition, the tau-associated ER proteins in
non-AD brain could identify tau functions that have not been previously described. Future
efforts involve biochemical validation of these tau-associated ER proteins as tau-interacting
proteins, characterization of the role of normal tau in the functional categories (Fig. 3B), and
determination of the impact of pathological tau on the function of the tau-associated ER
proteins in AD brain.
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Fig. 1.
Tau is enriched in the endoplasmic reticulum of AD brains. A-D) Representative western

blots and quantification analysis (of protein between 48-60kDa) for total tau in whole brain
lysate (WBL) (A) or microsomes (C) in human non-demented control and AD brains.
Hyperphosphorylated tau (pTau) was detected in the AD samples only (red bands in A).
Actin was used as loading control for whole brain lysate. Ponceau S stain before incubation
with antibody served as a loading control in the microsome blots. B) Total tau levels are not
significantly different in the whole cell lysates of AD and control. D) Tau levels were
increased in AD microsomes by 39%. E-L) Representative co-immunofluorescent images of
human AD brain showing that both total tau and PHF1-positive signal partially co-localize
with calnexin. Sections were stained with antibodies against total tau (green; E and G),
PHF1 (green; | and K), and calnexin (red; F, G, J, and K). Cell nuclei were revealed with

J Alzheimers Dis. Author manuscript; available in PMC 2016 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meier et al.

Page 15

DAPI staining (blue). H, L) Co-localization analysis with Manders (avg. 0.79 for total tau
and 0.85 for PHF1) and Costes’ coefficients reveals that tau partially co-localizes with
calnexin. Scale bar = 10 pm.
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Fig. 2.
Experimental procedure for microsome co-1P-LC-MS/MS. First, microsomes were isolated

from AD and non-AD control brains. Then, tau or actin were co-immunoprecipitated from
the microsomal protein fractions. Samples were separated by SDS-PAGE, bands were
revealed and consequently cut form the gel by Coomassie staining. Sample proteins were
trypsinized and subjected to LC-MS/MS.
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Fig. 3.
Comparison of tau-associated ER proteins in AD and non-AD brains. A) Venn diagram

depicting the distribution of tau-associated ER proteins based on tissue of origin. Ninety-two
tau-associated ER proteins were identified in AD and non-AD brains. Of these, 39 we only
found in AD, 38 were only found in control, and 15 were common between both conditions.
B) Pie chart showing the relative abundance of all tau-associated ER proteins identified by
function. The identified proteins were grouped into functional categories.
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Fig. 4.
Tau associates differentially with L28 and PO in both AD and control brains. A, B)

Representative co-1P-western blots, in which the ribosomal proteins L28 (A) and PO (B)
were co-IP from human control and AD brains. Total tau association with PO and L28 was
determined with western blot with an antibody that recognizes the first 150 aa of tau. C) AD
and control samples showed that similar levels of tau co-immunoprecipitated with L28. Tau
co-immunoprecipitated more robustly with PO in the high molecular weight range (HMW)
when compared to the medium and low molecular weight bands (MMW and LMW). HMW
= 65-250 kDa; MMW = 60-64 kDa; LMW = 50-60 kDa. D) Representative co-IP-western
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blot with a tau antibody that recognizes aa 210-241 (Tau5) showed similar co-
immunoprecipitation between tau and L28 or PO. E) Quantification of panel D shows that
the association of PO and L28 with Tau 5 is not significantly different. F, G) Representative
western blot shows that the levels of L28 and PO in human control and AD brain
microsomes are not statistically significantly different. Grp94 was used as a loading control
for microsomes.
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Tau-associated ER proteins in AD brain only
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Accession  Description Previously described as a tau- Score
associated protein?
Q06033 Inter-alpha-trypsin inhibitor heavy chain H3 OS = Homo sapiens GN = ITIH3 PE = No 203.13
1SV =2-[ITIH3_HUMAN]
QI9UN36 Protein NDRG2 OS = Homo sapiens GN = NDRG2PE=1SV =2 - No 79.01
[NDRG2_HUMAN]
Q8IXJ6 NAD-dependent deacetylase sirtuin-2 OS = Homo sapiens GN = SIRT2 PE =1 SV Indirect and correlative link 60.57
=2-[SIRT2_HUMAN] with microtubule dynamics [53]
P27105 Erythrocyte band 7 integral membrane protein OS = Homo sapiens GN = STOM PE ~ No 55.41
=1SV =3-[STOM_HUMAN]
P08237 6-phosphofructokinase, muscle type OS = Homo sapiens GN =PFKMPE=1SV = No 54.69
2 - [K6PF_HUMAN]
P09525 Annexin A4 OS = Homo sapiens GN = ANXA4PE=1SV =4- Interacting partner of tau to 53.95
[ANXA4_HUMAN] regulate membrane binding
[51]
P06396 Gelsolin OS = Homo sapiens GN = GSN PE =1 SV =1 - [GELS_HUMAN] No direct interaction; 50.52
overexpression of gelsolin
ameliorates neurodegeneration
in tau transgenic mice [54].
Gelsolin and tau bind to PIP2
and have opposing effects on its
aggregation [55].
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 OS = Homo sapiens GN = ITIH2 PE = No 49.60
1SV =2-[ITIH2_HUMAN]
Q12931 Heat shock protein 75 kDa, mitochondrial OS = Homo sapiens GN = TRAPLPE=1 No 45.81
SV =3 - [TRAP1_HUMAN]
043813 LanC-like protein 1 OS = Homo sapiens GN = LANCL1PE=1SV=1- No 42.94
[LANC1_HUMAN]
P24821 Tenascin OS = Homo sapiens GN = TNC PE =1 SV = 3 - [TENA_HUMAN] mRNA for tenascin and tau 42.44
expressed in the same cells
(immature neurons) [56].
Q13813 Spectrin alpha chain, brain OS = Homo sapiens GN = SPTANLIPE=1SV =3 - Tau interacts with spectrin [48]. 40.35
[SPTA2_HUMAN] Elevated levels in CSF of AD
[49] and TBI [50]. Tau and
spectrin are subject to cleavage
in ischemia [57].
P23515 Oligodendrocyte-myelin glycoprotein OS = Homo sapiens GN = OMG PE=1SV =  Levels are inversely correlated 38.81
2 - [OMGP_HUMAN] in fafep oligodendrocytes [58];
both increased in CSF of
multiple sclerosis clinical
subtypes [59]; MOG-induced
encephalomyelitis is
ameliorated when tau is present
[60].
P05388 60 S acidic ribosomal protein PO OS = Homo sapiens GN=RPLPOPE=1SV=1- No 37.93
[RLAO_HUMAN]
Q8NHWS5 60 S acidic ribosomal protein PO-like OS = Homo sapiens GN = RPLPOP6 PE =5 No 37.93
SV =1 - [RLAOL_HUMAN]
P01024 Complement C3 OS = Homo sapiens GN = C3 PE =1 SV =2 - [CO3_HUMAN] No 34.67
075363 Breast carcinoma-amplified sequence 1 OS = Homo sapiens GN = BCAS1 PE = 1 No 34.07
SV =2 - [BCAS1_HUMAN]
Q13085 Acetyl-CoA carboxylase 1 OS = Homo sapiens GN = ACACAPE=1SV =2- No 33.82
[ACACA_HUMAN]
P01834 1g kappa chain C region OS = Homo sapiens GN = IGKCPE=1SV=1- No 32.32

[IGKC_HUMAN]
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Accession  Description Previously described as a tau- Score
associated protein?

P18583 Protein SON OS = Homo sapiens GN = SON PE =1 SV =4 - [SON_HUMAN] No 31.63

Q9Y696 Chloride intracellular channel protein 4 OS = Homo sapiens GN = CLIC4 PE =1 No 31.05
SV =4 - [CLIC4_HUMAN]

Q99683 Mitogen-activated protein kinase kinase kinase 5 OS = Homo sapiens GN = MAPK phosphorylates tau [61] 30.63
MAP3K5 PE =1 SV =1 - [M3K5_HUMAN] at several sites associated with

disease [62—-66].

075445 Usherin OS = Homo sapiens GN = USH2A PE =1 SV =3 - [USH2A_HUMAN] No 29.78

Q62592 Putative uncharacterized protein FLJ45721 OS = Homo sapiens PE=5SV =2 - No 29.45
[YD022_HUMAN]

P02787 Serotransferrin OS = Homo sapiens GN = TF PE = 1 SV = 3 - [TRFE_HUMAN] No 29.43

Q9C0B2 Uncharacterized protein KIAA1751 OS = Homo sapiens GN = KIAA1751 PE = 2 No 29.30
SV =2 - [K1751_HUMAN]

Q16181 Septin-7 OS = Homo sapiens GN = SEPT7 PE =1 SV =2 - [SEPT7_HUMAN] No 28.94

Q8N3Z3 GTP-binding protein 8 OS = Homo sapiens GN = GTPBP8 PE=2SV =1 - No 28.86
[GTPB8_HUMAN]

Q6P5Z2 Serine/threonine-protein kinase N3 OS = Homo sapiens GN=PKN3PE=1SV=1 No 28.65
- [PKN3_HUMAN]

P37108 Signal recognition particle 14 kDa protein OS = Homo sapiens GN =SRP14PE=1 No 28.30
SV =2-[SRP14_HUMAN]

QINX45 Spermatogenesis- and oogenesis-specific basic helix-loop-helix-containing protein2 ~ No 28.10
OS = Homo sapiens GN = SOHLH2 PE =2 SV = 2 - [SOLH2_HUMAN]

P52746 Zinc finger protein 142 OS = Homo sapiens GN = ZNF142 PE=1SV =4 - No 27.65
[ZN142_HUMAN]

P09238 Stromelysin-2 OS = Homo sapiens GN = MMP10PE=1SV=1- No 26.30
[MMP10_HUMAN]

Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 OS = Homo sapiens GN = ITIH4 PE = No 26.05
1SV =4-[ITIH4_HUMAN]

P08195 4F2 cell-surface antigen heavy chain OS = Homo sapiens GN = SLC3A2PE=1SV  No 25.65
=3 - [4F2_HUMAN]

Q9BXR6  Complement factor H-related protein 5 OS = Homo sapiens GN = CFHR5 PE = 1 No 25.64
SV =1- [FHR5_HUMAN]

P48643 T-complex protein 1 subunit epsilon OS = Homo sapiens GN=CCT5PE=1SV=1 No 24.40
- [TCPE_HUMAN]

043896 Kinesin-like protein KIF1 C OS = Homo sapiens GN =KIFLCPE=1SV =3- No 24.16
[KIF1IC_HUMAN]

Q8WWZ7  ATP-hinding cassette sub-family A member 5 OS = Homo sapiens GN = ABCA5 No 24.10

PE=2SV =2-[ABCA5_HUMAN]
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Table 2

Tau-associated ER proteins in non-demented brain only

Page 22

Accession  Description Previously described as  Score
atau-associated
protein?
Q04917 14-3-3 protein eta OS = Homo sapiens GN = YWHAH PE = 1 SV =4 - [1433F_HUMAN] Yes; particularly studied ~ 130.11
in relation with zeta
subunit of 14-3-3 [67-
69]
Q9Y2J2 Band 4.1-like protein 3 OS = Homo sapiens GN = EPB41L3PE=1SV =2- No 95.21
[E41L3_HUMAN]
P31944 Caspase-14 OS = Homo sapiens GN = CASP14 PE = 1 SV = 2 - [CASPE_HUMAN] No 84.42
Q5D862 Filaggrin-2 OS = Homo sapiens GN = FLG2 PE =1 SV = 1 - [FILA2_HUMAN] No 75.88
P06702 Protein S100-A9 OS = Homo sapiens GN = S100A9 PE =1 SV =1 - [S10A9_HUMAN] No 75.56
P05109 Protein S100-A8 OS = Homo sapiens GN = S100A8 PE =1 SV =1 - [S10A8_HUMAN] No 73.36
P09543 2/,3-cyclic-nucleotide 3’-phosphodiesterase OS = Homo sapiens GN=CNPPE=1SV =2 No 61.21
- [CN37_HUMAN]
043426 Synaptojanin-1 OS = Homo sapiens GN = SYNJ1 PE =1 SV = 2 - [SYNJ1_HUMAN] No 61.16
P61421 V-type proton ATPase subunit d 1 OS = Homo sapiens GN = ATP6VOD1PE=1SV =1- No 54.66
[VAOD1_HUMAN]
P31947 14-3-3 protein sigma OS = Homo sapiens GN = SFN PE =1 SV =1 - [1433S_HUMAN] Yes; particularly studied 41.58
in relation with zeta
subunit of 14-3-3 [67-
69]
P02794 Ferritin heavy chain OS = Homo sapiens GN = FTH1 PE =1 SV = 2 - [FRIH_HUMAN] Yes. [70] 40.73
Q8N8Y2 V-type proton ATPase subunit d 2 OS = Homo sapiens GN = ATP6VOD2PE=2SV =1 - No 40.48
[VAOD2_HUMAN]
P60201 Myelin proteolipid protein OS = Homo sapiens GN = PLP1PE=1SV =2 - Levels are inversely 36.83
[MYPR_HUMAN] correlated in tfaiep
oligodendrocytes [58]
043150 Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 2 OS = Homo No 36.65
sapiens GN = ASAP2 PE =1 SV = 3 - [ASAP2_HUMAN]
Q96A05 V-type proton ATPase subunit E 2 OS = Homo sapiens GN = ATP6V1IE2 PE=1SV =1- No 35.24
[VATE2_HUMAN]
094973 AP-2 complex subunit alpha-2 OS = Homo sapiens GN = AP2A2PE=1SV =2 - Tau associates with 35.06
[AP2A2_HUMAN] MARK via AP-2 [71]
QINZT1 Calmodulin-like protein 5 OS = Homo sapiens GN = CALML5PE=1SV =2 - No 32.84
[CALL5_HUMAN]
P17600 Synapsin-1 OS = Homo sapiens GN = SYN1 PE =1 SV =3 - [SYN1_HUMAN] No 32.11
Q12888 Tumor suppressor p53-binding protein 1 OS = Homo sapiens GN = TP53BP1 PE=1SV = No 30.20
2 - [TP53B_HUMAN]
Q6ZP68 Putative uncharacterized protein C130rf35 OS = Homo sapiens GN = C130rf35 PE = 2 SV No 30.01
=1- [CM035_HUMAN]
P20930 Filaggrin OS = Homo sapiens GN = FLG PE =1 SV = 3 - [FILA_HUMAN] No 29.89
014594 Neurocan core protein OS = Homo sapiens GN = NCANPE=2SV =3 - No 29.82
[NCAN_HUMAN]
Q6PJGY Leucine-rich repeat and fibronectin type-111 domain-containing protein 4 OS = Homo No 28.84
sapiens GN = LRFN4 PE =1 SV = 1 - [LRFN4_HUMAN]
P36957 Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate No 28.56
dehydrogenase complex, mitochondrial OS = Homo sapiens GN = DLSTPE=1SV=3-
[ODO2_HUMAN]
P10915 Hyaluronan and proteoglycan link protein 1 OS = Homo sapiens GN = HAPLN1PE=2SV  No 28.49

=2 - [HPLN1_HUMAN]
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atau-associated
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Q92598 Heat shock protein 105 kDa OS = Homo sapiens GN = HSPH1PE=1SV =1- No 28.36
[HS105_HUMAN]

Q16658 Fascin OS = Homo sapiens GN = FSCN1 PE =1 SV =3 - [FSCN1_HUMAN] No 28.28

P51674 Neuronal membrane glycoprotein M6-a OS = Homo sapiens GN = GPM6A PE =1 SV =2 No 27.75
- [GPM6A_HUMAN]

Q9HCE3  Zinc finger protein 532 OS = Homo sapiens GN = ZNF532 PE=1SV =2 - No 27.03
[ZN532_HUMAN]

P55774 C-C motif chemokine 18 OS = Homo sapiens GN = CCL18PE=1SV =1- No 26.36
[CCL18_HUMAN]

Q15334 Lethal(2) giant larvae protein homolog 1 OS = Homo sapiens GN = LLGL1PE=1SV =3 No 25.52
- [L2GL1_HUMAN]

Q96BH1 E3 ubiquitin-protein ligase RNF25 OS = Homo sapiens GN = RNF25PE=1SV =1- No 25.18
[RNF25_HUMAN]

QI9Y2K2 IK3 OS = Homo sapiens GN = SIK3 PE = 1 SV = 3 - [SIK3_HUMAN] No 23.83

Q65193 Protein FAM111B OS = Homo sapiens GN = FAM111BPE=2SV =1- No 23.50
[F111B_HUMAN]

043264 Centromere/kinetochore protein zw10 homolog OS = Homo sapiens GN = ZW10 PE = 1 No 23.43
SV =3 - [ZW10_HUMAN]

Q9H254 Spectrin beta chain, brain 3 OS = Homo sapiens GN = SPTBN4PE=1SV =2 - No 21.74
[SPTN4_HUMAN]

Q6N021 Probable methylcytosine dioxygenase TET2 OS = Homo sapiens GN = TET2PE=1SV = No 20.86
3- [TET2_HUMAN]

QI9NU22  Midasin OS = Homo sapiens GN = MDN1 PE = 1 SV =2 - [MDN1_HUMAN] No 26.11
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Table 3

Tau-associated ER proteins common in AD and control brains
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Accession  Description Previously Score
described as atau-
associated protein?

P10636 Microtubule-associated protein tau OS = Homo sapiens GN = MAPT PE=1SV =4 - Yes 721.33

[TAU_HUMAN]
P02751 Fibronectin OS = Homo sapiens GN = FN1 PE =1 SV =4 - [FINC_HUMAN] Fibronectin and tau 180.85
inclusions are
present in Zucker
diabetic fatty rat
brain [72]
P68104 Elongation factor 1-alpha 1 OS = Homo sapiens GN = EEFIA1PE=1SV=1- No 149.33
[EF1A1_HUMAN]

Q5VTEO Putative elongation factor 1-alpha-like 3 OS = Homo sapiens GN = EEFIAL3PE=5SV =1- No 149.33
[EF1A3_HUMAN]

Q05639 Elongation factor 1-alpha 2 OS = Homo sapiens GN = EEFIA2 PE=1SV=1- No 123.84
[EF1A2_HUMAN]
P00450 Ceruloplasmin OS = Homo sapiens GN = CP PE =1 SV =1 - [CERU_HUMAN] No 108.22
QIUK22 F-box only protein 2 OS = Homo sapiens GN = FBX02 PE =1 SV = 2 - [FBX2_HUMAN] No 51.26
P00738 Haptoglobin OS = Homo sapiens GN = HP PE =1 SV = 1 - [HPT_HUMAN] No 47.95
P20742 Pregnancy zone protein OS = Homo sapiens GN = PZP PE =1 SV =4 - [PZP_HUMAN] No 41.12
P01023 Alpha-2-macroglobulin OS = Homo sapiens GN = A2M PE =1 SV =3 - [A2MG_HUMAN] No 41.12
Q92985 Interferon regulatory factor 7 OS = Homo sapiens GN = IRF7TPE=1SV =2 - No 33.87
[IRF7_HUMAN]

P31946 14-3-3 protein beta/alpha OS = Homo sapiens GN = YWHAB PE=1SV =3 - No 32.98
[1433B_HUMAN]

P46779 60 S ribosomal protein L28 OS = Homo sapiens GN = RPL28 PE=1SV =3 - No 27.67
[RL28_HUMAN]

P02649 Apolipoprotein E OS = Homo sapiens GN = APOE PE =1 SV =1 - [APOE_HUMAN] Yes [47] 24.52

Q6ZQQ6 WD repeat-containing protein 87 OS = Homo sapiens GN = WDR87 PE=2 SV =3 - No 24.26

[WDR87_HUMAN]
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