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The tau protein is central to the etiology of several neu-
rodegenerative diseases, including Alzheimer’s disease, a
subset of frontotemporal dementias, progressive su-
pranuclear palsy and dementia following traumatic brain
injury, yet the proteins it interacts with have not been
studied using a systematic discovery approach. Here we
employed mild in vivo crosslinking, isobaric labeling, and
tandem mass spectrometry to characterize molecular in-
teractions of human tau in a neuroblastoma cell model.
The study revealed a robust association of tau with the
ribonucleoproteome, including major protein complexes
involved in RNA processing and translation, and docu-
mented binding of tau to several heat shock proteins, the
proteasome and microtubule-associated proteins. Fol-
low-up experiments determined the relative contribution
of cellular RNA to the tau interactome and mapped inter-
actions to N- or C-terminal tau domains. We further doc-
ument that expression of P301L mutant tau disrupts in-
teractions of the C-terminal half of tau with heat shock
proteins and the proteasome. The data are consistent
with a model whereby a higher propensity of P301L mu-
tant tau to aggregate may reflect a perturbation of its
chaperone-assisted stabilization and proteasome-de-
pendent degradation. Finally, using a global proteomics
approach, we show that heterologous expression of a
tau construct that lacks the C-terminal domain, including
the microtubule binding domain, does not cause a dis-
cernible shift of the proteome except for a significant

direct correlation of steady-state levels of tau and cystatin
B. Molecular & Cellular Proteomics 14: 10.1074/mcp.
M115.050724, 3000–3014, 2015.

The tau protein is a member of the family of microtubule-
associated proteins (MAPs)1 that in humans is coded by the
MAPT gene on chromosome 17q21.31 (1). Initially, described
as a factor that binds to and stabilizes microtubules (MTs) (2),
interest in the tau protein grew when it was shown to repre-
sent the main constituent of intracellular protein aggregates,
termed neurofibrillary tangles (NFTs), observed in Alzheimer’s
disease (3, 4). Similar tau aggregates have since been de-
scribed in other, less common dementias, including progres-
sive supranuclear palsy (PSP), corticobasal degeneration
(CBD), Pick’s disease and dementia pugilistica, a form of
dementia observed in athletes who had been exposed to
repeated traumatic brain injury (5).

Despite its early recognition as a MT binding molecule, the
physiological function of the tau protein is still being debated
(6). At least, in part, this uncertainty is born from the obser-
vation that tau knockout mice are rather nonconspicuous in
their phenotype (7, 8). Ongoing attempts to define additional
roles for this protein have, over the years, generated several
hypotheses, including that the tau protein modulates neurite
outgrowth and axonogenesis (8, 9), bridges the microtubule
and actin cytoskeletons (10), and acts as a scaffold for teth-
ering the Src family tyrosine kinase Fyn to PSD-95/NMDA
receptor complexes (11). The predominant expression of tau
in neuronal axons suggests a role in brain function. Signifi-
cantly, in all tauopathies, a group term used to describe

From the ‡Tanz Centre for Research in Neurodegenerative Dis-
eases, University of Toronto, Ontario M5T2S8, Canada; §Department
of Laboratory Medicine and Pathobiology, University of Toronto, To-
ronto, Ontario M5S1A8, Canada; ¶Advanced Optical Microscopy Fa-
cility, University Health Network, Toronto, Ontario, M5G 1L7, Canada

Received April 17, 2015, and in revised form, August 5, 2015
Published, MCP Papers in Press, August 11, 2015, DOI

10.1074/mcp.M115.050724
Author contributions: C.G. and G.S. designed research; C.G., M.M.,

X.W., I.M., I.B.L., J.E.J., H.W., and G.S. performed research; G.S.
contributed new reagents or analytic tools; C.G., M.M., X.W., I.M.,
I.B.L., H.W., and G.S. analyzed data; C.G., M.M., H.W., and G.S.
wrote the paper.

1 The abbreviations used are: MAPs, microtubule-associated pro-
teins; CBD, corticobasal degeneration; CID, collision induced disso-
ciation; EGFP, enhanced green fluorescent protein; ESI, electrospray
ionization; GO, Gene Ontology; HSP, heat shock protein; MTB, mi-
crotubule binding domain; MT, microtubule; MS/MS, tandem mass
spectrometry; NFT, neurofibrillary tangles; PD, projection domain;
PSM, peptide-to-spectrum matches; PSP, progressive supranuclear
palsy; PTM, posttranslational modifications; TMT, tandem mass tag.

Research
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

crossmark

3000 Molecular & Cellular Proteomics 14.11

http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M115.050724&domain=pdf&date_stamp=2015-8-11


dementias with pathological tau protein involvement, the tau
protein is observed to detach from microtubules and to form
aggregates. There also is compelling evidence from a body of
work with transgenic models that the cellular toxicity ob-
served in the aforementioned dementias relies on the pres-
ence of the tau protein (12). Consequently, it seems plausible
that the cellular toxicity observed in AD and other dementias
does not relate to a loss of function of the tau protein but
represents a gain of toxic function the protein exhibits in its
microtubule-detached form.

The tau molecule can be crudely subdivided into an amino-
terminal projection domain (PD), a microtubule-binding do-
main (MTB), and a carboxy-terminal domain (C’) (13). The
protein has long been known to exhibit some remarkable
biochemical characteristics, including an ability to withstand
harsh acid and heat treatments that would cause a majority of
other proteins to precipitate (2, 14). These characteristics
have been attributed to tau being natively unfolded and pos-
sessing a highly dynamic character (15). The tau protein is
also known to be a substrate for several post-translational
modifications (PTMs), and the list of tau modifying enzymes
that have been described is long. In particular, tau phosphor-
ylation has been recognized to occur in vivo and in disease,
and tau hyperphosphorylation at sites within the MTB domain
and at nearby sites flanking the MTB has been shown to
promote detachment of tau from microtubules (16). There
further is broad agreement in the field that levels of several
other tau PTMs are raised in tauopathies, including nitration
(17), ubiquitination (18), sumoylation (19), and truncation (20,
21). Less agreement exists on the degree to which specific
PTMs contribute to disease manifestation in individual
tauopathies (22). Lacking also are insights into other physio-
logical protein interactions the tau protein engages in and,
surprisingly, to our knowledge, no systematic screen for tau
binders has been reported. Thus, except for its well-estab-
lished binding to microtubules (2), members of the Src family
of protein kinases (23, 24), Hsp70 (25)/Hsp90 (26, 27), and
reports on its interaction with F-actin (28), ApoE3 (29), a
subset of peptidyl-prolyl cis-trans isomerases (30, 31), �-sy-
nuclein (32), PACSIN1 (33), and negatively charged polymers,
including nucleic acids (34, 35), relatively little is known about
other nonenzymatic interactions the protein engages in.

In an attempt to address this unmet need, we set out to
define molecular interactors of the tau protein in the human
neuroblastoma SH-SY5Y cell model. The study made use of
advanced instrumentation and workflows that included com-
parative mass spectrometry based on isobaric tags. We ob-
served that the tau interactome is dramatically enriched in
cellular components involved in the regulation and execution
of RNA-processing and translation. We document that the
previously known ability of the tau protein to bind to nucleic
acids is partially responsible but not sufficient by itself to
explain this binding propensity of the tau protein. We nar-
rowed down the binding preference of individual binders to N-

and C-terminal domains within tau and document that several
interactors, including 14-3-3 proteins, heat shock proteins,
and the proteasome, exhibit a strong binding preference for
the C terminus of tau. When comparing the interactomes of
wild-type and mutant tau (P301L) linked to frontotemporal
dementia, we observed that interactions with the aforemen-
tioned C-terminal tau binding partners are diminished for mu-
tant tau. Despite the strong binding of tau to the ribonucleo-
proteome, its overexpression does not seem to affect the
global steady-state levels of cellular proteins, and only the
levels of cystatin B, a natural inhibitor of cysteine proteases,
were modified and correlated directly with the levels of het-
erologously expressed tau.

EXPERIMENTAL PROTOCOL

Antibodies—The mouse monoclonal antibodies directed
against GFP (cat. no. 632380, clone JL-8) and HSP90 (cat. no.
610418) were purchased from Clontech Laboratories, Inc.
(Mountain View, CA) and BD Biosciences (Mississauga, ON,
Canada), respectively. The rabbit polyclonal anti-tau antibody
(K9JA) was from Dako Canada (cat. no. A0024, Burlington,
ON). The secondary anti-mouse peroxidase-conjugated anti-
body (cat no. 170–6516) was from Bio-Rad (Mississauga, ON,
Canada).

Cell Culture—Human SH-SY5Y neuroblastoma cells (cat.
no. CRL-2266), African Green Monkey CV-1 kidney cells
(cat. no. CCL-70) and human HEK-293 embryonic kidney
cells (cat. no. CRL-1573) (American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% v/v fetal bovine
serum, antimycotic/antibiotic (Life Technologies, Burlington
ON, Canada), and GlutaMAX-I supplement (Life Technolo-
gies). For interactome experiments, SH-SY5Y cells were pas-
saged to 150 mm � 15 mm cell culture dishes (Sarstedt AG &
Co, Nümbrecht, Germany). For global proteome analyses,
HEK-293 cells were grown in 100 mm � 10 mm cell culture
dishes (Sarstedt AG & Co). Mammalian expression plasmids
were transiently transfected using Lipofectamine transfection
reagent (Lipofectamine 2000, Life Technologies) according to
the manufacturer’s instructions.

Cloning of Tau Expression Constructs—The tau1-441-
EGFP plasmid was a generous gift by Dr. George S. Bloom
(36). Tau1-255-EGFP, tau256-441-EGFP, tau1-441(P301L)-
ECFP, and EGFP were produced by deleting domains or
mutating specific residues of the tau1-441-EGFP parent plas-
mid by conventional site-directed mutagenesis using HiFidel-
ity polymerase (Qiagen, Valencia, CA).

Affinity Chromatography—SH-SY5Y cells were in vivo
crosslinked with 1% formaldehyde as described before (37),
then washed twice with ice-cold PBS, scraped from the cell
culture dish, collected by mild centrifugation and gently lysed
in Lysis buffer (150 mM Tris, HCl, pH 7.3, 50 �g/ml digitonin,
5 mM EGTA, 20 mM NaF, 1 mM vanadate, Complete protease
inhibitor mixture (Roche Diagnostics Corporation, Indianapo-
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lis, IN), 1� PhosSTOP phosphatase inhibitor mixture (Roche),
10% glycerol). Lysates were first precleared by centrifuging at
3000 � g for 10 min at 4 °C, and then centrifuged at 30,000
rpm in an ultracentrifuge using a SW 55Ti rotor (Beckman
Coulter, Mississauga ON, Canada) for 30 min at 4 °C. The
protein concentration was determined by bicinchoninic acid
assay (BCA assay; Fisher Scientific, Ottawa, ON), adjusted to
5 mg/ml and cell lysates added to GFP-trap beads (Chro-
moTek Inc., Planegg-Martinsried, Germany), which had been
pre-equilibrated in Lysis buffer. Following overnight incuba-
tion at 4 °C with end-over-end tumbling, GFP-trap beads
were sedimented by gravity before supernatants were re-
moved and designated as “Unbound” fractions. Sedimented
beads were washed three times using Lysis buffer without
protease inhibitors and then subjected to a pre-elution wash
with 10 mM HEPES, pH 7.4. Bound proteins were eluted with
500 �l of 0.2% TFA, 20% acetonitrile, pH 2 in water.

Sample Preparation for Global Proteome Analysis—Near-
confluent layers of HEK-293 cells grown in six 100 mm dishes,
were harvested 48 h following their transient transfection with
tau1–255-EGFP or EGFP constructs. Cells were gently sedi-
mented in ice-cold phosphate-buffered saline and subse-
quently subjected to hot lysis in preheated (90 °C) Lysis buffer
comprised of 63 mM HEPES/NaOH, pH 8.0, 2% sodium do-
decylsulfate in deionized water. Subsequently, nucleic acids
and cellular debris were further destructed by three pulses of
1 min bead beating in a Mini-BeadBeater 8 (Biospec Products
Inc., Bartlesville, OK) at “Homogenization level” in the pres-
ence of 0.5 mm glass beads. Cellular lysates were cleared by
high speed centrifugation (1 h, 100,000 � g), protein levels
adjusted by bicinchoninic acid colorimetric assay (Thermo
Fisher Scientific, Nepean, ON) and volume equivalents con-
taining 100 �g protein acetone precipitated.

Western blot and Immunofluorescence Analyses—Levels of
total proteins in SH-SY5Y extracts were determined by BCA
assay (Fisher Scientific) and equal amounts of proteins were
separated at 180 V in 4–12% denaturing NuPAGE SDS-PAGE
gels (Life Technologies), followed by transfer to 0.45 micron
polyvinyl fluoride membranes. The Western blot membranes
were blocked in skim milk and incubated with the respective
primary antibodies overnight at 4 °C. Subsequently, Western
blot membranes were incubated with peroxidase-conjugated
anti-mouse secondary antibodies (1:10,000) and the ECL re-
agent (cat. no. RPN2106; GE Healthcare, Baie d’Urfe, QC).
Signals were detected either with x-ray film or the Odyssey Fc
Imager system (LI-COR Biosciences, Lincoln, NE).

Immunofluorescence Analyses—CV-1 cells were grown in
four-well chamber slides (Lab-Tek II Chamber Slide System;
Nunc, Roskilde, Denmark) and then transiently transfected
with tau1–441-EGFP, tau1–255-EGFP, tau 256–441-EGFP,
or EGFP as described before. Cell images were captured
using a LSM 700 confocal microscope with an LCI stage-top
incubator (Carl Zeiss Canada, Toronto, ON).

Quantitative Mass Spectrometry—For interactome analy-
ses, six 150 mm � 15 mm SH-SY5Y cell culture plates were
grown to near-confluency per sample (or control) and pro-
cessed as described under “Affinity Chromatography.” For
global proteome analyses, six 100 mm � 10 mm HEK-293 cell
culture plates served as starting materials and were pro-
cessed as outlined under “Samples Preparation for Global
Proteome Analysis.” Identical procedures were applied to
generate three biological replicates for each condition tested.

Workflows for protein reduction, alkylation, and trypsiniza-
tion followed steps that have recently been described in detail
(38). Following trypsinization, peptide mixtures were side-by-
side conjugated to six-plex tandem mass tag (TMT) reagents
(Thermo Fisher Scientific) or four-plex isobaric tags for relative
and absolute quantification (iTRAQ) (39) (Applied Biosystems,
Foster City, CA) using manufacturer instructions. Subse-
quently, equal volumes of the TMT (or iTRAQ) labeling mix-
tures were pooled into a master mix and subjected to C18 or
SCX ZipTip clean-up using Bond Elut Omix 100 �l tips (Agilent
Technologies Inc., Santa Clara, CA) followed by tandem mass
spectrometry analysis on a Orbitrap Fusion Tribrid instrument
(Thermo Fisher Scientific) using a previously described data-
dependent MS3 workflow (38). Briefly, TMT-labeled (or
iTRAQ-labeled) peptide mixtures were injected onto 25 cm
Acclaim nanocapillary C18 columns using a split-free nLC
1100 nano-HPLC system (Thermo Fisher Scientific) and were
separated by applying 4 h linear gradients of 3–50% aceto-
nitrile in 0.1% formic acid at a flow rate of 300 nL/min. The
eluent was directed toward the ion transfer tube of the Or-
bitrap Fusion Tribrid instrument by dynamic nanospray ioni-
zation. The acquisition method incorporated three separate
scans. Following an orbitrap-based survey scan of the 400–
2000 m/z range at 120,000 resolution, the 10 most intense
ions carrying charges of two or more were isolated and frag-
mented by collision-induced dissociation (CID). Peptide frag-
ments were scanned out from the linear ion trap to provide
peptide sequence information. Finally, the 10 most abundant
CID fragments were further fragmented by high energy colli-
sion-induced dissociation (HCD) to release TMT or iTRAQ
signature ions, which were detected by the orbitrap at a
resolution of 60,000. A dynamic exclusion window of 20 min
prevented reanalysis of previously selected parent ions.

RNase Treatment—Cells were lysed using the aforemen-
tioned digitonin-containing Lysis buffer. Cellular lysates were
precleared for 10 min at 4000 rpm in a refrigerated centrifuge
(Napco 2028r, Thermo Fisher Scientific). Subsequently, su-
pernatants were spun at 30,000 rpm in a swing-out rotor (SW
55Ti; Beckman Coulter, Pasadena, CA) to remove residual
insoluble debris. 40 �g/ml RNase A and 100 U/ml RNase T1
(cat. no. EN0551; stock concentrations of 2 mg/ml RNase A,
5000 U/ml RNase T1) (Life Technologies) were added to cell
lysates, which were incubated at room temperature for 1 h.

Postacquisition Data Analyses—The postacquisition data
analyses of tau interactome and global proteome datasets
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was conducted against the human international protein index
(IPI) database (Version 3.87), which was queried with Mascot
(Version 2.4; Matrix Science Ltd, London, UK) and Sequest
HT search engines within Proteome Discoverer (Version 1.4;
Thermo Fisher Scientific). Spectra were filtered by the perco-
lator algorithm using a maximum �Cn of 0.05 for input data
and a strict target false discovery rate (FDR) of 0.01 for the
decoy database search (40). Protein identifications were
cross-validated by the respective algorithm for determining
the FDR within PEAKS Studio software (Version 6.0; Bioinfor-
matics Solutions Inc., Waterloo, Ontario, Canada). A separate
module within the latter software further served in assessing
the reproducibility of the nano-HPLC runs. Searches were
configured to accommodate a maximum of two missed tryptic
cleavages and considered only peptides with a minimum
length of six amino acids. Naturally occurring variable post-
translational modifications (PTMs) considered were phospho-
rylations of serine, threonine, or tyrosine residues. Other vari-
able PTMs considered were oxidation of methionines as well
as deamidation of glutamines and asparagines. Static modi-
fications considered were pyridylethyl-derivatised cysteines
and TMT6plex-modified primary amines present on peptide N
termini or lysine side chains. Precursor mass tolerance and
fragment mass tolerance thresholds were set to 10 ppm and
0.6 Da, respectively. All protein identifications and relative
quantitations were based on a minimum of three CID spectra
and TMT signature ion distributions linked to them (note that
the median count of quantified PSMs underlying individual
protein quantitations was 14). Filtering of entries on the basis
variances was avoided as we observed variances to be
skewed by isolation interference (despite setting an isolation
interference threshold of 30%) (41). Instead, cut-offs were
based on the number of PSMs that contributed to protein
group identifications and quantitations. A subset of quantita-
tion data were exported from Proteome Discoverer to provide
representative examples of TMT-based ratio assignments
(supplemental Figs. S1 and S3). The Gene Ontology analyses
as well as the identification of KEGG pathways and InterPro
domains, which were enriched among proteins that co-iso-
lated with the tau protein, were undertaken with an integrated
suite of statistical algorithms embedded in ProteinCenter soft-
ware (Version 3.12; Thermo Fisher Scientific). The analysis
was based on 390 protein groups, for which a minimum of
three reporter ion distributions were available, that exhibited
average enrichment ratios �1.2. As the reference data set
served in these calculations the human IPI database with
91,464 entries. When p values were corrected for multiple
statistical testing using a previously published methodology
(42) they are shown as FDR p values. Background colors in
supplemental Tables S1, S3, and S4 were generated in Excel
by defining two- or three-color rules based on enrichment
ratios, i.e. high ratio: dark green; ratio � 1 (corresponding to
no relative enrichment): white; low ratio: red. The color inten-

sities correlated directly and proportionally with the relative
deviation of enrichment levels from the ratio of 1.

All mass spectrometry datasets have been deposited to the
ProteomeXchange Consortium (43) and can be identified for
download by the PRIDE partner repository (44) identifier
PXD002058.

RESULTS

Workflow of Tau Interactome Analysis—Any study that aims
to identify molecular interactors of a given bait protein by
affinity capture and mass spectrometry needs to consider the
biological source material, the method of bait protein capture
and a strategy for discriminating a relatively small number of
specific interactors from an excess of nonspecific binders.
Here we chose to express the tau protein carrying a C-termi-
nal enhanced green fluorescent protein (EGFP) module in the
human SH-SY5Y neuroblastoma cell line (Fig. 1A). The SH-
SY5Y cell model represents one of the best understood hu-
man-derived paradigms for studying the cellular biology of
neurodegenerative disease-linked proteins. This cell line fur-
ther expresses the tau protein endogenously and, therefore,
would be expected to have cellular components in place that
interact with this protein under physiological conditions. The
EGFP fusion was selected on the basis of prior results by
others that documented that the C-terminal addition of this
tag to the tau protein neither interferes with its binding to
microtubules nor with the manifestation of tau-dependent
toxicity in cells exposed to amyloid � (36). In addition to
affording the ability to trace the subcellular localization of the
fusion protein on account of the fluorescence signal it ema-
nates when excited (Fig. 1B), EGFP-tagged proteins can read-
ily be captured on matrices saturated with the GFP-binding
protein (45) and offer the ability to generate informative neg-
ative control samples by heterologous expression of the
EGFP-cassette alone.

Thus, cellular extracts were generated by digitonin extrac-
tion of SH-SY5Y cells that stably expressed human four-
repeat tau with a C-terminal EGFP fusion (tau1–441-EGFP) or
EGFP alone at levels comparable to endogenous tau levels
observed in these cells (not shown). Following affinity capture,
bait protein complexes were eluted by rapidly lowering the
pH. Subsequently, proteins were fully denatured in concen-
trated urea, reduced, alkylated, trypsinized, and TMT-labeled.
The use of six-plex TMT reagents afforded the concomitant
analysis of three biological samples and three controls, which
were generated side by side. It thereby facilitated inter-sam-
ple comparisons and eliminated a notorious confounder en-
countered when complex proteomics samples are analyzed
consecutively and exhibit run-to-run variance. Here, the use
of consecutive analyses was restricted to the generation of
technical replicates (Fig. 1C).

The Tau Interactome is Enriched in Proteins with Roles in
RNA-processing and Translation—Interactome datasets ob-
tained were searched against the nonredundant IPI human
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database (Version 3.87). When applying a stringent false-
discovery rate (FDR) of 0.4% the combined tau1–441 inter-
actome analyses resulted in the assignment of 10,678 unique
peptide sequences and the detection of 1,078 protein groups,
with quantitations minimally based on ten TMT reporter ion
distributions (Fig. 2A, supplemental Table S1).

Of these protein groups, 190 exhibited average enrichment
ratios of 1.2 or greater (relative to the EGFP affinity capture
control replicates) (see Table I for the top-listed hits). The
cursory initial inspection of the candidate tau1–441 interac-
tome revealed a surprising abundance of RNA binding pro-
teins and proteins known to play a role in protein translation.
To further explore in a systematic fashion if a particular bio-
logical process or molecular function was enriched among the
subset of proteins that preferentially co-isolated with tau1–
441, a comprehensive Gene Ontology (GO) search was con-
ducted. This investigation revealed that proteins contributing
to “mRNA metabolic processes,” “translation initiation,” and
“translation elongation” were most significantly enriched
among candidate tau1–441 interactors when using the entire
human IPI database as a reference. Consistent with these
observations, “RNA binding,” “poly(A) RNA binding,” and

“structural constituent of ribosome” were the top-listed GO
Molecular Functions. In addition to the KEGG pathway “Ri-
bosome,” the tau1–441 interactome dataset was significantly
enriched in components that had been mapped to the KEGG
pathway “Proteasome.” Finally, when we interrogated the list
of proteins to investigate if any known InterPro protein domain
was enriched in the dataset, the “RNA recognition motif
(RRM) domain” was returned as a subdomain that was pres-
ent in 27 proteins (supplemental Table S2), a level of occur-
rence corresponding to a probability of p � 2.06E�11 (cor-
rected for multiple testing) that this observation would be
encountered by chance alone (Fig. 2B).

Tau Binds Preferentially to the Large 60S Subunit of the
Ribosome—Several well-characterized protein machines, in-
cluding the spliceosome and the ribosome, are known to
contribute to the cellular processing and translation of RNA.
To further explore the underlying causes for the presence of
proteins with known roles in RNA-processing and translation
in the tau1–441 interactome dataset, we next explored if
specific subcomplexes of these cellular machines are prefer-
entially enriched, or if the tau1–441 interactome is character-
ized by a broad and somewhat indiscriminate enrichment of

B

N1 N2 R1 R2 R3 R4

Projection domain Microtubule
assembly domain

0 44136924410345

EGFP

EGFP

tau1-441-EGFP

EGFP

cell lysis in digitonin

affinity capture on GFP-binding protein matrix

TMT labeling 
126           127           128          129          130          131 

SCX and RP ZipTip

biological 
replicates1 2 3

technical replicatesA B C

pH drop elution followed by trysinization

tau1-441-
  EGFP EGFP EGFP EGFP

C
tau1-441-EGFP

tau1-441-
  EGFP

tau1-441-
  EGFP

mild in vivo formaldehyde crosslinking

C’

FIG. 1. Schematic presentation of bait proteins, expression analysis and workflow of tau interactome experiment. A, Tau1–441-EGFP
fusion construct employed in this work. B, Live-cell fluorescence image of tau1–441-EGFP expression in CV-1 cells. Scale bar � 1 �m. C,
Workflow for identifying tau interactors in human SH-SY5Y neuroblastoma cells.

The Human Tau Interactome

3004 Molecular & Cellular Proteomics 14.11

http://www.mcponline.org/cgi/content/full/M115.050724/DC1
http://www.mcponline.org/cgi/content/full/M115.050724/DC1


40S ribosome
60S ribosome
14-3-3
proteasome
histones
other

0 20 40 60 100

20

40

100

80

60

sp
ec

tra
l c

ou
nt

s 
/ s

eq
ue

nc
e 

le
ng

th
s 

[n
or

m
al

iz
ed

]

80

protein categories

A

B

gene expression
mRNA metabolic process
translation

 145
 127
   95

  1,482
        1,405
    768

  1.99E-99
  5.61E-82
  2.28E-71
     

Biological Process count ref. count p-value

RNA binding
poly(A) RNA binding
structural constitutent of ribosome 

  205
177
62

 3,756
    2,635

  385

Molecular Function
occurrence 
per data set count ref. count

  5.88E-102
  4.38E-99
  3.02E-52
 

p-value

ribosome
proteasome

53
12

 95
    33

KEGG Pathways count ref. count

  1.79E-41
  4.40E-8
 

p-value

1.69E-98
4.20E-96
2.23E-50
 

p-value
FDR

8.21E-40
1.01E-6
 

occurrence 
per data set

0 10 20
[%]

30 40 50 60

2.87E-96
4.04E-79
8.21E-69
 

p-value
FDR

p-value
FDRoccurrence 

per data set

C

 

 

 

 

 

 

 

 

0 40,00030,00020,00010,000

1,0

0,0

2,0

3,0

4,0

5,0

number of peptide-spectrum matches (PSMs) 

30,820 PSMs

fa
ls

e 
di

sc
ov

er
y 

ra
te

 (F
D

R
) [

%
]

FDR 0.4%

unique peptide sequences: 10,678
protein groups: 1,078

0 10 20
[%]

30 40 50 60

0 10 20
[%]

30 40 50 60

0

RNA recognition motif domain 27  723

InterPro Domains count ref. count

  3.70E-13
 

p-value p-value
FDR

2.06E-11
 

occurrence 
per data set

0 10 20
[%]

30 40 50 60

FIG. 2. Benchmarks of tau1–441 interactome analysis and classification of candidate interactors. A, Chart depicting number of
peptide-spectrum matches (PSM) versus false discovery rate (FDR). B, Subset of Gene Ontology (GO) classifiers most significantly overrep-
resented in tau1–441 interactome. Color code: brown, percentage of proteins with GO classifier categories that were overrepresented among
tau interactors; gray, subset of proteins within reference data set assigned to a given “GO” classifier. C, Selective co-isolation of ribosomes
with tau1–441. Chart depicting relative enrichment of candidate interactors in the tau1–441 interactome versus spectral counts (normalized by
protein lengths) supporting their identifications.

The Human Tau Interactome

Molecular & Cellular Proteomics 14.11 3005



RNA binding proteins. This analysis revealed several exam-
ples of tau1–441 exhibiting preferential interactions to a sub-
set of constituents of RNA-containing complexes and can be
exemplified by the interaction of tau1–441 with 60S and 40S
subunits of the ribosome. More specifically, among more than
60 protein subunits of the ribosome that co-isolated with
tau1–441, levels of enrichment were higher for 60S than for
40S subunits. This trend was particularly striking at the level of
TMT signature ion distributions (supplemental Fig. S1) but

could also be observed when levels of enrichment of individ-
ual subunits were plotted on the basis of spectral counts
measured per protein (normalized by sequence lengths) (Fig.
3C). Taken together, this distribution of enrichment levels was
consistent with the interpretation that ribosomal subunits did
not co-isolate with tau1–441 individually but were seques-
tered by the bait protein in form of 60S and 40S subcom-
plexes, which exhibited different propensities for binding to
tau.

TABLE I
tau1–441-EGFP versus EGFP interactome dataset (sorted by enrichment level; truncated list - see also supplemental Table S1)

Accession Description Coverage
# of Peptides tau1–441-EGFP/EGFP

Unique Total 126/131 128/131 130/131 Count

IPI00025499.3 Tau-F of Microtubule-associated protein tau 87.30% 4 44 6.460 6.792 5.071 140
IPI00412607.6 60S subunit L35 (one of �35 subunits from 60S ribosome) 63.41% 4 15 1.974 2.189 1.476 15
IPI00941732.2 Transcription elongation factor B polypeptide 3 38.72% 3 34 1.571 1.942 1.509 10
IPI00031651.1 C7orf50 (probably poly(A) RNA binding) 45.36% 4 6 1.672 1.681 1.473 19
IPI00060627.2 Coiled-coil domain-containing protein 124 57.85% 9 19 1.531 1.650 1.571 23
IPI00024157.1 Peptidyl-prolyl cis-trans isomerase FKBP3 60.27% 10 21 1.566 1.623 1.472 29
IPI00299000.5 Proliferation-associated protein 2G4 77.16% 21 28 1.565 1.613 1.431 71
IPI00292071.6 Secretogranin-3 64.74% 15 26 1.388 1.706 1.426 32
IPI00022317.3 Leydig cell tumor 10 kDa protein homolog 74.75% 6 15 1.503 1.581 1.349 12
IPI00655650.2 40S subunit S26 (one of �25 subunits from 40S ribosome) 43.48% 3 5 1.481 1.464 1.476 11
IPI00021924.1 Histone H1x 49.77% 9 17 1.374 1.615 1.425 24
IPI00075248.11 Calmodulin 100.00% 9 15 1.653 1.459 1.261 72
IPI00100463.1 CUE domain-containing protein 2 41.81% 6 15 1.360 1.535 1.434 21
IPI00329692.3 Glycylpeptide N-tetradecanoyl transferase 1 36.90% 9 25 1.314 1.615 1.354 32
IPI00880007.2 Microtubule-associated protein 54.94% 5 128 1.432 1.420 1.416 83
IPI00879259.1 RNA-binding protein EWS isoform 3 32.52% 5 29 1.250 1.519 1.480 38
IPI00470498.1 Plasminogen activator inhibitor 1 RNA-binding protein 65.39% 3 32 1.370 1.500 1.343 84
IPI00293434.2 Signal recognition particle 14 kDa protein 77.21% 6 12 1.326 1.503 1.368 36
IPI00328293.3 Similar to Serine/arginine repetitive matrix protein 1 53.60% 7 71 1.223 1.767 1.168 16
IPI00654605.1 MAP7 domain-containing protein 1 54.82% 7 50 1.336 1.588 1.219 16
IPI00220685.1 Heterogeneous nuclear ribonucleoprotein D0 55.75% 2 21 1.188 1.458 1.480 40
IPI00792334.2 Ataxin 2 50.22% 9 48 1.216 1.564 1.329 14
IPI00021728.3 Eukaryotic translation initiation factor 2 subunit 2 71.17% 10 22 1.253 1.420 1.418 36
IPI00031812.3 Nuclease-sensitive element-binding protein 1 64.20% 11 25 1.182 1.484 1.401 155
IPI00645208.3 RNA-binding protein FUS isoform 3 41.38% 5 25 1.151 1.539 1.365 43
IPI00017596.3 Microtubule-associated protein RP/EB family member 1 73.13% 7 19 1.261 1.707 1.080 24
IPI00033036.1 Methionine aminopeptidase 2 51.67% 9 22 1.384 1.371 1.292 17
IPI00966877.1 tRNA (cytosine-5-)-methyltransferase NSUN2 isoform 2 37.70% 5 26 1.280 1.333 1.426 19
IPI00550191.2 Uncharacterized protein C9orf78 66.09% 6 16 1.265 1.440 1.324 22
IPI00643583.2 Dynein light chain roadblock-type 1 70.83% 4 8 1.458 1.421 1.140 16
IPI00000001.2 Double-stranded RNA-binding protein Staufen homolog 1 57.37% 14 33 1.247 1.490 1.280 53
IPI00479946.4 STIP1 protein 84.58% 48 74 1.394 1.443 1.173 209
IPI00218342.11 C-1-tetrahydrofolate synthase 65.39% 11 60 1.316 1.324 1.346 109
IPI00021570.1 Endothelial differentiation-related factor 1 81.08% 7 18 1.317 1.397 1.260 26
IPI00297982.7 Eukaryotic translation initiation factor 2 subunit 3 46.82% 7 19 1.285 1.496 1.175 16
IPI00873899.1 ATP-binding cassette sub-family F member 1 54.79% 4 43 1.468 1.182 1.295 47
IPI00021167.3 Double stranded RNA-dependent protein kinase activator 58.47% 9 19 1.271 1.425 1.248 24
IPI00472094.2 Microtubule-associated protein 2 50.03% 23 87 1.361 1.539 1.039 66
IPI00179890.2 Ras GTPase-activating protein-binding protein 2 61.47% 10 26 1.260 1.397 1.270 39
IPI00013297.1 28 kDa heat- and acid-stable phosphoprotein 71.82% 12 22 1.303 1.420 1.199 41
IPI00410618.4 Uncharacterized protein KIAA1143 58.44% 4 9 1.096 1.624 1.200 10
IPI00012442.1 Ras GTPase-activating protein-binding protein 1 70.17% 14 31 1.268 1.326 1.320 74
IPI00902947.1 Similar to LIX1-like protein 49.65% 3 12 1.150 1.484 1.278 11
IPI00550746.4 Nuclear migration protein nudC 70.39% 14 29 1.481 1.150 1.275 39
IPI00008524.1 Polyadenylate-binding protein 1 82.86% 21 50 1.188 1.401 1.290 118
IPI00736859.1 Heterogeneous nuclear ribonucleoprotein U-like 1 47.88% 14 41 1.320 1.320 1.238 28
IPI00030320.4 ATP-dependent RNA helicase DDX6 65.84% 13 26 1.207 1.533 1.136 63
IPI00873326.3 Ubiquitin fusion degradation protein 1 homolog 51.60% 5 18 1.243 1.558 1.075 18
IPI00334713.1 Heterogeneous nuclear ribonucleoprotein A/B 53.68% 8 22 1.146 1.291 1.434 33
IPI00792186.4 ATP-binding cassette sub-family F member 1 63.23% 2 29 1.476 1.169 1.212 36
IPI00006980.1 UPF0568 protein C14orf166 86.07% 15 23 1.342 1.408 1.094 42
IPI00479306.1 Proteasome subunit beta type-5 51.71% 5 13 1.273 1.506 1.059 10
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FIG. 3. Characterization of role RNA played in composition of tau1–441 interactome, and identification of binders to tau1–255 and
tau256–441. A, Schematic depiction of tau expression constructs employed in this second set of interactome experiments and confirmation of their
cellular expression by Western blot analysis. The Western blot panel depicts levels of expression of the indicated tau-EGFP fusion proteins in
SH-SY5Y cells. The asterisks denote low levels of proteolysis products of expressed proteins present in SH-SY5Y extracts. Note that because of
the presence of the C-terminal EGFP fusion, the theoretical masses of the tau fusion constructs compute to 73 kDa (tau1–441-EGFP), 50 kDa
(tau1–255-EGFP), and 46 kDa (tau256–441-EGFP). However, because of its largely disordered structure and post-translational modifications, the
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Tau-RNA Binding Accounts only Partially for Enrichment of
Ribosomal Proteins—It had previously been reported that tau
can associate with RNA (46) through electrostatic interactions
that are largely independent of the nucleic acid sequence. To
determine the extent to which the presence of RNA binding
proteins, including ribosomal ribonucleoprotein complexes, in
the tau1–441 interactome depends on tau-RNA interactions,
a second set of tau1–441-EGFP interactome studies was
conducted. To be able to directly compare the contribution of
RNAs to the enrichment of individual proteins, SH-SY5Y ly-
sates were either treated with a mix of RNAses A and T1 under
conditions that broadly destructed RNAs (not shown), or sub-
jected to mock digestion prior to the tau1–441-EGFP affinity
capture step (supplemental Fig. S2). Not surprisingly, one
outcome of this analysis was that it reproduced evidence in
support of the aforementioned tau1–441 candidate interac-
tors. Where applicable, candidate interactors were grouped
on the basis of their known predominant function or associ-
ation with protein complexes to facilitate data analysis (Fig.
3B). Consistent with the notion that the presence of RNA
facilitated binding of many tau1–441 interactors, a majority of
RNA binding proteins we had shortlisted as tau1–441 inter-
actors (supplemental Table S1 and first data column of sup-
plemental Table S3) were observed at lower enrichment levels
when digitonin-solubilized cellular extracts were depleted of
RNA prior to the affinity capture step (second data column in
supplemental Table S3). In fact, several candidate interactors,
including members of the eukaryotic translation initiation fac-
tor family, were dramatically reduced in RNase-treated sam-
ples, suggesting their binding to tau1–441 strictly depends on
the presence of RNA in this experimental paradigm. Other
tau1–441 candidate interactors, including all ribosomal 40S
subunits emerged as partially dependent on RNA for their
binding to tau1–441 in this analysis. Interestingly, the binding
of 60S subunits to tau1–441 did not seem to correlate con-
sistently with the presence or absence of RNA, suggesting
that tau1–441 interacts with this subcomplex largely inde-
pendent of RNA. Finally, a small subset of tau1–441 candi-
date interactors, including most heteronuclear ribonucleopro-
teins and a subset of RNA binding proteins (e.g. Fus and
EWS), were observed at a higher enrichment level when tau1–
441 capture occurred from RNA-depleted extracts (for an
example, see supplemental Fig. S3C).

Binding to N- or C-terminal Tau1–441 Domains—To begin
to map the sites within tau1–441 responsible for binding to

the aforementioned candidate interactors, we next generated
stable cell lines expressing tau1–255-EGFP or tau256–441-
EGFP (Fig. 3A) and undertook another interactome investiga-
tion from digitonin-solubilized lysates using the truncated tau
proteins as baits and the same experimental procedures for
data acquisition and analysis described for the � RNase
study (supplemental Fig. S2). This experiment revealed a
striking consistency in the N- or C-terminal tau binding pref-
erence of proteins that are either related in sequence or share
an association with a given protein complex. Thus, whereas
ribosomal subunits, eukaryotic translation initiation factors,
heteronuclear ribonucleoproteins, histones, and RNA binding
proteins were observed to bind to the tau1–255 domain,
members of the 14-3-3 protein family, actin-related proteins,
heat shock proteins, and subunits of the proteasome were
observed to bind preferentially to tau256–441 (Fig. 3C).

P301L Mutant Impairs Interactions with Proteins That Bind
to the C Terminus of Tau1–441—The human P301L mutation
in tau is known to cause frontotemporal dementia with par-
kinsonism linked to chromosome 17 (FTLD17) and represents
one of the most intensely studied tau mutations to date (47).
To investigate if this mutation affects protein-protein interac-
tions tau engages in, a tau1–441(P301L)-ECFP expression
construct was derived from the tau1–441-EGFP parent plas-
mid by site-directed mutagenesis reactions that targeted both
the P301 codon and critical residues for converting EGFP to
ECFP (48) (Fig. 4A). The subsequent transient co-transfection
of CV-1 cells with plasmids coding for wild-type and mutant
tau fluorescent fusion proteins led to the expected predomi-
nant localization of both expression products to the microtu-
bule network. Consistent with the notion that the cellular
biology of the tau1–441(P301L) mutant differs from wild-type
tau1–441, this coanalysis also revealed association of the
P301L mutant—but not wild-type tau protein—with cytosolic
punctae (Fig. 4B). To determine if these subtle differences in
cellular distribution are reflected in a difference in protein–
protein interactions, we next undertook a comparative inter-
actome analysis of tau1–441-EGFP and mutant tau1–
441(P301L)-ECFP using SH-SY5Y cells as hosts, which
expressed the heterologous tau constructs at levels not ex-
ceeding endogenous tau levels (Fig. 4C). Because the GBP-
based affinity capture works similarly well for EGFP and ECFP
fusion proteins (ChromoTek, personal communication), this
analysis made use of the previously established workflow (Fig.
1C). Data from this experiment revealed many similarities in

apparent molecular masses of tau constructs exceed the theoretical masses by 10–20 kDa. B, Graph depicting the dependence of the tau
interactome on the presence or absence of RNA in the cellular extract. Binding of tau1–441 to RNA contributes to the indirect co-isolation of
many but not all proteins present in the tau1–441 interactome. Note for example, that several subunits of the 60S ribosomal complex, HNRP
and even RNA-binding proteins exhibit improved binding to tau1–441 in the absence of RNA. Please see Panel C and Supplemental Table S3
for the assignment of colors in the color bar to protein categories and detailed assignments of individual proteins to enrichment ratios. C, Graph
depicting binding preference of individual tau interactors to N- or C-terminal tau expression constructs. Note the preferential binding of
ribosomal subunits to tau1–255 and the predominant co-isolation of 14-3-3 proteins, the proteasome and several chaperones with
tau256–441.
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the interactome of wild-type and P301L mutant tau but also
illustrated differences. Perhaps counterintuitively, binding of
the P301L mutant to heat shock proteins, and proteasomal
proteins was relatively impaired when compared with the
binding of these interactors to wild-type tau (supplemental
Fig. S3A and S3B). Strikingly, a more in-depth side-by-side
comparison of TMT enrichment ratios from this experiment
and the aforementioned assignment of candidate interactions
to tau domains uncovered a direct, albeit it imperfect, corre-
lation between the preferential binding of candidate interac-
tors to the C terminus of tau and the impairment of their
binding in the presence of the P301L mutation. For instance,
14-3-3 proteins, heat shock proteins and proteasomal pro-
teins bind preferentially to the tau C terminus and this
interaction was particularly affected by the P301L mutation.
An exception to this trend represented enhanced binding of
the P301L mutant tau to ribosomal subunits, which were
observed to bind preferentially to tau1–255 (Figs. 3C, Fig.
4E and 4D, supplemental Table S3).

Expression of Tau1–255 does not Shift the Global Proteome
but Stabilizes Cystatin B Levels—It is increasingly understood
that the interaction of some proteins (e.g. a subset of hnRNPs)
with ribosomes can shift the preference of ribosomal transla-
tion (49). To begin to address if the interaction of tau with
ribosomes might similarly influence ribosomal activity we
sought to compare the steady-state protein levels of cells
expressing tau1–255-EGFP or EGFP. The tau1–255-EGFP
expression construct was selected for this experiment be-
cause, when it was employed as an affinity capture bait, it had
led to a stronger co-enrichment of ribosomes than other tau
constructs (possibly on account of its inability to bind to
microtubules) (Fig. 3C and supplemental Table S3, data col-
umn 2). To eliminate the risk that endogenous tau levels might
mask possible effects of tau expression on the steady-state
proteome, this experiment was undertaken in human HEK-
293 embryonic kidney cells, which are not known to express
tau endogenously. Both constructs were transiently trans-
fected in HEK-293 cells and the global proteome was meas-
ured following hot cell lysis in the presence of sodium dode-
cylsulfate by quantitative comparative mass spectrometry
using the aforementioned workflow (Fig. 1C), except for the
omission of the affinity capture step. The experiment provided
quantitative information on more than 3,000 proteins, of which
1,680 were robustly quantified on the basis of �10 TMT
reporter ion distributions (supplemental Table S4). Interest-

ingly, in addition to tau itself (supplemental Fig. 4A), only the
expression of one other protein, namely cystatin-B, correlated
positively with the presence of tau1–255-EGFP in all three
biological replicates (supplemental Fig. 4B). In addition to
establishing that the binding of tau1–255 to ribosomes does
not induce a major shift in ribosomal translation, the consist-
ent detection of other proteins in the samples and controls at
equal levels served as a powerful testament to the exquisite
reproducibility of the workflow utilized in this study.

DISCUSSION

The work described in this report generated a first in-depth
inventory of protein–protein interactions of the human tau
protein using cutting-edge comparative mass spectrometry
workflows (see supplemental Fig. S5 for a summary of anal-
yses undertaken). A striking result of this study is the predom-
inant association of tau with proteins that can be broadly
characterized as belonging to the cellular ribonucleopro-
teome. Perhaps counterintuitively, this discovery does not
seem to simply reflect an indiscriminate ability of tau to as-
sociate indirectly with these proteins on the basis of its ca-
pacity to interact with RNA. Instead, the binding of individual
ribonucleoproteins may or may not: (1) depend on RNA; (2)
involve the N- or C terminus of tau; and (3) be susceptible to
mutation of tau at amino acid residue 301.

The tau protein had been the object of several mass spec-
trometry-based investigations that preceded this work. Most
frequently, these studies served to characterize post-transla-
tional modifications within tau (50–53) and/or explored the
merits of tau as a biomarker for neurodegenerative disease
(54, 55). Conceptually more similar to the current study were
prior investigations that identified proteins that copurify with
microtubules (56), explored the composition of neurofibrillar
tangles (57), or investigated how the presence or absence of
methylene blue alters the tau-associated proteome (58). The
latter study was based on an N-terminal V5 epitope-tagged
tau construct and revealed 48 proteins, whose abundance
levels underwent methylene blue-dependent changes in tau
co-immunoprecipitates. A list of �500 total proteins that
were identified in tau immunoprecipitates was appended in
the Supplemental Information of this prior report. Regrettably,
the data did not allow discerning if their presence in the
sample was tau-dependent because the necessary negative
control was not included. Thus, to our knowledge, the current
report is the first that pursued the primary objective to gen-

by white arrowheads) only in the ECFP fluorescence channel (pseudo colored in red for improved visibility); scale bar � 1 �m. C, Western blot
analysis of total tau levels following transient transfection with K9J8 anti-tau antibody. As previously reported, P301L mutant tau migrated with
lower apparent molecular mass than the corresponding wild-type tau construct (74). Note that the heterologous tau levels were comparable
to endogenous tau levels in cells that were successfully transfected, because the transfection efficiency we typically achieve with SH-SY5Y
cells is around 30% (as determined by the percentage of EGFP-positive cells). D, Graph depicting the relative co-enrichment of proteins
together with wild-type or P301L mutant tau. Note the reduced binding of heat shock proteins and proteasomal subunits toward tau1–
441(P301L) mutant tau (relative to tau1–441-EGFP). Color bar as in Fig. 3, Panels B and C. E, Validation of selective enrichment of Hsp90 with
tau1–441 but not with tau1–441(P301L). Equal volumes of cellular extracts set aside before (input) or after (unbound) GBP-based tau affinity
capture, or following elution (eluate) were analyzed by Western blotting and probed with anti-Hsp90 antibody.
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erate an in-depth inventory of tau interactors. The study af-
forded unprecedented coverage of the tau interactome by
combining a robust relative quantitation approach based on
isobaric tagging with advanced peptide identification capabil-
ities available on the Tribrid Orbitrap Fusion mass spectrom-
eter. In contrast to 2D gel-based quantitation of protein abun-
dances on the basis of signal intensities of protein spots, the
TMT-based approach employed in this work can elucidate
even small shifts in abundance levels (e.g. 20%). With this
approach the statistical robustness of individual abundance
level assignments increases with the number of peptides de-
tected, as each peptide provides a separate quantitation data
point.

Several of the previously proposed interactors, including
Hsp70, Hsp90, the proteasome, and RNA were confirmed in
this work. Others, including Src family kinases, were not ob-
served, possibly because their enzyme-substrate relationship
with tau translates into short-lived interactions that elude
co-affinity capture workflows, a notorious shortcoming of this
type of interactome investigation. In some instances, one or
more homologs of a known tau interactor, e.g. peptidyl-prolyl
cis-trans isomerases B and 3 (also known by the names
cyclophilin B and FKBP3, respectively), were observed to
co-isolate with the tau bait. Although one of the previously
proposed FKBP family members to interact with tau (30, 31),
namely FKBP5 (otherwise known as FKBP51), was also de-
tected in this study, its level of tau co-isolation was lower than
for FKBP3. More work is needed to determine if these differ-
ences reflect differences in the choice of biological source
material or are caused by other factors.

With regard to the few tau protein–protein interactions for
which the tau binding epitopes had been mapped, data pre-
sented in this report are in good agreement with prior knowl-
edge. For instance, Hsp70 and Hsp90 were known to bind to
relatively extended and partially overlapping tau binding
epitopes, encompassing stretches of amino acids within the
microtubule assembly domain and the proximal portion of the
C-terminal domain (27). Our data corroborated that these two
chaperones bind predominantly to the C-terminal half of tau
and extended this knowledge by establishing that several
other chaperones, including Hsp71, STIP1, and homologs of
the DnaJ chaperone family, represent also candidates for
binding to an epitope within tau256–441 (Fig. 3C, supplemen-
tal Table S3). For a majority of the candidate protein–protein
interactions uncovered in this study, no prior binding informa-
tion was available against which the assignment to N- versus
C-terminal binding domains within tau can be compared.
Interestingly however, our data document conspicuous
agreement in the preference for binding to tau N- or C-termi-
nal domains among protein homologs. This was, for example,
observed for six members of the 14-3-3 protein family that are
not known to coexist in a single protein complex but never-
theless exhibited similar levels of co-enrichment with tau.
Moreover, tau binding of all six 14-3-3 proteins was only

subtly affected by the destruction of RNA, preferentially oc-
curred toward the C-terminal tau256–441 expression product
and was partially impaired by the P301L tau mutation (sup-
plemental Table S3).

In light of the relatively mild in vivo formaldehyde crosslink-
ing and digitonin-based cell lysis procedures employed in this
work, it was to be expected that many protein complexes
would stay intact and, consequently, their subunits would
exhibit similar enrichment trends in the various co-isolation
experiments conducted. Indeed, subunits of the 60S ribo-
some complex were observed to consistently co-isolate with
full-length tau, shared a preference for binding to the N ter-
minus of tau, and exhibited a bias toward associating with the
P301L mutant relative to wild-type tau. However, their distri-
bution was not consistent in samples that had been subjected
to RNase digestion, possibly, because the destruction of ri-
bosomal RNAs had caused the 60S complex to disintegrate.
Consistent with this interpretation, proteasomal subunits,
which do not rely on RNA for maintaining complex integrity
and are more likely to be stabilized by covalent crosslink
bonds, did not seem to disintegrate upon RNase digestion
and exhibited similar enrichment trends in all interactome
samples.

A surprising observation in this study was the striking co-
isolation of ribonucleoprotein complexes with tau. This pref-
erential binding to ribonucleoprotein complexes was tau se-
quence specific as it did not occur when EGFP was used as
the bait. More work is needed to evaluate the significance of
this observation, in particular, in regards to possible mecha-
nisms by which the tau protein may affect cellular toxicity in
neurodegenerative diseases. Naturally, with SH-SY5Y cells
lacking the morphology of neurons, one might expect that the
tau interactions revealed in this study would be less informa-
tive about its physiological interactions within the axon than
for understanding possible partners tau encounters when
mislocalized to the somatodendritic compartment in AD or
FTD (59). Two facets of these data seem worth highlighting at
this time: (1) The observation that 27 RNA-recognition motif
(RRM) domain containing proteins, including the FUS protein,
co-isolated with tau (supplemental Table S2). The RRM family
is notorious for its high proportion of members predicted to be
able to acquire prion-like properties (60) and mutations in its
members Fus and TDP43 cause neurodegenerative diseases
whose pathologies overlap with tauopathies (61). (2) The ro-
bust co-isolation of ribosomes with tau. Because tau and
ribosomes are both abundant in the cytosol of neurons, it
would seem plausible that an interaction between these bind-
ing partners may also occur in vivo, raising the question if it
has been described before and what its physiological signif-
icance might be. Intriguingly, there is a report on an echino-
derm microtubule associated protein (EMAP) that exhibits
sequence similarities within short sequence motifs to the Pro-
jection Domain of tau and MAP2 (62), and whose presence or
absence correlated with the binding of ribosomes to micro-
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tubules in vitro (63). It could be argued that in light of the
predominant association of tau with microtubules (Fig. 1C) the
most compelling visual evidence for an interaction between
tau and ribosomes might be found in tauopathies that are
characterized by the detachment of tau from microtubules.
Indeed, a survey of the pertinent literature revealed a few
independent reports that predate this study by up to 25 years
in which the respective authors described a co-localization of
tau immunoreactivity with ribosomes based on several dis-
tinct anti-tau antibodies (Alz50, tau1, and tau2) (64, 65). As
expected, some of these reports proposed that ribosomal
co-localization of tau might be particularly pronounced in
dementias characterized by the detachment of tau from mi-
crotubules (66–68). More recently, it was shown that tau
isolated from Alzheimer’s disease brains or from an FTD
mouse overexpressing P301L mutant tau associated with the
surface of rough endoplasmic reticulum membranes (69).
Taken together, these observations lead us to propose that
tau binding to ribosomes is not restricted to in vitro paradigms
but does indeed occur also in vivo. The functional significance
of this interaction is currently unclear. Overexpression of
tau1–255, a construct that led to a stronger co-enrichment of
ribosomes than other tau constructs tested in this study, did
not alter the steady-state levels of more than 3,000 proteins,
arguing against tau modulating access of a particular subset
of mRNAs to the ribosome (49). Interestingly, a highly selec-
tive and direct correlation of tau and cystatin B was observed
in this study. The possible relationship of tau and cystatin B
levels warrants further investigation under separate cover, as
it has been shown that genetic deletion of cystatin B improves
several aspects of the AD-like neuropathology observed in the
TCRND8 mouse model (70).

Prior to this study, it had been shown that Hsp70 and
Hsp90 can act as a protective factor in tau aggregation in vitro
(25) and that, relative to wild-type tau, the P301L mutant tau
exhibited reduced binding to �-synuclein, a deficiency that
could be rescued by addition of Hsp70 and Hsp90 (71). Com-
parative interactome analyses of wild-type and P301L tau
presented in this work established that the P301L mutation
partially impairs the ability of tau to bind to several of its
interactors, including heat shock proteins, the proteasome
complex and members of the 14-3-3 protein family. We fur-
ther observed a concordance of proteins whose binding to tau
is affected by this mutation with the subset of proteins that
predominantly bind to the C-terminal half of tau, a relationship
that had not been appreciated before. Two scenarios may
seem most plausible to explain these data: (1) Considering
that the P301L mutation maps to the second repeat in the
microtubule assembly domain, these observations may reflect
a reality whereby the mutated residue affects the local fold of
tau, which in turn perturbs nearby protein binding epitopes in
the C-terminal half of tau. (2) Alternatively, the mutation may
cause the subset of cellular tau that is detached from micro-
tubules to increase, thereby depriving it of its access to a

microtubule-associated pool of proteins that normally bind to
its C-terminal domain. Regardless of the causes for the bind-
ing impairment, our data are consistent with a model whereby
the increased propensity of P301L mutant tau to form insol-
uble cytosolic aggregates (72) could be a consequence of its
impaired interaction with proteins that are known to play
critical roles in maintaining the delicate balance between pro-
tein stabilization and degradation.

CONCLUSION

As for any large-scale discovery project, this study has
raised many more questions than it could answer. It is hoped
that the extensive characterization of tau interactions pre-
sented in this work will serve the research community as a
valuable resource that will stimulate existing research and
precipitate novel ideas. Of the many possible avenues one
might pursue, a few stand out: (1) Do interactions of tau with
RRM-containing proteins play a role in the manifestation of
overlapping frontotemporal dementia pathologies?; (2) What
is the significance of the tau-ribosome interaction in health
and disease?—does tau play a role in the cellular distribution
of ribosomes along microtubule tracts?; (3) How do other
chaperones, including STIP1, or the proteasome interact with
tau, and do efforts to improve binding of chaperones to P301L
mutant tau or to increase proteasomal turnover of tau have
merit as disease intervention strategies?; and (4) What is the
significance of the direct correlation of steady-state tau and
cystatin B levels observed in this study?
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27. Karagöz, G. E., Duarte, A. M., Akoury, E., Ippel, H., Biernat, J., Morán
Luengo, T., Radli, M., Didenko, T., Nordhues, B. A., Veprintsev, D. B.,
Dickey, C. A., Mandelkow, E., Zweckstetter, M., Boelens, R., Madl, T.,
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