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In Brief
Tau hyperphosphorylation has
been associated with
Alzheimer’s disease, and
identification of unknown Tau
kinases is essential. Here, we
uncovered novel kinase
candidates of Tau using
fluorescence complementation
mass spectrometry. In vitro
phosphorylation validated that
OXSR1, DAPK2, CSK, and
ZAP70 can directly
phosphorylate Tau.
Cotransduction of Tau and each
of these four kinases could
increase Tau phosphorylation in
H4 cells.
Highlights

• Fluorescence complementation mass spectrometry allowed us to systematically identify the kinases

that can phosphorylate Tau.

• Thirty-six kinases without prior knowledge of phosphorylating Tau were identified.

• In vitro kinase assay and tandem mass tag labeling validated four kinases and phosphorylation sites on
Tau.

• Cotransduction of Tau and each kinase increased Tau phosphorylation in H4 cells.
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TECHNOLOGICAL INNOVATION AND RESOURCES
Identification of Novel Kinases of Tau Using
Fluorescence Complementation Mass
Spectrometry (FCMS)†

Der-Shyang Kao1 , Yanyan Du1, Andrew G. DeMarco1 , Sehong Min2 ,
Mark C. Hall1,3 , Jean-Christophe Rochet2,4, and W. Andy Tao1,2,3,5,*
Hyperphosphorylation of the microtubule-associated
protein Tau is a major hallmark of Alzheimer’s disease
and other tauopathies. Understanding the protein kinases
that phosphorylate Tau is critical for the development of
new drugs that target Tau phosphorylation. At present, the
repertoire of the Tau kinases remains incomplete, and
methods to uncover novel upstream protein kinases are
still limited. Here, we apply our newly developed proteo-
mic strategy, fluorescence complementation mass spec-
trometry, to identify novel kinase candidates of Tau. By
constructing Tau- and kinase-fluorescent fragment li-
brary, we detected 59 Tau-associated kinases, including
23 known kinases of Tau and 36 novel candidate kinases.
In the validation phase using in vitro phosphorylation,
among 15 candidate kinases we attempted to purify and
test, four candidate kinases, OXSR1 (oxidative-stress
responsive gene 1), DAPK2 (death-associated protein ki-
nase 2), CSK (C-terminal SRC kinase), and ZAP70 (zeta
chain of T-cell receptor–associated protein kinase 70),
displayed the ability to phosphorylate Tau in time-course
experiments. Furthermore, coexpression of these four ki-
nases along with Tau increased the phosphorylation of
Tau in human neuroglioma H4 cells. We demonstrate that
fluorescence complementation mass spectrometry is a
powerful proteomic strategy to systematically identify
potential kinases that can phosphorylate Tau in cells. Our
discovery of new candidate kinases of Tau can present
new opportunities for developing Alzheimer’s disease
therapeutic strategies.

Alzheimer’s disease (AD) is the most predominant dementia
disease, causing substantial social and economic impacts. It
has been estimated to account for 60% to 80% of dementia
cases worldwide (1). The prevalence of AD is predicted to
increase dramatically in the 21st century. However, efficient
treatments are still rarely available to date (2, 3). In AD,
neurofibrillary tangles (NFTs) have been characterized as one
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of the major disease hallmarks, which are primarily composed
of paired helical filaments (4, 5). Paired helical filaments pri-
marily consist of hyperphosphorylated forms of Tau, a
microtubule-associated protein that stabilizes the cytoskel-
eton in neurons. The interaction between Tau and microtubule
can be regulated by phosphorylation of Tau. The phosphory-
lation of several phosphosites of Tau has been reported to
result in a change in the protein’s conformation, eventually
altering its binding affinity for microtubules and inducing
protein aggregation (6–8). There has been accumulating evi-
dence strongly indicating that the hyperphosphorylation of
Tau is a critical AD pathogenic event as well as a key AD
biomarker (2, 3). Other studies have revealed that similar
abnormal phosphorylation of Tau is also involved in the
pathomechanism of other neurodegenerative disorders, which
together with AD are called tauopathies (4). In mouse models,
the inactivation of Tau kinases has been reported to improve
neurodegenerative phenotypes (9, 10). Therefore, inhibiting
the Tau kinases, the enzymes that phosphorylate Tau, has
been proposed to be a promising therapeutic strategy to
reduce the hyperphosphorylation of Tau and ultimately pre-
vent the development of tauopathies. Identifying the kinases
and kinase networks involved in Tau hyperphosphorylation is
a major priority in current research on neurodegenerative
diseases (4, 11).
However, despite tremendous endeavors to uncover the

Tau kinases for decades, the knowledge of these kinases is
still limited. Tau is a highly intricate phosphoprotein. A notable
characteristic of Tau is its high number of phosphosites. The
longest isoform of Tau in the human adult brain (2N4R) has 85
possible phosphorylation sites (45 serine residues, 35 threo-
nine residues, and 5 tyrosine residues), representing one of
the most complex phosphoproteins (4). There are still five
phosphosites for which no kinases have yet been identified,
implying that there may be undiscovered kinases of Tau (4, 5,
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Novel Kinases of Tau Identified by FCMS
12–14) (table of tau phosphorylation sites; https://bit.ly/2
JyZTbS). Although the functions of these five phosphosites
have not yet been fully characterized, the phosphorylation of
three of these uncharacterized sites was detected in AD
postmortem brains (15), suggesting possible significance of
these phosphorylated sites in the development of AD. Thus, it
is necessary to reveal the missing information, and searching
for unidentified kinases of Tau is essential to solve this
problem.
Moreover, there are no clinically approved drugs of the

known Tau kinases. These kinase targets include the well-
characterized Tau kinases GSK3 and Fyn. Despite massive
development efforts, none of these drug candidates has been
proven to show significant clinical benefits (16). In fact, many
phosphosites, including those primarily observed in post-
mortem AD brains, are already known to be phosphorylated
by multiple kinases (4, 12–14). These observations strongly
suggest that many Tau kinases have not yet been identified
and characterized as the inhibition of the activities of known
kinases may be compensated by unknown kinases. The dis-
covery of these unknown kinases of Tau is indispensable for
developing new therapeutic agents for tauopathies.
Unfortunately, systematic approaches to identify upstream

kinases of a specific substrate are still limited. This situation
hampers our ability to discover unidentified kinases to un-
derstand the diseases related to dysregulated phosphoryla-
tion. It has been attempted to capture potential interacting
kinases by affinity pull-down or coimmunoprecipitation (co-IP)
using an immobilized substrate (17, 18). However, this strat-
egy is impeded by the weak or transient interactions between
kinases and their substrates. In a study aiming to identify ki-
nases of Tau, kinases were transfected into human neuro-
blastoma cells, and the kinases resulting in higher
phosphorylation levels of Tau were considered candidate ki-
nases (19). However, only five phosphorylation sites were
measured in this work. Therefore, kinases that phosphorylate
other critical sites could be missed. In addition, this approach
could not distinguish the difference between direct and indi-
rect phosphorylation by the tested kinases.
To overcome the current hindrance, our group has recently

developed a novel approach, fluorescence complementation
mass spectrometry (FCMS) (20). FCMS takes the advantages
of Venus fluorescent protein fragments (VN155 and VC155) in
the bimolecular fluorescence complementation (BiFC)
method, which form a stable VN155–VC155 fluorescent
complex in vivo (21). In this method, a substrate and a kinase
library are fused with VN155 and VC155, respectively, and
weak kinase–substrate interactions can be fixed by the stable
VN155–VC155 fluorescent complex in cells. Hence, the weak
kinase–substrate complexes can be stabilized to facilitate
specific isolation by GFP nanobody for subsequent LC–MS
identification. This method can break through the conven-
tional limitation of co-IP for identifying transiently interacting
kinases. In this study, it is the first time we have applied this
2 Mol Cell Proteomics (2022) 21(12) 100441
novel method to unveil novel kinases that are potentially
involved in neurodegenerative diseases. We aimed to use
FCMS to uncover novel kinase candidates of Tau in a high-
throughput manner and then validate these kinase candi-
dates using in vitro phosphorylation assays and in a human
neuroglioma cell line.
EXPERIMENTAL PROCEDURES

Cell Culture

Human embryonic kidney (HEK) 293T and 293A cells and human
neuroglioma H4 cells were purchased from American Type Culture
Collection and cultured in Dulbecco’s modified essential medium
(Corning) supplemented with 10% heat inactivated fetal bovine serum
(Corning) at 37 ◦C in 5% CO2 (v/v).

Generation of the Human Kinase Library

The human kinase expression clones were generated using the
Gateway technique. The human kinase ORF plasmid collection kit was
purchased from Addgene (Addgene kit; #1000000014, contributed by
William Hahn and David Root). The kit consists of 559 distinct human
kinases and kinase-related protein ORFs in pDONR-223 Gateway
Entry vectors. DNA encoding attR1–ccdB–attR2 was cloned in frame
into the EcoRI/XhoI sites of pHA-MCS-2(4G1S)Linker-VC155(A206K)
to generate the destination vector. Then, the LR reaction was per-
formed, and expression clones encoding hemagglutinin (HA)-kinase-
VC155 were generated. The 559 clones were stored separately in
Escherichia coli DH5α at −80 ◦C. To prepare the expression library, the
559 E. coli DH5α cultures carrying distinct HA-kinase-VC155
expression clones were grown separately, pooled, and then the
plasmids were extracted. To generate the Tau 2N4R expression clone
and the albumin expression clone, complementary DNAs (cDNAs)
encoding Tau 2N4R and albumin were amplified by PCR using DNA
constructs encoding Tau 2N4R and albumin ORF as the templates.
The amplified cDNAs were then cloned in frame into the EcoRI/XhoI
sites of pMyc-MCS-2(4G1S)Linker-VN155(I152L).

Cell Transfection, Cell Lysis, and Immunoprecipitation

Cells grown to approximately 60% confluency were transfected
with plasmids encoding Tau and the human kinase library generated in
this study using Lipofectamine 2000 Reagent (Life Technologies) and
Opti-MEM (Gibco). The cell culture medium was replaced the next
day, and after a 48 h incubation period to allow for protein expression,
the cells were trypsinized and collected by centrifugation. Cells were
washed with ice-cold PBS once, then lysed in 0.4 ml of lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% NP-40) supplemented
with protease inhibitor cocktail (Pierce) by sonication. After centrifu-
gation of the lysate at the maximal speed for 30 min at 4 ◦C, the lysate
supernatant was recovered, diluted to 1 ml with wash buffer (50 mM
Tris–Cl [pH 7.5] and 150 mM NaCl) supplemented with protease in-
hibitor cocktail, and subjected to immunoprecipitation [IP] with GFP-
Trap Magnetic Agarose beads (ChromoTek) for 1 h at 4 ◦C. Bead-
bounded protein complexes were washed once with lysis buffer,
once with radioimmunoprecipitation assay buffer (50 mM Tris–Cl [pH
7.5]; 150 mM NaCl; 0.5 mM EDTA; 0.1% SDS; 1% Triton X-100; and
1% deoxycholate), and once with wash buffer.

Preparation of FCMS Immunoprecipitated and Tandem Mass
Tag–Labeled Samples for Mass Spectrometry

The GFP-Trap bead-bound protein complexes were denatured,
reduced, and alkylated in the phase transfer surfactant–aided buffer
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Novel Kinases of Tau Identified by FCMS
(12 mM sodium deoxycholate, 12 mM sodium lauroyl sarcosinate,
10 mM Tris(2-carboxyethyl)phosphine, and 40 mM chloroacetamide)
at 95 ◦C for 5 min. The denatured, reduced, and alkylated protein
samples were diluted fivefold with 50 mM triethylammonium bicar-
bonate (TEAB) and then digested with proteomics grade trypsin
(Sigma) at a final enzyme-to-protein ratio of 1:50 (w/w) overnight at 37
◦C. The peptide samples were cleaned up by adding the same volume
of ethyl acetate and vortexing to remove sodium deoxycholate and
sodium lauroyl sarcosinate. Then, the peptide samples were desalted
by SDB-XC (3M Empore). Peptide eluents were vacuum dried. Peptide
amounts were quantified using Thermo Scientific Pierce Quantitative
Peptide Assays & Standards (catalog number: 23275).

For tandem mass tag (TMT)–labeled samples, the samples were
denatured in 8 M urea, reduced by incubating with DTT at 37 ◦C for
30 min, and alkylated by treating with iodoacetamide at room tem-
perature for 1 h. The samples were diluted fivefold with 50 mM TEAB
and then digested with Lys-C (Wako) at a 1:100 (w/w) enzyme-to-
protein ratio for 3 h at 37 ◦C. Trypsin was added to a final enzyme-
to-protein ratio of 1:50 (w/w) for overnight digestion at 37 ◦C. The
peptide samples were desalted by SDB-XC (3M Empore). Peptide
eluents were vacuum dried. Peptide amounts were quantified using
Thermo Scientific Pierce Quantitative Peptide Assays & Standards
(catalog number: 23275).

Mass Spectrometric Data Acquisition

For mass spectrometric analyses on the LTQ-Orbitrap Velos Pro
(Thermo Fisher Scientific), dried peptide samples were dissolved in
4.5 μl of 0.1% formic acid and 4 μl of each sample was injected into
the EASY-nLC 1000 Liquid Chromatograph (Thermo Fisher Scientific).
The reverse-phase separation was performed using an in-house C18
capillary column packed with 3 μm C18 bead resin (Michrom). The
mobile phase buffer consisted of 0.1% formic acid in ultrapure water
with the elution buffer of 0.1% formic acid in 80% CH3CN run over a
shallow linear gradient (from 2% CH3CN to 40% CH3CN) over 120 min
with a flow rate of 200 nl/min. The EASY-nLC 1000 Liquid Chro-
matograph system was coupled online with a hybrid linear ion trap
Orbitrap mass spectrometer (LTQ-Orbitrap Velos Pro; Thermo Fisher
Scientific). The mass spectrometer was operated in the data-
dependent mode in which a full-scan mass spectrometry (MS) (from
m/z 300 to 1700 with a resolution of 30,000 at m/z 400) was followed
by MS/MS of the top 20 most abundant ions from the full scan
selected for collision-induced dissociation (35% energy), with MS/MS
detection in the linear ion trap.

For quantitative analysis of TMT-labeled peptides using a Q-
Exactive HF-X mass spectrometer (Thermo Fisher Scientific), dried
peptide samples were dissolved in 10.8 μl of 0.05% trifluoroacetic acid
with 3% (v/v) acetonitrile, and 10 μl of each sample was injected into
an Ultimate 3000 Nano UHPLC system (Thermo Fisher Scientific).
Peptides were captured on a 2 cm Acclaim PepMap trap column and
separated on an in-house capillary column packed with 3 μm C18
bead resin. The mobile phase buffer consisted of 0.1% formic acid in
ultrapure water (buffer A) with an eluting buffer of 0.1% formic acid in
80% (v/v) acetonitrile (buffer B) run with a linear 60 min gradient of 6 to
30% buffer B at a flow rate of 300 nl/min. The UHPLC was coupled
online with a Q-Exactive HF-X mass spectrometer (Thermo Fisher
Scientific) operated in the data-dependent mode, in which a full-scan
MS (from m/z 375–1500 with a resolution of 60,000) was followed by
MS/MS of the top 15 most intense ions (30,000 resolution; normalized
collision energy = 8%; automatic gain control target = 2E4, maximum
injection time = 200 ms; and 60 s exclusion).

LC–MS Data Processing

The LTQ-Orbitrap Velos Pro raw files were searched directly against
the UniProt human protein database (downloaded on November 1,
2021; total number of entries: 20,531) using SEQUEST HT on Prote-
ome Discoverer (version 2.2; Thermo Fisher Scientific). Searches were
performed with full tryptic digestion and allowed a maximum of two
missed cleavages on the peptides analyzed from the sequence
database. Search criteria included a static carbamidomethylation of
cysteine residues (+57.0214 Da) and a variable modification of
oxidation of methionine residues (+15.9949 Da) and acetylation of
protein N termini (+42.011 Da). MS1 peptide precursor mass tolerance
was set at 10 ppm, and MS2 fragment mass tolerance was set at
0.6 Da. The false discovery rates (FDRs) of proteins and peptides were
set at 1% for each analysis. All protein and peptide identifications
were grouped, and any redundant entries were removed.

The Q-Exactive HF-X raw files were searched directly against the
UniProt human protein database (downloaded on November 1, 2021;
total number of entries: 20,531) using SEQUEST HT on Proteome
Discoverer (version 2.3). Searches were performed with full tryptic
digestion and allowed a maximum of two missed cleavages on the
peptides analyzed from the sequence database. Search criteria
included a static carbamidomethylation of cysteines (+57.0214 Da) and
TMT 6-plex of lysine (+229.163 Da), and variable modifications of
oxidation of methionine residues (+15.9949 Da), TMT 6-plex at peptide
N termini (+229.163 Da), acetylation at protein N termini (+42.011 Da),
and phosphorylation (+79.996 Da) on serine, threonine, or tyrosine
residues.MS1peptideprecursormass tolerancewasset at 10ppm,and
MS2 fragment mass tolerance was set at 0.02 Da. The cutoff for coi-
solationwas 50%, andS/Nwas 10. The normalizationmode in Reporter
IonsQuantifier in the consensusworkflowwas set to benone. Proteome
Discoverer created DTA files from raw data files with a minimum ion
threshold of 15 and an absolute intensity threshold of 50. The FDRs of
proteins and peptides were set at 0.01. All protein and peptide identi-
fications were grouped, and any redundant entries were removed. Only
unique peptides and unique master proteins were reported.

Quantification Analysis

All data were searched using SEQUEST HT and quantified using the
label-free quantitation node of Precursor Ions Quantifier through the
Proteome Discoverer (version 2.2 or 2.3). For the quantification of both
proteomic and phosphoproteomic data, the intensities of peptides and
phosphopeptides were extracted with the initial precursor mass toler-
ance set at 10 ppm, minimum number of isotope peaks as 2, maximum
ΔRT of isotope pattern multiplets as 0.2 min, peptide-spectrum match
confidence FDR of 0.01, with hypothesis test of ANOVA, maximum
retention time shift of 5 min, pairwise ratio–based ratio calculation, and
100 as the maximum allowed fold change. Statistical analysis was
performed in the Perseus software (22, 23) (version 1.6.5.0 or 1.6.15.0).
Protein intensities were log2-transformed for analysis. All permutation-
based t tests were two-sided and unpaired (FDR = 0.05, s0 = 0.2). For
TMT experiments, the reporter ion intensities of unphosphorylated Tau
peptides (without cognate phosphopeptides) were assumed to be
constant in all samples and thuswere used to normalize the reporter ion
intensities within 6-plex experiments.

Bioinformatic Analysis

Kinase interaction network analyses were performed using STRING
(24) (version 11.5). Only physical subnetworks (evidenced by text min-
ing, experiments, and databases) were considered. Clustering analysis
was performed with a Markov clustering inflation parameter of 3.

Protein Expression and Purification

To generate the Tau 2N4R expression construct, a cDNA encoding
Tau 2N4R was amplified by PCR and subcloned in frame into the
BamHI/XhoI sites of pET28b. E. coli BL21 (DE3) cells transformed with
the resulting plasmid were induced to overexpress His-tagged Tau
Mol Cell Proteomics (2022) 21(12) 100441 3
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2N4R and subsequently lysed via sonication in lysis buffer (50 mM
monobasic sodium phosphate, 300 mM sodium chloride, 2 mM
imidazole, pH 8.0) containing protease inhibitor cocktail. Extracts were
cleared by centrifugation for 30 min at 4 ◦C at 20,627g and loaded
onto a spin column containing nickel–nitrilotriacetic acid beads
(Thermo Fisher Scientific). The column was washed with wash buffer 1
(50 mM monobasic sodium phosphate, 300 mM sodium chloride,
10 mM imidazole, pH 8.0) and wash buffer 2 (50 mM monobasic so-
dium phosphate, 300 mM sodium chloride, 25 mM imidazole, pH 8.0).
His-tagged Tau was eluted with elution buffer (50 mM monobasic
sodium phosphate, 300 mM sodium chloride, 500 mM imidazole, pH
8.0). The buffer was replaced with 50 mM Tris (pH 7.5) using an
Amicon Ultra-15 Centrifugal Filter (Millipore).

Kinase candidates were purified from HEK293T cells harboring a
plasmid encoding the HA-tagged kinases. Cells were lysed via soni-
cation in ice-cold Tris-buffered saline supplemented with 0.1%
Tween-20 (TBST; pH 7.4) and protease inhibitor cocktail. Extracts
were cleared by centrifugation for 30 min at 4 ◦C at 20,627g. Anti-HA
magnetic beads (Pierce) prewashed with TBST three times were
added to the cell lysate, and the mixture was incubated for 3 h at 4 ◦C.
The anti-HA magnetic beads were then washed with ice-cold TBST
three times and then once more with 50 mM Tris (pH 7.5).

In Vitro Phosphorylation Reactions and Phosphorylation Imaging
(pIMAGO)

The purified kinases on the anti-HA magnetic beads and the His-
tagged Tau were mixed in a reaction buffer for in vitro phosphoryla-
tion reactions. The reaction buffer for each kinase was optimized
according to the Assay Guidance Manual. The optimized kinase re-
action buffer for OXSR1 (oxidative-stress responsive gene 1) is 50 mM
Tris–HCl (pH 7.5), 500 μM ATP, 5 mM MnCl2, and 1 mM DTT. The
optimized kinase reaction buffer for DAPK2 (death-associated protein
kinase 2) is 50 mM Tris–HCl (pH 7.5), 500 μM ATP, 5 mM MgCl2, and
1 mM DTT. The optimized kinase reaction buffer for CSK (C-terminal
SRC kinase) and ZAP70 (zeta chain of T-cell receptor–associated
protein kinase 70) is 50 mM Tris–HCl (pH 7.5), 50 μM ATP, 20 mM
MgCl2, 5 mM MnCl2, and 1 mM DTT. The in vitro phosphorylation
reaction was carried out at 30 ◦C for 3 h. After the reaction, the anti-HA
magnetic beads with bound kinases were removed by a magnetic
rack.

Tau phosphoproteins generated in the in vitro phosphorylation re-
action were analyzed via Western blotting using the phosphorylation
imaging (pIMAGO)-biotin phosphoprotein detection system according
to the product manual. Before running the gel, samples were boiled in
LDS and DTT sample buffer at 95 ◦C for 5 min. Iodoacetamide was
added to each sample to a final concentration of 0.5 for one time, and
the mixture was incubated in the dark for 15 min at room temperature.
The samples were loaded onto an SDS-PAGE gel and transferred to a
membrane, which was then incubated with 1× blocking buffer fol-
lowed by the pIMAGO reagent in 1× blocking buffer (1 h for each in-
cubation). After washing the membrane three times with 1× wash
buffer and once with 1× TBST (5 min each time), the membrane was
incubated with avidin-Fluor in 1× blocking buffer for 1 h and then
washed with TBST three times. pIMAGO images were developed in a
fluorescence scanner.

In vitro Time-Course Phosphorylation Reactions

For the kinase time-course experiments, aliquots of in vitro phos-
phorylation samples were collected at 0, 1.5, and 3 h. After sample
digestion and desalting, each sample was resuspended in 50 mM
TEAB (pH 8.4) for 6-plex TMT labeling (Thermo Fisher Scientific).
Samples were labeled in the following order: TMT126: kinase-present,
0 h; TMT127: kinase-present, 1.5 h; TMT128: kinase-present, 3 h;
TMT129: kinase-null, 0 h; TMT130: kinase-null, 1.5 h; and TMT131:
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kinase-null, 3 h. Data normalization was conducted using unphos-
phorylated Tau peptides (without cognate phosphopeptides), which
were assumed to have the same concentration in all samples.

Preparation of Adenoviral Constructs for Protein Expression in H4
Cells

Adenoviruses encoding Tau 2N4R with an N-terminal 3xFLAG tag
and four of the kinases identified via proteomic analysis during the first
phase of the study (CSK, DAPK2, OXSR1, and ZAP70), each with an
N-terminal HA tag, were prepared using the ViraPower Adenoviral
Expression System (Invitrogen). Briefly, cDNAs encoding 3xFLAG-Tau
2N4R and the HA-kinases were subcloned into the entry vector
pENTR1A using the NEB HiFi kit (New England Biolabs). Inserts from
the pENTR1A constructs were transferred to the destination vector
pAD/CMV/V5 via recombination using Gateway LR Clonase (Invi-
trogen). All coding sequences were confirmed by Sanger sequencing
at Genewiz. Adenoviral constructs were packaged into viruses by
introducing them into the HEK293A cell line. Adenoviral titers were
determined using the Adeno-X qPCR titration kit (Takara Bio USA).

Human H4 neuroglioma cells were plated on a 15 cm culture dish at
4.5 million cells in media consisting of Dulbecco’s modified essential
medium and 10% (v/v) fetal bovine serum. One day after plating, the
cells were cotransduced with adenoviruses encoding Tau (or LacZ for
a negative control) and each kinase at a multiplicity of infection of 4 for
each virus. After 72 h, the cells were harvested by trypsinization and
pelleted, and the pellets were washed with PBS and stored at −80 ◦C
until protein isolation. Total 3xFLAG-Tau (phosphorylated and
unphosphorylated) was isolated by incubating the H4 cell lysate with
anti-FLAG M2 magnetic agarose beads (Sigma–Aldrich) for 2 h at 4
◦C. Beads with bound Tau protein were washed three times with TBST
and once with Tris-buffered saline.

The anti-FLAG M2 bead-bound FLAG-Tau from H4 cells was de-
natured in 8 M urea, reduced, and alkylated using 5 mM Tris(2-
carboxyethyl)phosphine and 10 mM chloroacetamide for 45 min at
37 ◦C. The samples were diluted fivefold with 50 mM TEAB and then
digested with Lys-C at a 1:100 (w/w) enzyme-to-protein ratio for 3 h at
37 ◦C. Trypsin was added to a final enzyme-to-protein ratio of 1:50 (w/
w) for overnight digestion at 37 ◦C. The peptide samples were
desalted by SDB-XC (3M Empore). Peptide eluents were vacuum
dried. The peptide amounts were measured using the Pierce Quanti-
tative Colorimetric Peptide Assay (Thermo Fisher Scientific). The same
amount of peptide was taken from each sample for the subsequent
polyMAC phosphopeptide enrichment (Tymora) (25) and phospho-
peptide quantification steps. The data of the first replicate were
collected using the Q-Exactive HF-X mass spectrometer, and the data
of the second replicate were collected using the LTQ-Orbitrap Velos
Pro mass spectrometer.

Experimental Design and Statistical Rationale

For the FCMS screening experiments, two independent replicates
were conducted in the same manner. Each independent replicate was
analyzed by LC–MS with three technical replicates. A protein with valid
MS intensities in at least two of three technical replicates was
considered a valid identified protein in FCMS. A kinase present in both
independent replicates was considered a hit. Albumin was used as a
control for Tau to exclude nonspecific interacting kinases. A quanti-
tative comparison of the Tau- and albumin-FCMS samples was per-
formed using a t test. For the in vitro phosphorylation reactions, two
independent reactions were conducted in the same manner. For the
analysis of phosphorylated Tau by candidate kinases in H4 cells, two
independent replicates were prepared in the same manner. After Lys-
C/trypsin digestion, the same amount of peptide was taken from each
sample for a quantitative comparison of Tau phosphopeptides be-
tween a kinase-Tau sample and the LacZ-Tau control after polyMAC
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phosphopeptide enrichment and label-free quantification (LFQ). A
quantitative comparison of Tau phosphopeptides between a
kinase-Tau sample and the LacZ-Tau control was performed using the
t test.

RESULTS

FCMS for Tau Kinases

The design of FCMS includes capturing the weakly inter-
acting kinases in a specific IP experiment to overcome the
current limitations of identifying unknown kinases and high-
throughput mass spectrometric analyses for identification
and quantitation (Fig. 1). We take advantage of the self-
assembly feature of the Venus fluorescent protein fragments
in BiFC, VN155, and VC155, to stabilize these evanescent
interactions (21). We started with a publicly available human
kinase library, which consists of 559 human kinases and
FIG. 1. Flowchart illustrating the fluorescence complementation m
upstream kinases of Tau. HEK293T cells were cotransfected with the B
albumin (right) and the complementary BiFC vector HA-VC155 encoding
Cells were lysed, and protein complexes with VN155–VC155 association
were reduced, alkylated, and trypsin-digested, and the samples were a
kinases. Proteins identified in the albumin control were considered n
bimolecular fluorescence complementation; cDNA, complementary DNA;
kinase-related protein ORFs (26, 27). Each kinase in the library
was fused with the VC155 tag, and the substrate was fused
with the VN155 tag. Both the plasmid DNAs encoding the
substrate and the kinase library were simultaneously intro-
duced into HEK293T cells. HEK293T cell line was chosen
because of its high efficiency of transfection and high protein
expression levels. Once a kinase interacted with the substrate
in intact cells, the substrate–kinase complex could be stabi-
lized by VN155–VC155 association in the cells. This recon-
structed Venus protein from the VN155–VC155 association,
not the VN155 or VC155 fragment only, can be specifically
isolated using the GFP Nanotrap (28) magnetic agarose
beads, and therefore the substrate–kinase complexes can be
enriched efficiently. The isolated substrate–kinase complexes
were subject to LC–MS/MS for identification and LFQ of the
captured kinases.
ass spectrometry (FCMS) method used for the identification of
iFC vector Myc-VN155 encoding Tau 2N4R (left) or the control protein
a human kinase cDNA expression library encompassing 559 kinases.
were immunoprecipitated with GFP Nanobody. Proteins on the beads
nalyzed by LC–MS/MS for identification and label-free quantitation of
onspecific interacting proteins. Created with BioRender.com. BiFC,
HA, hemagglutinin; HEK293T, human embryonic kidney 293T cell line.
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One of the major challenges of FCMS is the irreversibility of
the BiFC VN–VC self-assembly, which can contribute to
problematic false positives from stochastic protein associa-
tion or nonspecific binding (21). To tackle this problem, in this
study, we further increased the specificity by exploring a good
negative control. Albumin was chosen to be our negative
control for nonspecific binding events in an FCMS screen.
Albumin is generated by hepatocytes and then secreted into
blood plasma, and thus, it does not typically remain inside a
cell. Therefore, we assumed that albumin does not signifi-
cantly interact with kinases intracellularly. To verify this
assumption, we used text-mining tools for protein phosphor-
ylation (eFIP (29, 30), RLIMS-P (31), and iPTMnet (32, 33)) to
comprehensively search for any reported kinases of albumin.
We found only one identified kinase, the serine/threonine
protein kinase FAM20C (34), which is extracellular and not in
our human kinase library. In fact, our FCMS results showed
that only a small number of kinases were associated with al-
bumin, and most of these kinases were not consistently
identified in our replicates. Our FCMS results indicated that
most kinases do not specifically associate with albumin, and
thus albumin can be used as a good negative control in
FCMS. To keep albumin inside the transfected cells, we
removed the protein’s secretion signal peptide and propeptide
(supplemental Fig. S1A). Albumin without the secretion signal
peptide and the propeptide has a similar size to Tau. Also, the
expression level of albumin and Tau was similar in the trans-
fected HEK293T cells (supplemental Fig. S1B). These results
demonstrated the feasibility of using albumin as a negative
control of Tau in the FCMS screening.
In the adult human brain, there are six isoforms of Tau. The

N1, N2, and R2 domains of Tau can be alternatively spliced to
generate shorter isoforms. Importantly, phosphorylation on
N1, N2, and R2 was also identified in AD postmortem human
brains but not in the control brains (15), indicating possible
significance of these sites. Hence, to maximize the scope of
kinases to be identified, we chose the longest Tau isoform in
the adult human brain, 2N4R, in the FCMS screen.
Identification of the FCMS Tau-Interacting Kinase Proteins

To identify reproducible kinase candidates, we performed
two independent biological replicates of FCMS of Tau and
selected the kinase hits consistently identified in both bio-
logical replicates. Protein quantification is critical for selecting
our kinase candidates. To quantify the detected proteins,
three MS technical replicates were performed for each sample
for LFQ using Proteome Discoverer. To eliminate variation in
our samples, the quantification data were normalized by the
abundance of vimentin, which is a common nonspecific
binding protein of magnetic agarose beads from human cells
in IP experiments (35). Indeed, we detected significant protein
abundance of vimentin in all MS runs of the FCMS experi-
ments (supplemental data S1, A and B).
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In the first and second biological replicates of FCMS
isolation, we identified 759 and 1186 proteins and quantified
334 and 454 proteins, which were statistically different in
abundance between the samples of Tau-kinase and albumin-
kinase, respectively (Fig. 2A). Among these quantified pro-
teins, there were 141 and 162 kinase hits in the first and
second biological replicates, respectively. These kinase hits
account for a significant portion of each quantified protein set
in each biological replicate (42% and 36%, respectively),
compared with the ratio of the number of ORFs in the kinase
library to the number of human protein-coding genes (~3%).
These data highlight the success of kinase isolation via BiFC
IP. Also, as expected, Tau was the protein with the most
significant ratio of protein abundances in comparison of the
Tau-kinase sample and albumin-kinase sample. Similarly, al-
bumin was also the protein with the most significant ratio of
protein abundances in comparison of the albumin-kinase
sample and the Tau-kinase sample.
Notably, in both biological replicates, most of the quantified

kinases were Tau-associated kinase hits (137 of 141 and 145
of 162, respectively). Only very few kinase proteins were
albumin-associated kinase hits (4 of 141 and 17 of 162,
respectively) (Fig. 2A). To eliminate randomly associated
endogenous kinases from the cells that are not in our human
kinase library, we compared the data with our human kinase
library (supplemental Fig. S2, A and B). Most of the kinase
protein hits in both biological replicates were included in our
human kinase library (135 of 137 [99%] and 144 of 145 [99%],
respectively). We also analyzed these albumin-associated ki-
nase hits in the two replicates and observed that most of them
were not consistent, and only one kinase hit was consistent in
both replicates (supplemental Fig. S2, C–E), indicating that
albumin has little interaction with most kinases. Also, these
albumin-associated kinase hits rarely overlap with Tau-
associated kinase hits in the other replicate (supplemental
Fig. S2, F and G). These data demonstrated albumin is a
good negative control and overall good specificity of our
FCMS method.
To select reproducibly identified and quantified kinase

proteins, we overlapped the first and second biological repli-
cates. A total of 101 kinase hits from our human kinase library
were consistent in both replicates, accounting for more than
70% kinase hits in both replicates (Fig. 2B). These 101 kinase
hits were therefore selected as our primary hits because of
their consistency in both replicates.
The human kinase library we used consists of 420 protein

kinases, 53 kinase-related proteins (regulatory subunits), and
86 nonprotein kinases (carbohydrate, lipid, and nucleotide
kinases) (26, 27). As we were primarily interested in identifying
new protein kinases of Tau, we manually analyzed the clas-
sification of these 101 kinase candidates based on the human
kinome data (36, 37). There were 67 protein kinases
(supplemental data S2A), 6 protein kinase regulatory subunits
(supplemental data S2B), and 28 nonprotein kinases



FIG. 2. FCMS identification of Tau kinase hits. A, volcano plot from two biological replicates of our FCMS analysis showing the proteins
quantified in the co-IP of Tau and the kinase library. Statistical significance was assessed through a permutation-based FDR t test (FDR = 0.05;
S0 = 0.2), based on three LC–MS technical replicates. Tau- and albumin-associated kinase hits are represented by red and blue symbols,
respectively. Data from the first and second biological replicates are shown as triangles and circles, respectively. B, Venn diagram showing the
overlap of the library-verified Tau-associated kinase hits between the two FCMS replicates. C, Pie chart showing library-verified Tau-associated
protein kinases, protein kinase regulatory subunits, and nonprotein kinases reproducible in both replicates. co-IP, coimmunoprecipitation;
FCMS, fluorescence complementation mass spectrometry; FDR, false discovery rate.
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(supplemental data S2C). The protein kinases and associated
related regulatory subunits accounted for 72% of all identified
kinase hits (Fig. 2C). These 67 protein kinases were therefore
selected as our primary hits because of their consistency in
both replicates.

Analyses of the Novel FCMS Kinase Hits

Protein expression profiles can be significantly distinct in
different tissues or organs. Kinases must be expressed in the
human brain to phosphorylate Tau. To validate the expression
of these kinases in the human brain, we compared our 67
protein kinase hits with the RNA-Seq data of the human brain
cerebral cortex downloaded from the Human Protein Atlas
(HPA) database (38, 39). The RNA-Seq data in the HPA
database were displayed as transcripts per million reads,
which is a normalization method for the comparison of gene
expression between different tissues or organs. We consid-
ered all genes with transcripts per million >0 in the HPA
cerebral cortex data (18,138 genes). We found that all our 67
kinases were detected in the human cerebral cortex based on
the HPA data (Fig. 3A), showing high confidence for our
protein kinase hits.
Next, to further validate the presence of these kinases in real

tauopathy patients, we compared the 67 kinase hits with
recently published clinical proteomic data. Since AD is the
most predominant tauopathy disease, we used AD proteomic
data for this validation. We chose the clinical proteomic data
reported by Bai et al. (40) (14,513 proteins and 12,018 genes).
Most of our kinase hits (59 kinase hits) were found in this AD
postmortem human brain proteome (Fig. 3B). Furthermore,
since the phosphorylation is a critical regulation of kinase
activities, we also compared our data with the AD
phosphoproteome in the same study. Indeed, the phospho-
peptides of a majority of our kinase hits were detected in the
phosphoproteomic data of Bai et al. (46 of 59, 78%) (Fig. 3C),
and some known kinases of Tau (e.g., ABL2, BRSK2, and
mitogen-activated protein kinase 1 (MAPK1)/ERK2) showed
higher phosphorylation levels in their AD postmortem frontal
gyrus samples compared with their nondisease control sam-
ples. Moreover, hyperphosphorylation of Tau was also
observed in the phosphoproteomic data of Bai et al., sug-
gesting that the activities of these kinases in the AD cohort
were high. Also, another phosphoproteome of human AD
postmortem brains recently reported by Morshed et al. (41)
showed aberrant phosphorylation of kinases and Tau, further
suggesting that the phosphorylation of these kinases was
significantly associated with AD pathological markers. There-
fore, to further validate our 59 FCMS protein kinase hits, we
compared our data with this phosphoproteome. In fact, many
of our FCMS protein kinase hits also overlap with the AD
phosphoproteomic data, including known Tau kinases (e.g.,
BRSK1, CSNK1E, SRC, etc.) and our novel kinase candidates
(e.g., MAST1, LMTK2, etc.) (Fig. 3D). Taken together, the
consistency between our data and the published data strongly
supported the kinase hits in our FCMS of Tau. Therefore, we
chose the 59 kinase hits that were also found in the proteomic
data of Bai et al. for the subsequent analyses.
Our kinase library includes many known kinases of Tau, so

we expected to capture at least a subset of these using our
FCMS approach. By using text-mining tools (eFIP (29, 30),
RLIMS-P (31), and iPTMnet (32, 33)) and manually searching in
the literature, we found that 23 kinases are known kinases of
Tau, and 36 kinases have not yet been reported to be Tau
kinases (supplemental data S2A, Fig. 3, E and F). We detected
Mol Cell Proteomics (2022) 21(12) 100441 7



FIG. 3. Analyses of the FCMS kinase hits of Tau. Venn diagram showing the overlap between the Tau-associated kinase hits and the human
brain cerebral cortex data in the Human Protein Atlas (HPA) (A), the AD proteome dataset reported by Bai et al. (B), the AD phosphoproteome
dataset reported by Bai et al. (C), and the kinases with changed phosphorylation in the AD phosphoproteome reported by Morshed et al. (D). Pie
chart showing the distribution of Tau-associated kinase hits from our FCMS analysis between known and novel protein kinases (E). F, kinome
map visualization of kinase hits from our FCMS analysis. Nodes are colored red and green for novel and known kinases, respectively (F). The
classification of the 59 kinase hits (G). AD, Alzheimer’s disease; FCMS, fluorescence complementation mass spectrometry.
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many well-characterized kinases of Tau, including GSK3A,
SRC, ABL2, and so on. The identification of many known ki-
nases of Tau validated the effectiveness of our FCMS and
therefore further strengthened the reliability of these 36 novel
candidate kinases. These 36 kinases thus constituted our final
list of novel kinase candidates identified via FCMS screening
(supplemental data S2A). In addition, Tau was reported to be
phosphorylated by a wide variety of protein kinases. The
currently known protein kinases of Tau belong to at least 7 of
the 10 classes of human protein kinases (4, 5, 12–14, 36, 37).
Our 59 kinase hits cover most of the classes of human protein
kinases (9 of 10, except for the receptor guanylate cyclases
group) (supplemental data S2A, Fig. 3, F and G), suggesting
an unbiased feature of the FCMS hits.
Kinases can interact with many proteins, including kinases

themselves, to generate intricate protein–protein interaction
networks (42). In an FCMS screening, kinases may synergis-
tically or indirectly associate with the substrate of interest with
other direct interactors of the substrate. Therefore, we
analyzed the physical protein interaction networks of our 101
kinase hits using STRING (43) (supplemental Fig. S3). Among
all our FCMS kinase hits, 72 of these are apparently involved
in complex physical interaction networks. Several interacting
clusters could be identified, including clusters of cyclin-
dependent kinases (CDK1, CDK2, and CDK4), PKC (AKT1
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and PKC isoforms PRKCA, PRKCB, and PRKCZ), cAMP-
dependent protein kinase (PRKAR1A, PRKAR2A, PRKAR2B,
PRKAG1, and PRKAA2), and kinases in the MAPK pathway
(MAPK1, MAPK3, MAPK12, MAPK13, MAPK14, MAP2K2,
MAP2K6, MAPKAPK3, and MAPKAPK5). These kinases and
kinase-related regulatory subunits in the same clusters tend to
physically associate together so that they are more likely to be
captured by FCMS concurrently. These functionally related
kinases may all be responsible for the phosphorylation of Tau.
For example, all the PKC isoforms and AKT1 in our FCMS hits
are known kinases of Tau. On the other hand, there were 25
kinases that did not show involvement in any physical in-
teractions in the STRING analyses. These kinases are more
likely to directly and independently interact with Tau, or they
may interact with Tau via other mediators that are not included
in the database or are still unknown yet. In summary, the
STRING analyses can provide more supporting evidence for
our FCMS kinase hits.
Interestingly, we also captured 28 nonprotein kinases,

including the lipid kinase SPHK2, the nucleoside diphosphate
kinase DTYMK, and the hexokinases (HKs) HK2 and HK3, and
so on. Some of the nonprotein kinase hits (CKMT1A, PFKP,
and AK1) were identified in a previously reported interactome
of phosphorylated Tau (44). Since Tau can interact with nu-
cleotides (45–48), lipid bilayers (49–51), and other protein
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kinases (supplemental Fig. S3), these nonprotein kinases may
be captured because of indirect interactions with Tau.

In vitro Phosphorylation Assays and pIMAGO
Phosphorylation Detection

FCMS is capable of capturing kinases that can physically
associate with a bait substrate protein. To confirm that these
kinase candidates are able to phosphorylate Tau, we per-
formed in vitro phosphorylation assays using purified recom-
binant Tau and kinases.
Among our 36 kinase candidates, there were several can-

didates (MAP2K2, MAP2K6, MAP4K2, and MAPKAPK5)
belonging to the MAPK pathway. Since many kinases in the
MAPK pathway are well-characterized Tau kinases (4, 5,
12–14), we excluded these candidates from our validation.
Also, we did not test CDK4 since the cyclin necessary for its
activity in our in vitro phosphorylation assays is unknown. We
expressed and purified HA-tagged kinases candidates from
HEK293T cells using anti-HA antibody beads. The human
HEK293T cells can provide the correct protein folding and
essential post-translational modifications, which are critical for
the activities of many kinases. On the other hand, we
expressed and purified His-tagged Tau from E. coli using
nickel–nitrilotriacetic acid beads based on a previous report
(52). Previous studies have shown that recombinant Tau pre-
pared using an E. coli expression system is non-
phosphorylated (53, 54). After optimizing the expression and
purification methods for Tau and kinase, we successfully ob-
tained purified Tau, 15 candidate kinases, and one known Tau
kinase GSK3A (supplemental Fig. S4A). To simplify the sub-
sequent analyses, the kinase assays were performed using
on-bead kinases for the convenience of removing kinases
after the reactions were complete. To ensure that there was no
Tau phosphorylation resulting from nonspecific binding of
endogenous kinases in the cell lysate, we used anti-HA anti-
body beads treated with a lysate prepared from cells without
ectopic kinase expression as a negative control.
Tau phosphorylation was monitored by pIMAGO (phos-

phoimaging), a nanopolymer and nonantibody reagent for
phosphorylation detection. The method is based on water-
soluble and globular nanopolymers (i.e., dendrimers) with
modifications of titanium for capturing phosphate groups and
biotin for detection by avidin-Fluor (55–58). This reagent can
substitute for phospho-specific antibodies in a Western blot-
ting analysis without the need of site-specific antibodies. The
pIMAGO method can also replace conventional kinase assays
using radiolabeled ATP to avoid safety issues. We optimized
in vitro kinase reactions for different protein kinases by tuning
various parameters (59). Limited by in vitro kinase reaction
conditions such as buffer, pH, divalent ions Mg2+ and Mn2+,
ATP concentrations, reaction time, cofactors, and so on, we
successfully observed that four of our FCMS candidate ki-
nases, OXSR1, DAPK2, CSK, and ZAP70, could phosphory-
late Tau in vitro (Fig. 4A). Notably, OXSR1 and DAPK2 are not
involved in the interaction networks of our kinase hits revealed
by our STRING analysis (supplemental Fig. S3), suggesting
that they could potentially interact with Tau directly instead of
indirectly via other interactors.

Time-Course Tau Phosphorylation Reveals Specific
Phosphorylation Sites by the Kinase Candidates

Tau is a complex phosphoprotein with 85 phosphorylation
sites in the longest isoform expressed in the adult human brain
(2N4R) (4, 12–14). In AD brains, some phosphorylation events
were commonly observed, whereas others were less
commonly detected (15), suggesting that certain phosphory-
lated sites may be more dominant in AD pathogenesis. To
investigate whether our four Tau kinase candidates could
phosphorylate pathologically relevant sites of Tau specifically,
we performed an in vitro time-course phosphorylation reaction
coupled with LC–MS analysis using the purified recombinant
kinases and Tau protein. The in vitro phosphorylation time-
course reactions were again conducted using on-bead ki-
nases, and beads treated with a lysate prepared from cells
without ectopic kinase expression were used as a negative
control. In a reaction, the substrate Tau was much more than
the kinase (the molar ratio of substrate to kinase >10) to avoid
deletion of the substrate over the reaction course so that we
could investigate whether we can observe a persistent in-
crease of phosphorylation by performing time-course experi-
ments and collecting reaction samples at 0, 1.5, and 3 h. To
compare the relative intensities of phosphorylation between
kinase-treated and kinase-null samples at different time
points, we labeled our time-course phosphorylation samples
with isobaric TMTs for multiplexed quantification (Fig. 4B). Our
LC–MS detection method achieved a total sequence coverage
of ≥69% for the Tau 2N4R isoform (supplemental Fig. S4B).
We normalized the TMT intensities of each peptide based on
the total intensity of unphosphorylated Tau peptides, which
was assumed to remain constant during the reaction course.
We successfully detected multiple Tau phosphorylation

events that reproducibly increased in the kinase-present
samples temporally but not in the kinase-null samples
(Figs. 4, C–H, S4, C–G, supplemental datas S3 and S4). We
observed a reproducible increase of phosphorylation at S199,
a residue known to be phosphorylated by GSK3A, in a sample
of GSK3A-treated Tau (Figs. 4H and S4G), validating our
in vitro kinase assay design. In a sample of DAPK2-treated
Tau, we detected a reproducible increase of phosphorylation
at Tau S214 (Figs. 4D and S4C). In the OXSR1-treated Tau, we
detected a reproducible increase of phosphorylation at Tau
S324 and T30 (Figs. 4E and S4D). In a sample of ZAP70-
treated Tau, we detected reproducible increases of phos-
phorylation at Tau Y29 and Y197 (Figs. 4F and S4E). In a
sample of CSK-treated Tau, we detected a reproducible in-
crease of phosphorylation of Tau Y29 (Figs. 4G and S4F).
These results indicated that DAPK2 could potentially phos-
phorylate Tau at S214, OXSR1 could phosphorylate Tau at
Mol Cell Proteomics (2022) 21(12) 100441 9



FIG. 4. Validation of the FCMS kinase hits of Tau. A, the pIMAGO results of in vitro phosphorylation. Anti-His immunoblotting was used as
the loading control for His-tagged Tau. A known kinase of Tau, GSK3A, was used as a positive control for the in vitro phosphorylation. B,
experimental workflow for in vitro time-course phosphorylation reaction, TMT6plex labeling, and LC–MS/MS. Created with BioRender.com. C,
an overview of detected phosphorylated sites of the TMT6plex-labeled kinase-treated 2N4R Tau measured in the LC–MS/MS. D–H, in vitro time-
course phosphorylation of Tau using DAPK2 (D), OXSR1 (E), ZAP70 (F), CSK (G), and GSK3A (H). Data are shown as the average normalized TMT
intensities of all detected phosphorylated peptides with different modifications (e.g., methionine oxidation) or trypsin miscleavage. Normalization
was performed based on the intensities at time = 0 in the kinase-present sample (TMT 126), and then the background intensities were sub-
tracted. FCMS, fluorescence complementation mass spectrometry; pIMAGO, phosphorylation imaging; TMT, tandem mass tag.
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S324 and T30, ZAP70 could phosphorylate Tau at Y29 and
Y197, and CSK could phosphorylate Tau at Y29. Taken
together, these results demonstrated that DAPK2, OXSR1,
CSK, and ZAP70 are promising Tau kinase candidates iden-
tified using our FCMS approach for future exploration.

The Kinase Candidates can Increase Phosphorylation of
Tau in the H4 Neuroglioma Cells

To explore whether the kinase candidates could induce Tau
phosphorylation in living human cells, we coexpressed Tau
and the kinases in the human H4 neuroglioma cell line, a
commonly used cell line in AD research (supplemental
Fig. S5A) (60–64). The cells were cotransduced with adeno-
viruses encoding 3xFLAG-tagged Tau and the HA-tagged ki-
nase candidates (or the control protein LacZ), and lysates
prepared after a 72 h incubation period were analyzed via
Western blotting. We found that all four kinases were
expressed along with Tau, and the Tau expression levels were
similar across all samples (supplemental Fig. S5B). Next, Tau
was isolated from lysates of H4 cells coexpressing the protein
with a kinase candidate or LacZ using anti-FLAG beads, and
the immunoprecipitated protein was analyzed via LC–MS to
assess differences in the phosphorylation profiles of Tau
proteins isolated from cells with or without ectopic kinase
10 Mol Cell Proteomics (2022) 21(12) 100441
expression. The phosphopeptides were enriched by polyMAC
(25) before LC–MS runs.
All four candidate kinases were found to induce a significant

increase in Tau phosphorylation in H4 cells (Fig. 5 and
supplemental data S5). Many of the annotated Tau phos-
phorylation sites identified here are pathologically relevant and
occur in both the early and late stages of AD. For example,
Tau has been shown to be phosphorylated at T181, S199, and
S202 in early stage AD and at T175, S198, and S205 during
later stages of the disease (15). While we did not find the Tau
phosphorylation that we detected in our in vitro time-course
phosphorylation, we observed increased phosphorylation at
these disease-associated phosphosites, underlining their
significance in AD. Notably, multiple phosphorylation sites
were unexpectedly elevated in H4 cells with coexpression of
Tau and a kinase candidate, especially in the H4 cells
expressing the CSK or ZAP70 tyrosine kinase, which showed
the evidence of Tau phosphorylation at several serine and
threonine residues. While the sample preparation including
phosphopeptide enrichment might have introduced biases in
the experiment, it has been reported that tyrosine kinases can
activate downstream serine–threonine kinases to increase the
serine and threonine phosphorylation of Tau. For example, the
tyrosine kinase FYN can activate the serine–threonine kinases
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FIG. 5. Comparison of Tau phosphopeptides between kinase-Tau and LacZ-Tau overexpression H4 cells. A, OXSR1-Tau versus LacZ-
Tau. B, DAPK2-Tau versus LacZ-Tau. C, ZAP70-Tau versus LacZ-Tau. D, CSK-Tau versus LacZ-Tau. The volcano plots show differences of
label-free quantified Tau phosphopeptides between the kinase- and lacZ-expressing H4 cells. Phosphopeptides were enriched using polyMAC.
Phosphopeptides that were more abundant in kinase-expressing cells are represented by red symbols. Phosphopeptides that were more
abundant in kinase-null cells are represented by blue symbols. Data from the first and second replicates are shown with triangular and circular
symbols, respectively.
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GSK3B and MEK (12). In our STRING analyses, we observed
that CSK and ZAP70 are both involved in complex interaction
networks with many serine–threonine kinases (supplemental
Fig. S3), suggesting that these two tyrosine kinases could
activate downstream serine–threonine kinases. These results
further highlight the importance of these kinase candidates for
Tau phosphorylation in human cells, in turn suggesting that
the kinases could play a role in the pathogenesis of AD and
other tauopathies. Although we did not observe annotated
tyrosine phosphorylation of Tau in CSK- or ZAP70-expressing
H4 cells, we detected increased levels of Tau phosphopeptide
containing Y197 (supplemental data S5), implying possible
phosphorylation of this residue. Taken together, these results
suggested that the four kinase candidates can contribute to
Tau hyperphosphorylation in human neuroglioma cells.
DISCUSSION

The phosphorylation of Tau is a significant pathological
phenomenon in AD and other tauopathies that plays a pivotal
role in the protein’s dissociation from microtubules and sub-
sequent aggregation, leading to NFT formation (4, 5). Although
the importance of Tau kinases in AD and other tauopathies
has been acknowledged, the lack of systematic approaches to
reveal unknown Tau kinases remains a major obstacle. Addi-
tional knowledge about Tau kinases could potentially stimu-
late the development of therapeutic strategies for tauopathy
diseases. Despite the fact that some attempts have been
made to uncover new kinases of Tau, those endeavors were
limited by the nature of the approaches, including a loss of
information because of weak interactions in co-IP or the fact
that an incomplete kinase library was used. Using the FCMS
strategy and a more comprehensive human kinase library with
559 kinases and kinase-related proteins, we uncovered 36
unreported kinase candidates of Tau. Using in vitro phos-
phorylation reactions followed by pIMAGO or time-course LC–
MS analyses, we revealed that four of these kinases, OXSR1,
DAPK2, ZAP70, and CSK, could phosphorylate Tau in vitro.
OXSR1 was originally identified as having 39% sequence

homology to the oxidative stress–related kinase SOK1 (Ste20/
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oxidant stress response kinase-1). Therefore, it was proposed
to be involved in the oxidative stress response and named
OXSR1 (65). Subsequent investigations indicated that it is
actually activated by osmotic stress instead of oxidative stress
(66). Some evidence has suggested that hyperosmotic stress
is a potential pathogenic factor of AD (67, 68), and OXSR1 was
reported to be upregulated in AD patients (69). In the in vitro
phosphorylation time course, we observed that OXSR1 could
potentially phosphorylate Tau on S324 and T30. The phos-
phorylation of S324 was recently detected in AD patients (44)
and can result in reduced Tau affinity for microtubules (70),
indicating the potential importance of OXSR1 in AD. Many
kinases responsible for S324 phosphorylation have been re-
ported (4, 5, 12–14). The phosphorylation of T30 was also
recently reported in AD patients (15). However, there are only a
few identified kinases responsible for T30 phosphorylation,
including LRRK2, PSK1/2, and TTBK1/2 (4, 5, 12–14).
Furthermore, the phosphorylation extent of the sequence re-
gion containing T30 (from D25 to K44 of Tau 2N4R) was higher
in AD patient cohorts (15), and there are only a few possible
phosphosites (Y29, T30, and T39) in this region. Hence, the
observation of phosphorylated T30 in AD patients indicates
that this phosphosite may be important in AD. However, the
roles of phosphorylated T30 in AD or other tauopathies remain
largely unknown. Notably, we observed that the phosphory-
lation of T30 did not increase after 1.5 h of reaction time. This
suggests that T30 might be a less specific phosphosite of
OXSR1, or that some other factors could affect the phos-
phorylation of T30 by OXSR1. In a previous study, it was
shown that prephosphorylation of some Tau phosphosites
can have an inhibitory effect on the phosphorylation of other
Tau phosphosites (71). The phosphorylation of (an)other
phosphosite(s) by OXSR1, probably S324, might inhibit the
phosphorylation of T30 in the later stage of the in vitro
phosphorylation.
DAPK2 belongs to the death-associated protein kinase

(DAPK) family, which is a strong tumor suppressor and a newly
identified regulator of mammalian target of rapamycin,
apoptosis, and autophagy signaling pathways (72). These
signaling pathways have been suggested to be AD related
(73–75). Its homolog, DAPK1, can interact with Tau and in-
crease the phosphorylation of Tau in transfected HEK293 cells
(76), suggesting its potential to be a kinase of Tau. In the in vitro
time-course phosphorylation, we observed that DAPK2 is
capable of phosphorylatingS214. PhosphorylatedS214, one of
the most common AD-related phosphosites (7, 15, 77, 78), can
decrease the binding affinity between Tau and microtubules
(79). Many well-characterized Tau kinases can phosphorylate
this site (4, 5, 12–14). In a recent report by Wesseling et al. (15),
phosphorylated S214 was detected in around 60% of their
studied AD cohort. Therefore, our data suggest that DAPK2 is
potentially an important candidate kinase for Tau.
ZAP70 is a homolog of the known Tau kinase SYK (80),

suggesting that it too could be a bona fide Tau kinase. SYK is
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a kinase of Tau and an activator of another Tau kinase, GSK3B
(81–83). ZAP70 is a well-characterized tyrosine kinase
involved in signal transduction in T cells, but it is also
expressed in neurons (38, 39). In fact, the expression level of
ZAP70 was higher in AD hippocampus (84). Also, AD risk
factors apolipoprotein E and TREM2 can activate ZAP70 to
trigger downstream signaling pathways (85, 86). These ob-
servations indicate that ZAP70 is a potentially critical kinase in
AD pathogenesis.
CSK regulates the activities of Src family protein kinases

(87). It was found in NFTs (88), suggesting its potential
involvement in producing hyperphosphorylated Tau. Also,
CSK was reported to be upregulated in AD patients (69).
Notably, our data showed that both ZAP70 and CSK can
phosphorylate Y29 in vitro; however, there have not yet been
any reported kinases of Tau Y29 (4, 12–14), indicating the
novelty of these results. In addition, like the phosphorylation of
T30, the phosphorylation of Tau on Y29 was also recently
reported in AD patients in a sequence region with a higher
extent of phosphorylation in the AD cohort (10), suggesting
that Y29 phosphorylation mediated by ZAP70 or CSK could
play a key role in AD pathogenesis.
Using STRING analysis, we observed that our kinase hits

can form complex physical interaction networks, including
several clusters (supplemental Fig. S3). Some clusters are
enriched with kinase groups, such as CDKs, tyrosine kinases,
casein kinases, MAPKs, and so on. Notably, there are also
several kinase hits that do not form physical protein interac-
tion networks with other kinase hits. It is more likely that these
kinases are less relevant to other known kinases of Tau and
can directly recognize Tau. In fact, two of our validated kinase
candidates, DAPK2 and OXSR1, do not show involvement in
the STRING networks.
There were also some other potential kinase candidates in

our FCMS hits. For example, BRD3 is a member of the bro-
modomain and extraterminal domain (BET) family (89), which
can specifically bind to acetylated histones for regulating gene
transcription. The BET proteins have kinase activities to
phosphorylate RNA polymerase II for transcription regulation.
Abnormal expression of BET proteins has been linked to
cancer, and small-molecule inhibitors targeting the BET pro-
teins, such as JQ1, have been developed (90). Interestingly,
some recent reports show that JQ1 can alleviate the disease
end points of AD mouse models (91, 92). One study even
shows that Tau phosphorylation at Ser369 can be reduced by
JQ1 treatment (91). Although we did not successfully detect
phosphorylation of BRD3-treated Tau in our in vitro phos-
phorylation assays, this evidence from the literature supports
our FCMS data that BRD3 may be a potential novel kinase of
Tau or a kinase that can activate downstream Tau kinases.
Moreover, CDK4 is a CDK that is clinically significant in can-
cers such as melanoma and breast cancer. Interestingly,
dysregulated gene expression of CDK4 was reported in AD
patients (93), and CDK4 inhibitors were reported to protect



Novel Kinases of Tau Identified by FCMS
neurons from cell death because of nerve growth factor
deprivation and beta-amyloid (Aβ) toxicity (94). Aβ can activate
many downstream kinases that in turn induce the hyper-
phosphorylation of Tau (12). Based on the evidence in the
literature and our FCMS data, we hypothesize that CDK4 may
be a Tau kinase induced by Aβ signaling. Validation of our
novel FCMS kinase hits including BRD3 and CDK4 will be a
goal of future studies.
Also, genetic knockout or knockdown studies in animal

models will be a further validation aiming for the biological
importance of these kinases in vivo. The roles of several Tau
kinases have been investigated in Drosophila and mice, and
these studies successfully demonstrated their significance in
Tau protein aggregation, synaptic dysfunction, and neurotox-
icity (81, 95–97). The confirmation of these Tau kinases and in
particular their roles in Tau pathogenicity will provide valuable
information for developing kinase inhibitor drugs to alleviate
neurodegeneration caused by abnormal Tau phosphorylation.
In our FCMS screening, we also identified many nonprotein

kinases in our FCMSscreening. In any IPexperiments, indirectly
associated protein can also be isolated. In fact, many nonpro-
tein kinase hits can interact with known protein kinases of Tau
(supplemental Fig. S3). For example, the hexokinases HK2 and
HK3 can associate with AKT1, and SPHK2 can associate with
PRKCE and SRC via TYK2. Also, SPHK2 is responsible for the
phosphorylation of sphingosine to form sphingosine-1-
phosphate, which is located in lipid bilayers (98), with which
Tau has been reported to interact (49–51); therefore, the Tau
protein in our FCMS may indirectly associate with lipid kinases
like SPHK2 via binding to lipid bilayers. The nucleoside
diphosphate kinase DTYMK is an RNA-binding protein (99).
Given that Tau can also interact with DNA (47, 48) and RNA (45,
46), Tau may have an indirect association with nucleoside
diphosphate kinases such as DTYMK. These pieces of evi-
dence could explain why these nonprotein kinases were
captured using our FCMS approach. In fact, the nonprotein
kinase hits CKMT1A, PFKP, and AK1 were all identified in a
previously reported interactome of phosphorylated Tau (44).
There are some limitations of using our FCMS to uncover

novel kinases of Tau. The kinase constructs we used in this
study might not fairly represent the comprehensive kinase
proteoforms, including isoforms and other sequence varia-
tions, expressed in AD human brains. Similarly, we used only
the 2N4R isoform of Tau. Thus, we may miss kinases that
preferentially interact with specific Tau isoforms. Moreover,
the HA tag and VC tag may affect the structures, post-
translational modifications, and catalytic activities of the ki-
nases. Likewise, the Myc and VN tags of Tau may interfere
with the interaction between Tau and some of its kinases.
Also, the kinase library we used here consists of 420 protein
kinases (26, 27), which does not encompass all the 538 known
human protein kinases (36, 37).
Here, we have demonstrated the application of FCMS for

screening upstream kinases of Tau and validated the ability of
the kinase candidates to phosphorylate Tau. Numerous
known kinases and novel kinase hits of Tau were identified.
Four kinases in our FCMS hits successfully displayed the
capability of phosphorylating Tau in vitro. These results indi-
cate the plausibility of these four kinase candidates to be bona
fide Tau kinases. Our identification of promising kinase can-
didates not only supports the hypothesis that Tau can be
phosphorylated by unknown kinases to become pathogenic
but also provides a more comprehensive kinase repertoire to
facilitate the development of Tau phosphorylation inhibitors as
potential drugs for AD in the future.
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