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Abstract

Hyperphosphorylation of microtubule-associated protein tau is thought to contribute to
Alzheimer’s disease (AD) pathogenesis. We previously showed that DNA damage-activated cell
cycle checkpoint kinases Chk1 and Chk2 phosphorylate tau at an AD-related site and enhance tau
toxicity, suggesting potential roles of these kinases in AD. The purpose of this study is to
systematically identify which sites in tau are directly phosphorylated by Chk1 and Chk2. Using
recombinant human tau phosphorylated by Chk1 and Chk2 /n vitro, we firstly analyzed tau
phosphorylation at the AD-related sites by Western blot with phospho-tau-specific antibodies.
Secondly, to globally identify phosphorylated sites in tau, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was employed. These systematic analyses identified a total of 27 Ser/
Thr residues as Chk1- or Chk2- target sites. None of them were proline-directed kinase targets.
Many of these sites are located within the microtubule-binding domain and C-terminal domain,
whose phosphorylation has been shown to reduce tau binding to microtubules and/or has been
implicated in tau toxicity. Among these 27 sites, 13 sites have been identified to be
phosphorylated in AD brains. Since DNA damage is accumulated in diseased brains, Chk1 and
Chk2 may be involved in tau phosphorylation and toxicity in AD pathogenesis.
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Introduction

The checkpoint kinases Chk1 and Chk?2 are Ser/Thr kinases that play critical roles in DNA
damage-induced cell cycle checkpoint signaling pathways 1. In the presence of DNA
damage or incomplete DNA replication, Chk1 and Chk2 are activated responding to the
checkpoint signals emanating from the ATR (ataxia-telangiectasia and Rad-3 related) and
ATM (ataxia-telangiectasia mutated), which leads to the activation of DNA repair, cell-cycle
arrest, senescence or apoptosis 2. Chk1 and Chk2 have been reported to play important roles
in a variety of processes including oogenesis, tissue growth, metabolic stress, tumorigenesis
and neuronal survival 3-13,

Chk1 and Chk2 can phosphorylate a number of downstream effectors, such as BRCAL,
Cdc25A, Cdc25C, E2F1, p53, and p73a, which play regulatory roles in DNA repair and cell
cycle progression 1420, More recently, in vitro studies using peptide library 21-23 or
chemical genetics 24 have identified a number of potential substrates of Chk1 and/or Chk2.
The list of targets produced from these studies revealed that Chk1 and/or Chk2 can
phosphorylate proteins that play key roles in the cellular events such as RNA splicing, cell
fate determination, and regulation of cytoskeleton, suggesting novel functions of Chk1 and
Chk2 under physiological and pathophysiological conditions.

We have previously reported that the microtubule-associated protein tau is a novel substrate
for Chk1 and Chk2 25, Under physiological conditions, tau is predominantly expressed in
neurons and preferentially localizes to the axons, where it regulates microtubule

dynamics 26. However, in Alzheimer’s disease (AD) brains, hyperphosphorylation of tau
results in the formation of aggregates called paired helical filaments in neurofibrillary
tangles, which is thought to contribute to AD pathogenesis 2. The longest isoform of tau
has 85 potential Ser/Thr phosphorylation sites. To date, 45 sites have been identified to be
phosphorylated in AD brains. Several Ser/Thr kinases including proline-directed protein
kinases (CDK2, CDK5, GSK3a, GSK3p, MAPK, and SAPKSs) and non-proline-directed
protein kinases (CaMKII, Casein kinases 1, 16 and 2, DYRK, MARK, the phosphorylase
kinase, PKA, PKB/AKT, PKC, PKN and Tautubulin kinases 1 and 2) are known to
phosphorylate tau 2756, Also, protein phosphatase (PP) 1, PP2A, PP2B and PP5 are
reported to dephosphorylate tau 3. However, what pathological events lead to dysregulation
of these kinases and phosphatases and induce abnormal phosphorylation and toxicity of tau
in AD still remains largely unknown.

Accumulation of DNA damage and activation of DNA repair have been observed in the
brains of AD patients and animal models of AD 9866, In our earlier work, we have reported
that DNA damage-activated Chk1 and Chk2 phosphorylate tau at an AD-related site Ser262
in the microtubule-binding domain, whose phosphorylation is known to regulate tau binding
to microtubules 2°. Using a Drosophila model of human tau toxicity, we also showed that
overexpression of Chk2 enhances tau-induced neurodegeneration, and tau phosphorylation
at Ser262 plays an important role in this enhancement of tau toxicity 2°. These observations
suggest that aberrant activation of Chk1 and Chk2 may play a role in abnormal
phosphorylation and toxicity of tau in AD pathogenesis. In addition to Ser262, there are a
number of potential phosphorylation sites that are associated with AD and toxicity in tau.
Whether Chk1 and/or Chk2 can phosphorylate tau at other AD-related sites has not been
determined yet.

In this study, we systematically identified the Ser/Thr sites in tau that are directly
phosphorylated by Chk1 and Chk2 /n vitro. Western blot with phospho-tau specific
antibodies and mass spectrometry (MS) analysis covered 98.5% of potential phosphorylation
sites in tau-383 isoform (ON4R) and revealed that Chk1 and Chk2 phosphorylate tau at
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multiple AD-related sites. Interestingly, Chk1 and Chk2 phosphorylate many residues that
are located within the microtubule-binding domain and C-terminal domain, whose
phosphorylation has been reported to reduce tau binding to microtubules. These results
suggest that Chk1 and Chk2 may contribute to abnormal phosphorylation and toxicity of tau
in AD pathogenesis.

Phosphorylation of Tau by Chk1l and Chk2

Recombinant active human GST-tagged Chk1 (C0870, Sigma, St. Louis, MO, activity 169—
229 nmol/min-mg) and Chk2 (C0995, Sigma, St. Louis, MO, activity 654-884 nmol/
min-mg) were diluted to 1:2 and 1:5 respectively, mixed with 2 pg of recombinant human
tau ON4R (variant 3, NM_016834.3, T9825, Sigma, St. Louis, MO) in the reaction buffer
containing 5 mM MOPS, pH 7.2, 2.5 mM glycerol 2-phosphate, 5 mM MgCl,, 1 mM
EGTA, 0.4 mM EDTA, 0.05 mM DTT and 5uM ATP, and incubated at 30 °C for 3 h.

Western blot by Phospho-specific Antibodies

Recombinant human tau were incubated with recombinant active GST-tagged Chk1 (C0870,
Sigma, St. Louis, MO) or Chk2 (C0995, Sigma, St. Louis, MO) with or without inhibitors
(UCN-01 (Sigma, St. Louis, MO) or Chk2 inhibitor Il (Sigma, St. Louis, MQ)) as described
above. Samples were mixed with SDS-Tris-Glycine sample buffer, separated by 10% Tris-
Glycine gel and transferred to nitrocellulose membrane. The membranes were blocked with
5% milk (Nestle), blotted with antibodies described below, incubated with a secondary
antibody (anti-mouse 1gG, HRP-linked or anti-rabbit 19G, HRP-linked (GE Healthcare,
Piscataway, NJ)) and developed using ECL plus Western Blot Detection Reagents (GE
Healthcare, Piscataway, NJ). Phospho-Thr205, phospho-Ser214, phospho-Ser356, and
phospho-Ser409 were purchased from Biosource (Life Technologies, Grand Island, NY).
Anti-tau pSer320 (HIA3) was prepared in-house 3. All the experiments were carried out
more than three times.

Chemicals and Reagents for Liquid Chromatography and Mass Spectrometry

Ammonium bicarbonate (NH4HCO3), iodoacetamide (IAM), calcium chloride (CaCl,) and
formic acid were purchased from Sigma-Aldrich (St. Louis, MO). Trifluoroacetic acid
(TFA) and tris(2-carboxyethyl)-phosphine (TCEP) were obtained from Pierce (Thermo
Fisher Scientific, Waltham, MA). Porcine trypsin and Asp-N were acquired from Promega
(Madison, WI) and Roche Applied Science (Indianapolis, IN), respectively. HPLC-grade
water and acetonitrile (ACN) were from Thermo Fisher Scientific (Waltham, MA).

Reduction, Alkylation and Enzyme Digestion

The pH of tau protein samples with or without kinases were adjusted to pH 8.5 with 100
mM NH4HCOs3. Proteins were reduced with 5 mM TCEP at 37 °C for 20 min and alkylated
with 10 mM iodoacetamide for 30 min in the dark at room temperature. Two
endopeptidases, trypsin and Asp-N were used to digest tau. In tryptic digestion, porcine
trypsin was added at an enzyme to substrate ratio of 1:50 in the presence of 1 mM CaCls,.
The sample mixture was incubated overnight at 37 °C in the dark and the digestion was
quenched by adding trifluoroacetic acid (10%) to achieve a pH of 2—-4. Samples were
desalted with ZipTip C1g (Millipore, Billerica, MA) loaded with POROS R2 beads (Applied
Biosystems, Foster City, CA) and eluted with 0.1% TFA in 50:50 ACN:H,0. The eluate
was dried down and residue was reconstituted with 0.1% formic acid in 2:98 ACN:H,0O for
LC-MS3 analysis. The same procedures were followed when samples were digested with the
endoproteinase Asp-N except CaCl, was not added to the proteolysis.
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Liquid Chromatography and Mass Spectrometry

A NanoAcquity UPLC system (Waters, Milford, MA) interfaced to an LTQ-Orbitrap mass
spectrometer (Thermo Scientific, San Jose, CA) equipped with a nanospray ionization
source was employed for LC/MS3 analyses. Reversed-phase LC was performed on a Waters
BEH130 C4g column (100 pm x 100 mm, 1.7 um particle size). Samples were trapped and
washed in a Waters Symmetry® Cg trap column (180 um x 100 mm, 5 um particle size)
prior to separation in the capillary column. Gradient elution with 0.1% formic acid in water
as solvent A and in ACN as solvent B, with solvent B raised from 1 to 50% in 30 minutes,
then 50 to 85% in the next 10 min, was carried out. A flow rate of 500 nL/min was used.

The mass spectrometer was operated in positive mode with spray voltage at 2.1 kV, ion
transfer tube voltage at 49 V and ion transfer tube temperature at 170 °C. No sheath and
auxiliary gases were used. lon signal threshold of 1,000 was used for MS/MS. A normalized
collision energy of 35%, an activation of g = 0.25 and activation time of 30 ms were applied
in MS/MS acquisitions. Data-dependent acquisition with automatic switching between MS
and MS/MS modes was employed. A full scan was acquired at a target value of 1 x 10° ions
with resolution (R) of 60,000 at /772 400. The lock mass option, using the
polydimethylcyclosiloxane ion (PCM; protonated (Si(CH3),0))g) at m/z 445.120025, was
enabled for the MS scan for accurate mass measurement. The top eight most intense ions
were selected for fragmentation in the LTQ. Collision-induced dissociation (CID) at a target
value of 10,000 ions was used for fragmentation. The following dynamic exclusion settings
were applied to precursor ions chosen for MS/MS analysis: repeat count — 1; repeat duration
— 30 s and exclusion duration — 120 s. A neutral loss experiment where data-dependent
settings were chosen to trigger an MS3 scan when a neutral loss of 97.97, 48.99 or 32.66 /2
units (relative to the singly, doubly, or triply charged phosphorylated precursor ion,
respectively), was detected among the 8 most intense product ions was performed to
improve fragmentation of phosphopeptides. To ensure reliable mass spectrometric
identification of phosphorylation sites, all of the experiments were repeated twice including
phosphorylation reaction and mass spectrometric analysis.

Data Analysis

MS, MS/MS and MS3 spectra were searched against the human component of the NCBI
non-redundant database (11/01/2010 version; 113,484 entries) using Sequest (Ver.27, Rev.
11) and Mascot (Ver. 2.3.01) algorithms. Searches were performed with full tryptic
specificity (2 missed cleavages); carbamidomethylated cysteine residues (+57.0340 Da) as
static modification and oxidized methionine, histidine and tryptophan (+15.9949 Da),
deamidated asparagine and glutamine (+0.9840 Da), phosphorylated serine, threonine and
tyrosine (+79.9663 Da) and dehydroalanine and dehydroaminobutyric acid (-18.0106 Da) as
differential modifications. Precursor mass error tolerance of 10 ppm and default product ion
mass error tolerance of above searching algorithms were used. Manual inspection of the
tandem mass spectra and product ion lists was also conducted. Phosphorylation site
assignment from database search was further evaluated with A-scores using Scaffold PTM
(Proteome Software).6” The residue numbers used here correspond to the longest isoform of
tau, 2N4R, which is commonly used to describe tau phosphorylation sites.

Results and Discussion

Phosphorylation of Tau at Major AD-related non-SP/TP Sites by Chkl and Chk2 Revealed
by Western Blot using Phospho-tau-specific Antibodies

Well-characterized phospho-tau-specific antibodies are available for the sites in tau
dominantly phosphorylated in AD brains. We utilized these antibodies to test whether Chk1
and Chk2 directly phosphorylate tau at AD-related sites. Recombinant wild-type human
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ONA4R tau, which has four microtubule-binding repeats (R) and no N-terminal insert (N)
(Figure 1A), was phosphorylated by human Chk1 and Chk2 /n vitro individually, and
subjected to Western blot. Using this strategy, we have previously shown that Chk1 and
Chk2 phosphorylate tau at an AD-related site Ser262 25, which is located in the KXGS motif
in the first repeat region. Each microtubule-binding repeat region contains a KXGS motif,
and phosphorylation at Ser356 in the fourth repeat region is also associated with AD. Using
phospho-specific antibody for this site, we found that incubation of tau with recombinant
active Chk1 substantially increased tau phosphorylation at Ser356. This phosphorylation
was inhibited by Chk1-specific inhibitor (UCN-01) (Figure 1B). We carried out a similar
experiment for Chk2. In contrast to Chk1, phosphorylation of tau at Ser356 by Chk2 was not
detected clearly (Figure 1C).

In AD brains, tau is hyperphosphorylated at both proline-directed (SP/TP) sites and non-SP/
TP sites. Since both Ser262 and Ser356 are non-SP/TP sites, and previous studies showed
that Chk1 and Chk2 are non-SP/TP kinases 21-24, we further tested whether Chk1 and Chk2
can phosphorylate tau at major AD-related non-SP/TP sites, such as Ser214 and Ser4009.
Using phospho-tau specific antibodies, we found that Chk1 and Chk2 phosphorylated tau at
these sites (Figure 1B and 1C). We also tested whether Chk1 can phosphorylate tau at an SP/
TP site. As expected, Chk1 did not phosphorylate tau at Thr205, one of the AD-related SP/
TP sites (Figure 1D). Taken together, these results demonstrate that Chk1 and Chk2 can
phosphorylate tau at multiple major AD-related non-SP/TP sites.

Global Identification of Phosphorylation Sites of Tau Catalyzed by Chkl and Chk2 Using

LC-MS3

To systematically identify which sites in tau are directly phosphorylated by Chk1 and Chk2,
we carried out liquid chromatography-tandem mass spectrometry (LC-MS3) analysis.
Analysis of the tryptic digest from control tau yielded 33 peptides corresponding to 75%
amino acid sequence coverage while the digest from Asp-N resulted to 22 peptides
representing 41% amino acid sequence coverage. Combining the results from the two
enzymatic digestions, the overall coverage for the control was found to be 90% (Figure 2A).
A sizmilar overall percent coverage was obtained from analysis of the longest isoform of
tau.2’

LC-MS83 analysis of tryptic digest of Chk1-treated tau identified 42 unique peptides that
correspond to 76% amino acid sequence coverage of tau. Analysis of the Asp-N digest
showed 24 unique peptides that correspond to 41% sequence coverage. An overall 90%
amino acid sequence coverage was achieved when peptides from both trypsin and Asp-N
were taken together (Figure 2B). Search results yielded 19 phosphorylation sites for the
Chk1-treated sample (Table 1).

Proteolysis of the Chk2-treated tau sample generated 37 tryptic peptides which make up
77% of the amino acid sequence. The use of Asp-N as the proteolytic enzyme yielded 19
unique tau peptides corresponding to 38% sequence coverage. Overall, 88% of the amino
acid sequence was covered by both trypsin and Asp-N (Figure 2C). Twelve sites were found
to be phosphorylated by Chk2 (Table 1). These 12 sites include 6 of Chk1-target sites
leaving the 13 phosphosites unique to Chk1..

LC-MS3 analyses did not detect phosphorylation of tau at Ser262 by Chk2 or
phosphorylation of tau at Ser409 by either Chk1 or Chk2. In contrast, phosphorylation at
these sites were detected by Western blot using the phospho-specific antibodies (Figure 1
and previous publication ), suggesting that phospho-specific antibodies are more sensitive
to detect tau phosphorylation than LC-MS3. For example, our previous data indicated that
tau phosphorylation at Ser262 by Chk1 was much efficient than that by Chk2 23, In LC-MS3
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analysis, we detected phosphorylated form of Ser262 from J/n vitro Chk1 phosphorylation
reactions but not from /n vitro Chk2 phosphorylation reactions. These results suggest that
tau phosphorylation at Ser262 by Chk2 is below the detection limit of LC-MS3. As for
Ser409, in LC-MS? analysis, we detected non-phosphorylated Ser409 (in the peptide where
Thr414 phosphorylation was identified) in both /n vitro phosphorylation reactions catalyzed
by Chk1 and Chk2. In general, due to the negative charge introduced by phosphorylation,
the ionization efficiency of peptides is greatly reduced in positive ion mass spectrometry
analysis, which resulted to lower sensitivity of detecting phosphorylated peptides compared
to the corresponding non-phosphorylated peptides. Therefore, some less efficient
phosphorylations at certain sites in our study may not be identified by the LC-MS? analysis.

Sequest and Mascot searches plus manual MS/MS and MS3 spectra analysis and
interpretation yielded a total of 25 phosphorylation sites. Among these, 12 and 6 are
uniquely phosphorylated by Chk1 and Chk2, respectively. There are 6 sites that were
phosphorylated by both kinases, namely Ser214, Thr245, Ser289, Ser352, Thr377, and
Thr386. As summarized in Table 1, molecular masses of the phosphopeptides differ by a
mass of 80 daltons (Da) from the corresponding nonphosphopeptides. Evaluation of
phosphorylation sites assigned from database search using Scaffold PTM resulted with A-
scores for all the sites = 10. Manual inspection of the MS/MS spectra and product ion lists
was conducted to confirm for the phosphorylated sites identified.

Representative MS/MS and MS3 spectra of a tau peptide phosphorylated by Chk1 only is
shown in Figure 3. Detection of the corresponding nonphosphopeptide in the Chk2-treated
sample suggests that phosphorylation at this particular site, Ser293, is unique to Chk1. The
same is true for peptides phosphorylated by Chk2 only. MS/MS spectra of the other novel
phosphopeptides identified are provided as supplementary data (Figure S1-S12).

Overlapping and Distinct Tau Phosphorylation Sites by Chkl and Chk2

There are a total of 66 serine and threonine (40 Ser and 26 Thr) residues in ON4R tau.
Ninety seven percent (97%) of serine and threonine residues were covered in this LC-MS3
analysis, which left 1 Ser (Ser320) and 1 Thr (Thr319) not detected. With no miscleavage,
the resulting tryptic peptide (VTSK) containing these two residues was too small to be
detected with MS considering practical mass range settings. These residues were also not
detected with Asp-N digestion possibly because the peptide was too big (31 amino acid
residues). Between these two sites, the sequence surrounding Ser320 matches the published
consensus for Chk2, K-X-X-S/T 21-23 and phospho-specific antibody for Ser320 is
available 33, Western blot analysis using anti-phospho Ser320 tau antibody revealed that
Chk1 and Chk2 phosphorylate tau at Ser320 (Figure 4).

Taken together, our systematic analyses covered 98.5% of potential phosphorylation sites
and identified 12 Chk1-target sites, 6 Chk2-target sites, and 9 sites that are phosphorylated
by both Chk1 and Chk2 in tau (Table 2).

Consensus Sequences for Chkl and Chk2 in Tau

Tables 3 and 4 show the amino acid sequence at the phosphorylation sites for Chk1 and
Chk2, respectively. Peptide sequences were centered on each phosphorylation site and
extended to 15 amino acids in length to determine the occurrence of a phosphorylation motif
or substrate consensus type. None of the Chk1- or Chk2- target sites were followed by
proline, indicating that neither Chk1 nor Chk2 phosphorylate tau at proline-directed kinase
target sites. A commonly observed consensus sequence for tau peptides phosphorylated by
Chk1, in this study, is R/K-X-X-S/T. This is in agreement with the findings of O’Neill and
co-workers who have utilized peptide library analyses to determine optimal substrate motifs
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for Chk1 and Chk2. 2! Ten out of 21 phosphopeptides follow this published substrate
consensus type (corresponding to phosphosites Ser214, Thr245, Ser262, Ser293, Ser320,
Ser324, Ser352, Ser356, Thr386, and Ser409). Of these 10, Ser214 also has R in position =5
and L in position +1 (both residues favor Chk1 phosphorylation), Ser320 has L in position
-5 (also Chk’s favored amino acid),2! Thr245 has A in position +1, Ser356 has R in position
=7 and L in position +1 and Thr386 also has R in position —7. These amino acid residues are
shown in boldface in Table 3. Four other peptides have leucine/hydrophobic amino acid/
arginine in =5 position relative to the phosphorylation site (Thr123, Ser208, Ser258, Ser289,
Ser305). Another phosphopeptide has phenylalanine at the +1 position (Thr377) where
glutamine, methionine and other hydrophobic amino acids yield favorable preference values
according to the peptide library analyses. No specific sequence pattern was observed for the
remaining 5 phosphopeptides (Thr149, Thr169, Ser191, Ser400 and Thr414) and the amino
acid residues at certain positions did not comply either with the results derived from the
peptide library study.

In the case of peptides phosphorylated by Chk2, all showed at least one amino acid residue
conforming to the sequence motif predicted by the peptide library analyses. Three
phosphopeptides showed the published consensus sequence for Chk2, K-X-X-S/T, (Ser262,
Ser320, and Thr386) while Ser214, Thr245, Ser352 and Ser409 showed the R-X-X-S/T
motif. The phosphopeptide containing Ser320 also has leucine at position =5 and that of
Thr386 has R at position -7, both residues favoring phosphorylation by Chk2. Among the
peptides that have the R-X-X-S/T motif, the one with Thr245 also has a hydrophobic amino
acid, alanine, at position —6 while that of Ser352 has isoleucine at position +2. Another
phosphopeptide has lysine at position —4 (Ser285) while two have leucine at the =5 position
(Ser289, Ser433). All amino acids that exhibited high preference values for Chk2
phosphorylation in the peptide library analyses at various positions are indicated in boldface
in Table 4. 21 Four other phosphopeptides have hydrophobic amino acids at position -6
(Thrl7, Thr377, Thr403, Ser435). The phosphopeptide containing Thr377 also showed
residues favorable for Chk2 phosphorylation at positions +1 (F) and +2 (R). The remaining
peptide has R at position =7 (Thr30). Considering the 9 phosphopeptides common to both
kinases, seven (Ser214, Thr245, Ser262, Ser320, Ser352, Thr386 and Ser409) conform to
the published substrate consensus type, R/K-X-X-S/T while the other two (Ser289 and
Thr377) have amino acid residues at certain positions that help facilitate phosphorylation by
the checkpoint kinases.

Figure 5 shows the sequence logos of the amino acid residues adjacent to the
phosphorylation sites for Chk1 and Chk2, which were generated using Weblogo (Ver.
2.8.2) %8, Using the height of the amino acid residues shown on the sequence logos as a
measure of their relative frequency at a particular position, preferred substrate composition
for Chk1 and Chk2 are suggested. For Chk1, the preferred substrate would consist of
=T7(Xxx) —6(Xxx) =5(XxX) —4(Ser) —3(Arg/Lys) —2(hydrophobic) —1(Gly/Lys) Ser/Thr
+1(Lys) +2(Xxx) +3(Asn/hydrophilic) +4(Ser) +5(Lys/hydrophobic) +6(Arg/Lys/HIs)
+7(Xxx). The preferred substrate of Chk2 would consist of —7(Xxx) —6(Xxx) —5(Lys/Led)
-4(Sen —3(Arg/Lys) —2(hydrophobic) —1(hydrophobic) Ser/Thr +1(Xxx) +2(hydrophobic)
+3(Gly) +4(Ser) +5(Lys/Led) +6(XxX) +7(Asn). Xxx indicates no strong preference for an
amino acid.

The phosphorylation sites detected for each of the microtubule-binding repeat of tau are
shown in Figure 6. Serines in the SKXGS motif were found to be phosphorylated in all
repeats. Our data indicated that the first serine residue could be phosphorylated by both
Chk1 and Chk2 except for S258. Phosphorylation of the second serine residue prefers Chk1
more.
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Potential Involvement of Chk1 and Chk2 in Tau Phosphorylation and Toxicity in AD

In this study, we identified a total of 27 non-SP/TP sites that are phosphorylated by Chk1 or
Chk2 (12 sites for Chk1, 6 sites for Chk2, and 9 sites for both Chk1 and Chk2) in tau.
Although most of these sites except for Thr30, Thr123, Ser191 and Thr377 have been
identified as targets of other kinases such as AKT, CaMKII, CDK2, CDKS5, CK16, CK2,
GSK-3a, GSK-3B, JNK, MARK, tau tubulin kinases, p38, PKA, PKC and PKN (Table

2) 27.29,34,31,50-56,69-71 the gverall phosphorylation pattern of tau by Chk1 or Chk2 did
not match to that by any tau kinase. Most of these sites (19 out of 27) are located within the
microtubule-binding domain (residues 244-369) and C-terminal domain (residues 369-441),
which have been reported to affect conformation of tau and/or microtubule organization
(Figure 7). For example, tau phosphorylation at AD-related Ser214, Ser262, Ser356, or
Ser409 diminishes its binding to microtubules 72-74, and is thought to trigger abnormal
metabolism and toxicity of tau ’°.

Our results revealed that Chk1 and Chk2 directly phosphorylate tau at several AD-related
non-SP/TP sites. In AD brains, 24 non-SP/TP sites in tau have been reported to be
phosphorylated 7. Among these AD-related sites, 10 are phosphorylated by Chk1 (Ser191,
Ser208, Ser214, Ser258, Ser262, Ser289, Ser356, Ser400, Ser409 and Thr414) and 7 are
phosphorylated by Chk2 (Ser214, Ser262, Ser289, Thr403, Ser409, S433 and Ser435)
(Table 2). In contrast, in normal human brain, 9 sites in tau (Ser46, Thr181, Ser199, Ser202,
Thr231, Ser404, Ser416, and two out of three phosphorylatable residues in Ser412/Ser413/
Thr414) have been reported to be phosphorylated 27 77, and none of these sites except for
Thr414 are phosphorylated by Chk1 or Chk2. These results suggest that Chk1 and Chk2
may contribute to tau phosphorylation at non-SP/TP sites in the brain under pathological
conditions.

While Chk1 and Chk?2 activities are well characterized in nucleus, tau is primarily described
as a cytoplasmic protein. Thus, it seems that there is a special discrepancy as to how Chk1
and Chk2 can phosphorylate tau in neurons. However, several studies suggest that Chk1 or
Chk2 and tau can colocalize in neurons. Active Chk1 has been detected in the cytoplasm 8.
Chk2 is predominantly located in the nucleus in non-neuronal cells; however, in post-mitotic
neurons, active Chk2 has been detected both in the cytoplasm and the nucleus 7°. Moreover,
tau has been detected in the nucleus in neuronal and non-neuronal cells 89-86 suggesting
that phosphorylation of tau by Chk1 or Chk2 could occur in the nucleus. In addition, it is
also possible that, under pathological conditions or upon aging, nuclear membrane may be
disrupted, which may promote localization of Chk1 and Chk2 to the cytoplasm or
localization of tau to the nucleus.

Conclusion

We have systematically identified the sites in tau phosphorylated by Chk1 and Chk2 /n vitro
by using Western blot with phospho-tau-specific antibodies and LC-MS2, We have shown
that Chk1 and Chk2 phosphorylate tau at a total of 27 non- SP/TP sites. Many of these sites,
13 out of 24 to date, are associated with AD, suggesting that tau phosphorylation by Chk1
and Chk2 may be involved in the pathogenesis of AD.
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Chk1 inhibitor - - +
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Figure 1.

Phosphorylation of tau at AD-related non-SP/TP sites by Chk1 and Chk2. (A) Schematic
representation of tau. Microtubule-binding repeats (R1-R4, gray boxes), N-terminal inserts
(N, open boxes), and locations of Thr205, Ser214, Ser262, Ser356, and Ser409 are shown.
(B) Chk1 directly phosphorylates tau at Ser356, Ser214 and Ser409. Recombinant human
tau was incubated with recombinant active human Chk1 in the presence or absence of Chk1
inhibitor (UCN-01) and subjected to Western blot using anti-pSer356 tau, anti-pSer214 tau,
and anti-pSer409 tau. (C) Chk2 phosphorylates tau at Ser214 and Ser409. Tau was incubated
with recombinant active human Chk2 in the presence or absence of Chk2 inhibitor (Chk2
inhibitor I1) and subjected to Western blot using anti-pSer356 tau, anti-pSer214 tau, and
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anti-pSer409 tau. Chk2 inhibitor diminished tau phosphorylation at these sites. (D) Chk1
does not phosphorylate tau at a proline-directed kinase target site Thr205. Tau was
incubated with Chk1 in the presence or absence of inhibitors (UCN-01) and subjected to
Western blot using anti-pThr205 tau.
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Tau-Chk1l

346/383 amino acids (90% coverage)

MAEPRQEFEV

mEDHAGTYGL

AGLKAEEAGI

PPGOKGQANA

TRIPAKTPPA

PKTPPSSGEP

DKKAKGADGK

TKIATPRGAA

PKSGDRSGYS

SPGSPGtPGS

RSRTPSLPTP

PTREPKKVAV

KIGSTEnLKH

QPGGGKVQIT

VRTPPKSPSS
NKKLDLSNVQ

VYKPVDLSKV

TSKcGSLGNI

HHKPGGGQVE

AKSRLgQTAPV

PmPDLKNVKS

SKCGSKDNIK

HVPGGGSVQI
RVQSKIGSLD

NITHVPGGGN

KKIETHKLTF

RENAKAKTDH

SNVSSTGSID

mVDSPQLATL

Tau-Chk2

338/383 amino acids (88% coverage)
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Figure 2.

mVDSPQLATL

RENAKAKTDH

Sequence coverage of (A) control, (B) Chk1-treated and (C) Chk2-treated tau proteins.

Amino acid positions refer to ON4R isoform. Peptides detected after separate digestion with

trypsin and Asp-N are shown; those with solid underline are tryptic peptides while those

with dashed underline are from Asp-N digestion. Serine and threonine residues in bold and

italic are the phosphorylated sites detected. Amino acids in bold and lowercase are also
found to be modified (/.e. oxidized (m,h), dehydrated (s, t), carbamidomethylated (c),
deamidated (g, n)).
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Figure 3.

MS/MS spectra of a tau peptide from (A) control, (B) Chk1-treated, (C) Chk2-treated
samples and (D) MS3 spectrum showing that Ser293 was phosphorylated by Chk1 only. The
detection of the corresponding nonphosphopeptide in the sample treated with Chk2 suggests
that phosphorylation at residue Ser293 is unique to the Chk1-treated sample.
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A
Recombinant human tau + + +
Recombinant active human Chk1 B + +
Chk1 inhibitor - - +
pS320 -ﬂ‘b —76kDa
B
Recombinant human tau + + +
Recombinant active human Chk2 = + +
Chk2 inhibitor - - +
pS320 ® e —76kDa
Figure 4.

Phosphorylation of tau at Ser320 by Chk1 and Chk2. (A) Chk1 phosphorylates tau at
Ser320. Recombinant human tau was incubated with recombinant active human Chk1 in the
presence or absence of inhibitors (UCN-01) and subjected to Western blot using anti-
pSer320 tau. (B) Chk2 phosphorylates tau at Ser320. Tau was incubated with recombinant
active human Chk2 in the presence or absence of inhibitors (Chk2 inhibitor 11) and subjected
to Western blot using anti-pSer320 tau.
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i ke
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Figure 5.

Sequence logos of amino acid residues adjacent to the phosphorylation sites for (A) Chkl
and (B) Chk2. The height of each amino acid residue indicates its relative frequency at a
particular position, in this case, centered on the phosphorylation site. The amino acids are
grouped and colored according to their charges, hydrophobicity and polarity. Arginine and
lysine at position —3 prove to be the most frequently occurring amino acid residues at this
location for both Chk1 and Chk2.
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Repeat 1 VKS*’KIGS”**TENLKHQPGGGK
Repeat 2 vQS**’KCGS*’’KDNIKHVPGGGS
Repeat 3 vTS’*°KCGS’**LGNIHHKPGGGQ

Repeat4 VvQS’>’KIGS’ °LDNITHVPGGGN

Figure 6.

Phosphorylation within the microtubule-binding repeat region of tau by Chk1 or Chk2.
Phosphorylation sites in the microtubule-binding repeat region are indicated in boldface
type. The first Ser except for Ser258 can be phosphorylated by both Chk1 and Chk2
(double-underlined). The second Ser within the KXGS motif are preferably phosphorylated
by Chk1 (single-underlined).
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GDRKDQGGYMM MHQDQEGDTD AGLKESPLQT 50

TAEDVTAPLV
HVTRARMVSK
IPAKTPPAPK
REPKKVAVVR

GGGKVOIINK

DEGAPGKQAA AQPHTEIPEG 100
SKDGTGSDDK KAKGADGKTK 150
TPPSSGEPPK [SGDRSGYSSP 200
TPPKSPSSAK SRLOEAPVPM 250
KLDLENVCﬁK CESKDNIKHV 300

301 PGGASWOIVY KPVDLSKVTEl KCASL.GNIHH KPGGGOVEVK SEKLDFKDRV 350

* *
OBFIKIJSILDNI THVPGGGNKK IETHKIENFRE NAKAKEEDHGA EIVYKSPVVS] 400

351
401

* * 0 * %
GOESPRHIEIN VSSTGSIDMV DSPQLATLAD EVEREILAKQG L

Figure 7.

Phosphorylation sites on tau by Chk1 and Chk2. The residues phosphorylated by Chk1 but
not Chk2 are shown in open boxes, the residues phosphorylated by Chk2 but not Chk1 are
shown in black boxes, and the residues phosphorylated by both Chk1 and Chk?2 are shown in
gray boxes. Stars indicate the residues phosphorylated in AD brains, and an open circle
indicates the residues possibly phosphorylated in AD brains. The amino acid sequence of the
longest isoform of human brain tau (2N4R) is shown. Residues corresponding to N-terminal
inserts are italicized. The microtubule-binding domain is underlined.
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Table 2

Sites on tau protein phosphorylated by Chk1 and Chk2 identified by mass spectrometry and Western blotting.
Phosphorylated residues in AD brain are indicated. Other kinases that were reported to phosphorylate
particular sites are also listed. Sites phosphorylated by both Chk1 and Chk?2 are in boldface.
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Phospg?tgylation Method of Detection Pn]ofg%rgiaggd Other kinases that phosphorylate site

Chk1 Chk2

T17 LC-MS CK16

T30 LC-MS

T123 LC-MS

T149 LC-MS CK18, GSK-3p

T169 LC-MS CK16

S191 LC-MS Yes

5208 LC-MS Yes Ei'r%s&é ;au tubulin kinasel, tau tubulin

s214 wosMS o | wesom ot Yes AKT, CDK2, CDK5, CK18, PKA

T245 LC-MS LC-MS GSK-3B, p38, PKA

S258 LC-MS Yes CK16, GSK-3pB, PKA, PKC, PKN

LC-MS, CaMKII, CK18, GSK-3a, GSK-
$262 Western blot? | Western blot?® Yes 3B, MARK, phosphorylase kinase,
PKA

5285 LC-MS Eilr%ssé GSK-3B, phosphorylase

S289 LC-MS LC-MS Yes CK18, GSK-3p

S293 LC-MS MARK, PKC

5305 Le-vis phosphorylas Kinase, PKA. PKC

S320 Western blot Western blot MARK, PKN

5324 LC-MS ggé—i;tr\cl%SK-S[S, MARK, PKA,

3% | \estom bit Yes | G5 INK. MARK, 36, KA

T377 LC-MS LC-MS

T386 LC-MS LC-MS CK2, CK18

S400 LC-MS Yes CK2, GSK-3B

T403 LC-MS Yes GSK-3p

S409 Western blot Western blot Yes GSK-3p, PKA

T414 LC-MS Yes CK16, CK2, GSK-3B, PKA

S433 LC-MS Yes CK18

S435 LC-MS Yes CK16, PKA
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