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Abstract
Tauopathies are neurodegenerative disorders characterized by aberrant intracellular aggregation of
hyperphosphorylated tau. It has been shown that aggregated tau is phosphorylated at serine,
threonine, and tyrosine residues. However, the occurrence of tyrosine phosphorylation on tau
proteins at different states of tau aggregation has not been shown. In this report, we utilized the
tauopathy mouse model JNPL3 that expresses human 0N4R tau isoform bearing the missense
P301L mutation to study the occurrence of tau tyrosine phosphorylation in the course of the
development of tau aggregation. These mice develop behavioral and motor deficits and form
sarkosyl-insoluble hyperphosphorylated tau in an age-dependent manner. Mass spectrometry
analyses of immunopurified brain tau proteins from JNPL3 and Alzheimer’s disease affected
individual uncovered novel tau tyrosine-phosphorylated sites. Further studies demonstrated that
the abundance of tyrosine-phosphorylated tau increases in an age-dependent manner in JNPL3
mice. Tyrosine-phosphorylated tau was detected in both soluble and sarkosyl-insoluble
preparations derived from brain and spinal cord, and localized in neurons containing aggregated
tau. The phosphorylation of tyrosine residues in tau appeared to occur along with that of serine
and threonine residues and was not detectable in non-transgenic littermates and transgenic mice
expressing 0N4R wild-type human tau. The results suggest that tyrosine phosphorylation is as
important as phosphorylation of other residues in tauopathy.
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1. Introduction
Tauopathy is a term used to describe a group of neurodegenerative disorders that include
Alzheimer’s disease (AD), Pick disease (PiD), progressive supranuclear palsy (PSP),
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17),
corticobasal degeneration (CBD), and others [11]. These dementia and movement disorders
are characterized by formation of fibrillary inclusions containing hyperphosphorylated tau in
neurons and glia [1,11]. In addition to phosphorylation, the inclusions have been reported to
contain tau modified by ubiquitination, glycation, glycosylation, and nitration [1,7,9,14].
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However, the role that these posttranslational modifications may play in the formation and/
or stabilization of tau inclusions remains poorly understood.

To overcome the inherent difficulties of human studies, in which the age of disease onset,
agonal state, postmortem delay, and other factors can affect the outcome and data
interpretation, several animal models have been created to uncover the pathological events
leading to pathological aggregation of tau proteins. The tauopathy model developed by
Lewis et al., referred to as JNPL3 transgenic mouse, expresses one of the six tau isoforms
present in human brain and bears the P301L mutation, a common mutation found in kindred
with FTDP-17 [13]. This tau isoform contains zero N-terminal insert and four C-terminal
repeats (0N4R). Comparable to human, intracellular tau aggregates were formed in JNPL3
mice in an age-dependent manner. Importantly, JNLP3 mice develop behavioral and motor
deficits following the accumulation of tau aggregates.

Aggregated tau in human and animal models of tauopathy is insoluble in the ionic detergent
sarkosyl [13,16]. Biochemical analyses of JNPL3 mice have shown an age-dependent
increase in the amount of sarkosyl-insoluble tau. The tau proteins present in the sarkosyl-
insoluble preparation have an apparent molecular weight of 64 kDa and was demonstrated to
possess a filamentous structure [13]. This form of tau is phosphorylated at multiple serine
and threonine residues similar to those identified in abnormal tau from AD and related
disorders [13,16]. Subsequent studies of JNPL3 mice have indicated that increase in the state
of tau phosphorylation is associated with formation and/or stabilization of tau aggregates
[16]. At present, more than 20 phosphorylation sites, containing serine and threonine
residues, have been identified [1]. Phosphorylation at some of these sites is linked to
conformational changes that may promote tau aggregation. Interestingly, in vitro studies
have demonstrated that phosphorylation of a tau peptide at tyrosine 394 augments
conformational changes in comparison to serine phosphorylation [5]. Limited studies have
been focused on determining if aggregated tau is tyrosine phosphorylated and none has
determined if such phosphorylation occurs prior to or along with serine and/or threonine
phosphorylation on tau. Here we report the identification of two novel tyrosine
phosphorylation sites on human tau protein expressed in JNPL3 mice. Such tyrosine-
phosphorylated tau proteins are found in the sarkosyl-insoluble fraction and accumulated
intraneurally in an age-dependent manner. These results suggest that tyrosine
phosphorylation may play a role in the formation of tau inclusions.

2. Materials and methods
2.1. Antibodies

Antibodies used in this project are human tau-specific antibodies polyclonal E1 [amino acid
residues (aa) 19–22; 1:2000], WKS44 [aa 162–178; 1:500; generated by Dr. Yen’s
laboratory [4]], monoclonal Tau12 [aa 9–18; 1:20000; provided by Dr. Lester Binder [8]],
and phospho-tau-specific antibodies CP13 (S202 and T205) and PHF-1 (S396 and S404)
(both provided by Dr. Peter Davies [6], 1:1000); monoclonal phospho-tyrosine-specific
4G10 antibody (Upstate, NY) (1:200). Secondary antibodies used in Western blot analysis
are as follows: peroxidase-conjugated goat anti-rabbit (1:4000) or goat anti-mouse (1:2000)
Ig antibodies (Chemicon, Temecula, CA, USA).

2.2. Transgenic mice and AD brain sample preparation
Transgenic and non-transgenic littermates were bred by mating hemizygous JNPL3 or JN25
mice with Swiss Webster mice (Taconic, Germantown, NY, USA [6]). Mice were
genotyped for the tau transgene by PCR between exons 9 and 13, using primers directed
toward the human tau 0N4R tau isoform. Transgenic and non-transgenic littermates were
euthanized at 3, 6, 9, and/or 12 months of age and their brains and spinal cord were
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collected. Brain samples were homogenized in buffer A (20 mM Tris base, pH 7.4; 150 mM
NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM PMSF; 5 mM sodium pyrophosphate; 30 mM β-
glycerophosphate; 30 mM sodium fluoride) and centrifuge at 21,000 × gavg for 20 min (S1
fraction). The supernatant was collected and the pellet re-homogenized in buffer B (10 mM
Tris base, pH 7.4; 0.8 M NaCl; 10% sucrose; 1 mM EGTA; 1 mM PMSF). The re-
homogenized pellet was centrifuged at 21,000 × gavg for 20 min and the produced
supernatant incubated at 37 °C for 1 h in presence of 1% sarkosyl. After incubation, the
supernatant was centrifuged at 60,000 × gavg for 2 h. The supernatant (S2 fraction) was
collected and the pellet (P3 fraction), which represents the sarkosyl-insoluble fraction, was
resuspended in 1× TBS (20 mM Tris-buffer, pH 7.4, 150 mM NaCl). For human studies, a
slice of the temporal lobe of AD brain was incised and homogenized following the same
protocol used for mouse brain sample production. The Mayo Foundation’s Institutional
Animal Care and Use Committee and Institutional Review Board approved the protocols
used for animal and human studies.

2.3. Immunoprecipitation and Western blot analysis
Tau12 and 4G10 antibodies were used to immunoprecipitate tau proteins from S1 (soluble)
and P3 (sarkosyl-insoluble) fractions. The S1 fraction (2 mg) and P3 fraction (500 μg) were
incubated with protein A-sepharose beads (Pharmacia, USA) for 4 h with constant agitation
at 4 °C. The samples were gently centrifuged for 10 s and the supernatant transferred to a
clean tube. Tau12 or 4G10 antibodies (3 μg) was added to the pre-cleared supernatant and
incubated overnight at 4 °C. The mixtures were incubated with (25 μL) protein A-sepharose
beads for 3 h at 4 °C to precipitate the antibody–antigen complex. The precipitates were
washed four times with (150 μL) 1× TBS and transferred to a clean tube. The samples were
then processed for either Western blot or mass spectrometric analysis.

For Western blot analysis, immunoprecipitates were dissolved in 30 μL of sample buffer
containing N-ethylmaleimide and no reducing agents. The samples were spin down at 14
krpm for 2 min (Eppendorf centrifuge) and not heated prior to loading into the gel. Equal
volume (5 μL) from all samples was loaded on 10% sodium dodecyl sulfate–polyacrylamide
gel (SDS–PAGE). Proteins resolved by gel electrophoresis were transferred to nitrocellulose
membrane (BioRad, Hercules, CA, USA), which were then incubated in blocking solution
(5% dry milk; 0.1% Tween 20 in 1× TBS) for 1 h prior to overnight incubation with the
indicated primary antibody. After washing with 1× TBS containing 0.1% Tween 20, the
membranes were incubated at room temperature with peroxidase-conjugated goat anti-
mouse or anti-rabbit secondary antibodies and washed again. Immunoreacted proteins were
visualized with the enhanced chemiluminescence system (ECL plus; Amersham
Biosciences, Piscataway, NJ, USA). As control, recombinant tau proteins were used. The
4G10 antibody was found to have a slight cross-reactivity with recombinant tau when the
nitrocellulose membranes were overexposed.

2.4. Tryptic digestion and mass spectrometry
For tryptic digestion, the immunoprecipitates were equilibrated in digestion buffer (DB) (50
mM ammonium bicarbonate; 10% acetonitrile), mixed with 1 μg of trypsin (Promega), and
incubated overnight at 37 °C [15]. The produced peptides were dried by speed vacuum and
resuspended in Loading Solvent (0.1% formic acid, 1.0% acetonitrile (ACN) in HPLC-
graded water).

For mass spectrometry analysis, the LCQ-Deca XP Plus (Thermo Electron, San Jose, CA,
USA) was used. The peptides were loaded to and eluted from a C18-RP PicoFrit column,
using an ACN linear gradient, on line with the mass spectrometer. The mass spectrometer
was tuned using a angiotensin I peptide and the following setting were used for analysis:
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spray voltage 1.70 kV, capillary temperature 170 °C, capillary voltage 27 V, default charge
state 2, default isolation width 3.0, normalized collision energy 35%, activation Q = 0.250,
activation time 30.0 ms, minimal signal required 8 × 105, minimal MS2 signal 4 × 105. A
cycle of one full MS scan followed by three data-dependent MS/MS was repeated
throughout the entire elution time (60 min). All MS/MS spectra acquired were analyzed
using the Thermo Electron Bioworks Browser, which employs the database search
SEQUEST algorithms. The MS/MS spectra were first analyzed using non-redundant protein
database, taking into consideration differential mass increase (+79.99) due to
phosphorylation at serine, threonine, and tyrosine [2,17]. The MS/MS spectra were re-
searched using a subset of the database specific for tau isoforms. Only those identified
peptides with XCorr scores higher than 1.5 (+1), 2.0 (+2), or 2.5 (+3) and delta score ≥0.1
where taken into consideration. The MS/MS spectra for the identified peptides were also
manually evaluated.

2.5. Immunocytochemistry
The spinal cord and brain tissues were embedded in Tissue-Tek O.C.T. Compound (Ted
Pella, Redding, CA), frozen and sectioned into 10-μm-thick slices. Triple fluorescence
labeling for WKS44, 4G10, and nuclei was carried out sequentially on the same sections as
previously described [2]. Tissue sections were fixed utilizing 4% paraformaldehyde in PBS
(pH 7.4) for 15 min at room temperature. After treatment with a blocking solution
containing 4% normal goat serum, 0.05% Tween-20 in phosphate-buffered saline (pH 7.5)
for 1 h, the sections were incubated overnight at 4 °C with WKS44 (1:500) and 4G10
antibodies (1:200) diluted in 4% normal goat serum in PBS. After washing with 0.05%
Tween-20 in PBS-T, the bound immunoglobulins were detected with secondary antibodies,
Alexa 488 (goat anti-rabbit IgG) and Alexa 594 (goat anti-mouse IgG), at 1:200 dilution
(Molecular Probes, Eugene, OR). Nuclei staining utilizing DAPI (4′,6-diamidio-2-
phenylindole; Molecular Probes, Eugene, OR) was employed to confirm the presence of
cells. The labeled cells were visualized by confocal microscopy (Olympus BX50). In
addition, control experiments utilizing only secondary antibodies were used to determine
non-specific labeling and autofluorescence. No non-specific labeling or autofluorescence
was detected in experimental conditions. Sections were examined for fluorescent signals
using excitation and barrier filters appropriate for selective visualization of fluorescein
isothiocyanate and Texas red.

3. Results
3.1. Immunoprecipitated tau from S1 fraction is tyrosine phosphorylated

Tau proteins were immunoprecipitated from S1 (soluble) and P3 (sarkosyl-insoluble)
fractions from brain extract of 10-month-old JNPL3 mice utilizing the human tau-specific
monoclonal Tau12 antibody (aa 9–18). As revealed by Western blotting analysis using
human tau-specific polyclonal E1 antibody (aa 19 – 33), tau proteins were efficiently
immunoprecipitated from both S1 and P3 fractions (Fig. 1A, IP). The immunoprecipitated
proteins correspond to the tau proteins observed in S1 and P3 fractions obtained from 9-
month-old JNPL3 mouse brain extract (Fig. 1A, compare In and IP). As control, protein A-
sepharose beads incubated with S1 and P3 fractions (Fig. 1A, beads control) and Tau12
immunoprecipitates derived from NT littermate mice (Fig. 1C, NT) were used. The Tau12
immunoprecipitates from 9-month-old JNPL3 mice, but not protein A-sepharose beads and
NT littermates, contain tau proteins readily detectable with antibody E1 (Figs. 1A and B).
Furthermore, analysis of the supernatant after immunoprecipitation (Fig. 1B, Sup) indicates
that most tau proteins were efficiently precipitated. These results indicate that Tau12
specifically immunoprecipitates human tau proteins expressed in JNPL3 transgenic mice.
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In order to determine whether tyrosine phosphorylation on tau proteins takes place in vivo,
immunoprecipitated tau proteins from the S1 fraction were subjected to Western blot
analysis utilizing the phosphotyrosine-specific 4G10 antibody. The 4G10 immunoreactive
proteins are comparable to the apparent molecular weight of tau protein, ranging from 50 to
64 kDa (Fig. 1C). In contrast, immunoprecipitates derived from non-transgenic littermates
showed two low molecular weight bands weakly labeled with 4G10 antibodies (Fig. 1C,
lanes 1–2, asterisks). These bands do not correspond in size to the human tau proteins
observed in Tau12 immunoprecipitates from JNPL3 mice (Figs. 1A and B). It is possible
that such labeling of NT controls samples is due to non-specific binding of proteins to the
beads or weak cross-reactivity of Tau12 with mouse (endogenous) tau. Nevertheless, this
result indicates that immunopurified human tau proteins from the S1 (soluble) fraction of
aged JNPL3 mice brain extract are tyrosine phosphorylated.

3.2. Tyrosine-phosphorylated tau is enriched in an age-dependent manner
Serine and threonine phosphorylation of tau in JNPL3 mice has been demonstrated to
increase in an age-dependent manner [13,16]. To further confirm tau tyrosine
phosphorylation and determine whether this type of phosphorylation increases in an age-
dependent manner, soluble brain tau proteins (S1 fraction) from 3-, 6-, and 9-month-old NT
and JNPL3 mice were subjected to immunoprecipitation using either Tau12 or 4G10
antibody. The immunoprecipitates were analyzed by Western blot utilizing human tau-
specific E1 antibody (Fig. 2A). Tau12 immunoprecipitates prepared from 3 months and
older JNPL3 mice were demonstrated to contain E1 immunoreactive tau (Fig. 2A, IP-
Tau12). In contrast, 4G10 immunoprecipitates from 3-month-old mice did not display E1
immunoreactivity. Interestingly, however, there is an increase in 4G10-immunoprecipitated
tau from 6- to 9-month-old mice in comparison to comparable levels of Tau12-
immunoprecipitated tau (compare Fig. 2A, IP-Tau12 and IP-4G10). By comparing the
relative abundance of immunoprecipitated tau with 4G10 and Tau12, or the increase of
tyrosine-phosphorylated tau versus that of total tau in different animals (Fig. 2A, WB-E1
and IP-Tau12), it is evident that tyrosine-phosphorylated tau is more abundant in 9-month-
old than 6-month-old JNPL3 mice (Fig. 2A, WB-E1 and IP-4G10). These results suggest
that there is an age-dependent increase of tyrosine-phosphorylated tau in the JNPL3 mice.

The development of intracellular tau aggregates has been linked to hyperphosphorylation of
tau at serine and threonine residues. Based on this observation, it would be important to
determine whether phosphorylation of these residues and tyrosine follows a similar temporal
sequence. In the present study, we focused on the phosphorylation of S205/T205 and S396/
S404, which are recognized by monoclonal antibodies CP13 and PHF1, respectively.
Antibodies CP13 and PHF-1 have been recognized as useful immunoprobes for detecting
tau inclusions [1,6]. Our Western blot analysis of S1 fraction from mice demonstrated an
increase of serine and threonine-phosphorylated tau in JNPL3 mice of 6 months and older,
but not in control NT mice (Fig. 2A, WB-PHF1 and CP13). A weak cross-reacting band in
the NT animals migrates at slight lower molecular weight than tau proteins (Fig. 2A,
asterisk). Since CP13 and PHF1 are mouse-monoclonal antibodies, it is possible that the
band observed in NT mice is a product of the cross-reaction between the goat anti-mouse-
HRP secondary antibody and endogenous mouse antibodies. Nevertheless, the increase in
CP13 and PHF1 immunoreactivity in 6-month-old JNPL3 mice coincides with that of
tyrosine phosphorylation. These results suggest that tyrosine phosphorylation takes place
concurrently with serine and threonine phosphorylation.

To confirm that tyrosine phosphorylation of tau observed in JNPL3 mice is not simply due
to overexpression of human tau, we analyzed 3-, 6-, and 12-month-old JN25 mice, which
express wild-type human tau at level comparable to, if not more than, that in age-matched
JNPL3 mice (Fig. 2B, S1). JN25 and NT littermates have no or very little accumulation of
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sarkosyl-insoluble tau (Fig. 2B, P3). The S1 fraction from JN25 mice was used for
immunoprecipitation with 4G10 and analyzed by Western blot using E1 antibodies. The
immunoprecipitates derived from these mice (Fig. 2C) were shown to contain no detectable
levels of E1-immunoreactive tau, indicating that the observed tyrosine phosphorylation of
tau in JNPL3 mice is not simply due to tau overexpression (Fig. 2A). Furthermore, this
result also demonstrates that tau proteins containing tyrosine phosphorylation are
specifically immunoprecipitated by 4G10 antibodies (compare Figs. 2A and C).

3.3. Sarkosyl-insoluble tau is tyrosine phosphorylated
The sarkosyl-insoluble fraction (P3) has been shown to contain filamentous structures
consisting of hyperphosphorylated tau [16]. In JNPL3 mice, sarkosyl-insoluble tau has an
apparent molecular weight of 64 kDa due to its hyperphosphorylation. In order to determine
whether this fraction also contains tyrosine-phosphorylated tau, immunoprecipitation
experiments were conducted using 4G10 and Tau12 antibodies. Western blot utilizing tau-
specific E1 antibodies confirmed the presence of tau proteins in the immunoprecipitates
(Fig. 3). Molecular weight markers and the six recombinant tau isoforms (Tau 6×) were used
as references to estimate the apparent molecular weight of immunoprecipitated sarkosyl-
insoluble tau (Figs. 3A and B). The major tau species present in these samples has an
apparent molecular weight of approximately 64 kDa and is present in JNPL3 mice (Fig. 3A,
P301L) but not in NT littermates (Fig. 3A, NT). Consistently, sarkosyl-insoluble tau was
enriched in preparations derived from older JNPL3 mice (Fig. 3A, arrow). Western blotting
of 4G10 immuno-precipitated proteins with antibody E1 also demonstrated the presence of
the 64-kDa specie of human tau (Fig. 3B, arrow). As observed in Tau12
immunoprecipitates, the 4G10 antibody immunoprecipitated more sarkosyl-insoluble tau in
older JNPL3 mice (Figs. 3A and B). In contrast, no tau proteins were detected in JNPL3
sarkosyl-insoluble fractions incubated with protein A-sepharose beads alone (Fig. 1A, beads
control; data not shown). These results suggest that tyrosine-phosphorylated tau is a
component of tau inclusions.

To verify that tyrosine-phosphorylated tau is a component of intracellular tau inclusions, we
labeled spinal cord sections (Figs. 3C and E) from 10-month-old JNPL3 with 4G10,
polyclonal anti-tau WKS44 antibodies, and nuclear stain DAPI (not shown). The stained
sections were visualized by confocal microscopy at 0.1 μm. The WKS44 antibody (Fig. 3C)
labeled neuronal cell bodies in JNPL3 mice, particularly those located at the dorsal and
ventral horns of spinal cords. Consistent with the immunoprecipitation experiments, both
4G10 (Fig. 3D) and WKS44 antibodies co-labeled the same structure (Fig. 3E). Similar
results were also observed in JNPL3 brain sections, but not in spinal cord and brain sections
from NT and JN25 aged-matched controls (data not shown). Together, these results indicate
that tyrosine-phosphorylated tau accumulates in intracellular aggregates, suggesting that
tyrosine phosphorylation may affect tau filament formation.

3.4. Identification of novel tyrosine phosphorylation sites on tau proteins
To identify tyrosine phosphorylation sites on tau proteins, mass spectrometry analyses of
samples prepared from 10-month-old JNPL3, NT, and JN25 mice were performed. Tau
proteins from S1 brain fractions were immunoprecipitated with antibody Tau12,
enzymatically cleaved with trypsin, and analyzed by mass spectrometry as described in
Materials and methods. The identity of the peptides and the sites of phosphorylation were
determined by correlating MS-MS (MS2) spectra with sequences from the NCBI non-
redundant protein database using the SEQUEST algorithms, and searching parameters
included differential mass modification due to phosphorylation [15,17]. In the
immunoprecipitates from JNPL3 mice, we identified two tau peptides containing tyrosine
(Y) and serine (S) phosphorylation (Fig. 4A). We also detected several other non-
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phosphorylated and phosphorylated tau-specific peptides (data not shown).
Immunoprecipitates derived from NT mice controls did not contain detectable amounts of
tau peptides (data not shown). The two identified phospho-peptides (Fig. 4A) correspond to
amino acid residues 185–199 and 386–402, based on the sequence of the longest 2N4R tau
isoform peptide sequence. The corresponding full MS and MS2 spectra for these phospho-
peptides were also manually verified. Figs. 4B and C correspond to the MS and MS2 of the
second peptide listed on Fig. 4A, respectively. The MS2 spectrum (Fig. 4C) shows the
identification of b and y ions produced from the fragmentation of its precursor ion (Fig. 4B,
m/z = 1228.4). As shown in Fig. 4A, the first phospho-peptide (Fig. 4A, 1) was
phosphorylated at S191, Y197, S198, and S199 and the second peptide (Fig. 4A, 2) was
phosphorylated at Y394, S400, and S404. Phosphorylation of S191, Y197, and Y394 has not
been reported previously, hence are novel phosphorylation sites, whereas S198, S199, S400,
and S404 are known phosphorylated sites. These novel tyrosine-phosphorylated sites were
found in tau proteins purified from, at least, three different JNPL3 mice. Importantly, no
tyrosine-phosphorylated tau peptides were identified from both NT and JN25 mice controls
(data not shown). These results confirm the presence of tyrosine-phosphorylated tau proteins
in JNPL3 mice, independently of using phospho-Y-specific antibodies.

3.5. Tyrosine-phosphorylated tau in AD brain
To determine if tau tyrosine phosphorylation observed in JNPL3 mice is conserved in
humans, tau proteins were immunoprecipitated from the S1 fraction of AD brain using
Tau12 antibodies. As control, protein A-sepharose beads alone (Fig. 5A, Bd) were incubated
with brain extract to determine the specificity of Tau12 antibodies. The immunoprecipitated
proteins were visualized by Western blot analysis. Tau12 immunoprecipitates in duplicate
were resolved in the same gel. After transferring of proteins to nitrocellulose membrane, the
membrane was cut in half and each half was probed individually with either E1 or 4G10
antibodies. Fig. 5A shows that Tau12 antibodies specifically immunoprecipitate tau proteins
of apparent molecular weight 60 kDa, 64 kDa, 68 kDa (Fig. 5A, T12; WB: E1) and a weak
band at 72 kDa (detected with longer exposure). This range of tau proteins represents
different levels of tau phosphorylation characteristically observed in AD brain [11]. Tau
proteins were not detected in the protein A-sepharose beads incubated with brain extract
(Figs. 5A and B, Bd), indicating that immunoprecipitation of tau proteins is specific. The
presence of tyrosine-phosphorylated tau in Tau12 immunoprecipitates from AD brain was
determined by immunoblotting utilizing 4G10 antibodies (Fig. 5B, T12; WB: 4G10). The
4G10 antibodies recognized the same pattern of band detected with E1 antibodies (compare
Figs. 5A and B). This result is consistent with that observed in tau proteins immunopurified
from JNPL3 mice brain (Figs. 1C and 2A), confirming the presence of tyrosine-
phosphorylated tau in AD brain.

In order to corroborate the incidence of tau tyrosine phosphorylation in humans, Tau12-
immunoprecipitated tau proteins from AD brains were subjected to trypsin digestion
followed by mass spectrometric analysis of tryptic peptides. A doubly charged peptide of m/
z equal to 195.7 was detected (Fig. 5C). Subsequent fragmentation and analyses of this
peptide (Fig. 5D) revealed that it contains four phosphorylated residues. Based on the
longest 2N4R tau isoform amino acid sequences, this peptide was phosphorylated at serines
191 (S191), 198 (S198), and 199 (S199) and tyrosine 197 (Y197). Tau phosphorylation at
S198 and S199 has been previously reported [1], but S191 and Y197 are novel tau
phosphorylation sites. The identification of phosphorylated Y197 is consistent with the
result obtained in JNPL3 mice. Together, these results indicate that phosphorylation of tau
proteins at Y197 is an event conserved in both transgenic JNPL3 mice and AD brain.
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4. Discussion
Our studies provide strong evidence for the tyrosine phosphorylation of tau proteins in the
course of developing tauopathy in JNPL3 mice. Such phosphorylation was provoked by the
expression of P301L tau mutant in JNPL3 mice and not by tau overexpression per se, since
phosphotyrosine immunoreactive tau proteins were not detected in JN25 mice. We found
that the abundance of tau tyrosine phosphorylation increases in an age-dependent manner,
and tyrosine-phosphorylated tau was detected only when animals began to show signs of tau
aggregation [13,16]. In addition, we found that such event takes place concurrently with
phosphorylation of serine and threonine residues S202/T205 and S396/S404, which are
known to be differentially phosphorylated in tauopathy. More importantly, a portion of the
tyrosine-phosphorylated tau exhibited sarkosyl insolubility and distributed in neuronal cell
bodies in a pattern consistent with that of abnormal tau aggregates. Collectively, these
results indicate that tyrosine phosphorylation may be as important as serine and threonine
phosphorylation in facilitating tau assembly and/or stabilizing aggregated tau.

Based on our mass spectrometric studies it is evident that tau proteins in JNPL3 mice are
phosphorylated at Y197 and Y394, and in AD brains are phosphorylated at Y197. It is worth
emphasizing that tyrosine phosphorylation (Y394) of a tau peptide (GAEIVYKSPVVSGD)
corresponding to amino acid sequence 389–402 has been reported to provoke more
conformational changes than that achieved with phosphorylation at S396 [5]. Although the
impact of tyrosine phosphorylation on the conformation of full-length tau awaits further
investigations, we are tempted to speculate that tyrosine phosphorylation of tau is as
important as that of serine and threonine phosphorylation in provoking aberrant
conformational changes considered to be important for formation of tau inclusions. The
importance of tau phosphorylation in its assembly is supported by a recent study in which
incubation of rat brain extracts with recombinant tau (0.5 mg/ml), mutant tau in particular,
was shown to result in tau filament assembly [3]. However, whether tyrosine residues were
phosphorylated was not determined in that study.

Studies of autopsy brains have demonstrated that several serine–threonine kinases may have
a role in abnormal tau phosphorylation in human tauopathy. No information is available
regarding the kinases involved in abnormal tyrosine phosphorylation of tau in human
tauopathy. In their studies of COS7 cells co-transfected with tau and fyn, Lee et al.
demonstrated the association of tau proteins with fyn tyrosine kinase and tyrosine
phosphorylation of tau at Y18 [10,12]. Furthermore, Williamson et al. showed that treatment
of primary rat and human cortical neurons with Aβ peptides promotes a transient activation
of various signaling proteins including fyn, and tyrosine phosphorylation of neuronal
proteins, such as tau [19]. These reports have suggested that fyn kinase may mediate tau
tyrosine phosphorylation at Y18 and Y29 and have a role in neurodegeneration [10,12,19].
We did not detect Y18 and Y29 phosphorylation by mass spectrometry. However, it is
possible that detection of Y18 and Y29 could be compromised by intrinsic experimental
constrains in mass spectrometric analyses of tryptic- and phospho-peptides [15,17,18]. For
example, it is possible that tryptic peptides containing Y18 and Y29 are less ionizable than
other peptides, since they were not found in our search of unphosphorylated peptides. Thus,
we cannot rule out the presence of phosphorylated Y18 and Y29 based on mass
spectrometry. In JNPL3 mice, we did not uncover the phosphorylation of Y18 (anti-pY18;
[12]) and Y29 (anti-pY29; [19]) by Western blotting of total lysates and Tau12-
immunopurified preparations from S1 and P3 fractions (data not shown). Furthermore, we
did not detect a differential increase in expression or co-localization of fyn kinase and
intraneuronal tau aggregates, or detect tyrosine-phosphorylated fyn kinase in brain extracts
(data not shown). It is possible that a substantial phosphorylation of Y18 and/or Y29 occurs
primarily at later stages of neurofibrillary tangle formation than those observed in the JNPL3
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we examined. In this regard, it has been reported that antibodies to tau peptides
phosphorylated at Y18 (aa 12–24) recognize fewer tangles in AD brain than those
unphosphorylated tau peptides (aa 19–46), and that compact fibrillary tangles, but not early
diffuse tangles, display phosphorylated Y18 immunoreactivity [8].

The identity of kinases involved in the in vivo phosphorylation of tau at Y197 and Y394 in
the JNPL3 tauopathy mouse model remains unknown. Further investigations are necessary
to determine the signaling pathway(s) involved in tyrosine phosphorylation of tau proteins
and its impact on the development of tau-induced neurodegeneration.
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Fig. 1.
Immunoprecipitated tau from JNPL3 mice is tyrosine phosphorylated. (A) Brain samples
from JNPL3 (P301L) and non-transgenic (NT) littermate were homogenized and subjected
to fractionation as outlined in Materials and methods. The S1 (soluble) and P3 (sarkosyl-
insoluble) fractions were subjected to immunoprecipitation experiments, using monoclonal
tau-specific antibody Tau12. As control, protein A-sepharose beads (A, beads control) were
used to determine the specificity of Tau12 antibodies (T12). The protein lysate used (In) and
Tau12-immunoprecipitated proteins [A and B; (IP)] were visualized using polyclonal tau-
specific antibody E1 (A –B). The supernatant after Tau12 immunoprecipitation was used to
determine the immunopurification efficiency of tau proteins (B, Sup). (C) The
immunoprecipitated proteins from both NT (lanes 1 and 2) and JNPL3 (lanes 3 and 4) mice
were resolved by SDS –PAGE and subjected to Western blotting analysis, using phospho-
tyrosine-specific antibody 4G10. The two asterisks to the left denote two weakly labeled
bands in NT samples.
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Fig. 2.
Tyrosine-phosphorylated tau is enriched in an age-dependent manner. (A) The S1 (soluble)
fractions from non-transgenic (NT) and JNPL3 (P301L) mouse brains at 3, 6, and 9 months
(M) of age were subjected to immunoprecipitation and Western blot analysis. Tau proteins
in these fractions were immunoprecipitated (IP) with either Tau12 or 4G10 antibodies. The
immunoprecipitated proteins were analyzed by Western blotting using E1 antibodies. The
S1 fractions from both NT and P301L mice were also analyzed by Western blotting using
E1 and phospho-tau-specific antibodies PHF1 and CP13. The asterisks denote a non-specific
cross-reacting band observed when either PHF1 or CP13 monoclonal antibodies were used.
(B) The S1 and P3 fractions, from both NT and JN25 (WT4R) mouse brains, were analyzed
by Western blotting, using antibody E1 to determine the abundance of tau proteins at 3, 6,
and 12 months of age. (C) The S1 fraction was then subjected to IP using antibody 4G10.
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The immunoprecipitated proteins were analyzed by Western blotting using antibody E1. The
asterisk indicates a non-specific cross-reacting band. The lanes designated Tau6x contain six
isoforms of recombinant tau. The filled circles indicate the 0N4R tau isoform.
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Fig. 3.
Sarkosyl-insoluble tau and tau inclusions display phosphotyrosine immunoreactivity. Tau
proteins present in the sarkosyl-insoluble fraction of NT and JNPL3 (P301L) mouse brains,
from 3, 6, and 9 months of age, were immunoprecipitated (IP) using either Tau12 (A) or
4G10 antibody (B). (A –B) IP tau proteins were detected by Western blot analysis using E1
antibody. The lanes designated Tau6x contain six isoforms of recombinant tau. The filled
circle on panels A and B marked the potion of the 0N4R tau isoform. The arrows indicate
the 64-kDa tau species in panels A and B. The asterisk on panel B marks cross-reacting
labeled band in both NT and P301L samples. (C –E) Spinal cord transverse sections from a
10-month-old JNPL3 (C– E) mice were used for immunofluorescence analysis using tau-
specific antibody WSK44 (C-green) and phospho-tyrosine-specific antibody 4G10 (B-red).
Neurons immunoreactive to both antibodies display yellow signal (E-merge). The cells were
visualized by confocal microscopy at 0.1 μm. The scale bar in panel C = 100 μm.
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Fig. 4.
Identification of novel tyrosine phosphorylation sites on tau proteins. Immunoprecipitated
tau proteins were digested with trypsin. The peptides produced were resolved by reverse-
phase chromatography on line with nano-electrospray ionization mass spectrometry (MS)
and analyzed as described in Materials and methods. (A) Two phospho-peptides containing
phosphorylated tyrosine (Y) were identified. These phospho-peptides contain other known
and unknown serine (S) phosphorylated sites. The amino acid number corresponds to its
position in the longest tau isoform peptide sequence (2N4R). (B) The arrow on the MS
spectrum points toward the doubly charged ion corresponding to phospho-peptide (2). (C)
This precursor ion was then selected and subjected to fragmentation (MS2), generating b
and y product ions that represent specific fragments used for identification of the peptide
sequence and phosphorylation sites. The filled circle (●) denotes a doubly charged ion
containing the neutral loss of 98 amu corresponding to the lost of the two phosphate groups
attached to the serine residues on the phospho-peptide (2). One asterisk indicates b or y ions
containing the neutral loss of the phosphate groups. Two asterisks denote a doubly charged b
or y product ions.
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Fig. 5.
Tyrosine-phosphorylated tau in AD brain. (A –B) AD brain S1 fraction was subjected to
immunoprecipitation using Tau12 (T12) antibodies. The immunoprecipitated tau proteins
were visualized by immunoblotting using either E1 antibody (A, WB: E1) or 4G10 (B, WB:
4G10). As negative control for immunoprecipitation, protein A-sepharose beads (Bd) were
used. The 0N4R tau isoform was used as positive control for E1 immunoblotting.
Immunoprecipitated tau proteins were digested with trypsin and analyzed by mass
spectrometry as described in Materials and methods. (C) The arrow on the MS spectrum
points toward the doubly charged ion corresponding to the identified phospho-peptide. (D)
This doubly charged (+2) precursor ion was then selected and subjected to fragmentation
(MS2), generating b and y product ions that represent specific fragments used for
identification of the peptide sequence and phosphorylation sites depicted.
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