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Phosphorylation of Tau by Fyn: Implications for
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The abnormal phosphorylation of tau protein on serines and threonines is a hallmark characteristic of the neurofibrillary tangles of
Alzheimer’s disease (AD). The discovery that tau could be phosphorylated on tyrosine and evidence that A␤ signal transduction involved
tyrosine phosphorylation led us to question whether tyrosine phosphorylation of tau occurred during the neurodegenerative process. In
this study we determined that human tau tyr18 was phosphorylated by the src family tyrosine kinase fyn. By developing both polyclonal
and monoclonal probes specific for phospho-tyr18, we found that the phosphorylation of tau at tyr18 occurred at early developmental
stages in mouse but was absent in the adult. Our phosphospecific probes also revealed that paired helical filament preparations exhibited
phospho-tyr18 reactivity that was sensitive to phosphotyrosine-specific protein phosphatase treatment. Moreover, immunocytochemical studies indicated that tyrosine phosphorylated tau was present in the neurofibrillary tangles in AD brain. However, the staining
pattern excluded neuropil threads and dystrophic neurites indicating that tyrosine phosphorylated tau was distributed in AD brain in a
manner dissimilar from other abnormally phosphorylated tau. We also found evidence suggesting that differentially phosphorylated tau
existed within degenerating neurons. Our data add new support for a role for fyn in the neurodegenerative process.
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Introduction
A prominent component of the neurofibrillary tangles of Alzheimer’s disease (AD) is the microtubule-associated protein tau.
A primary characteristic of tau in AD is the presence of several
phosphorylated serines and threonines that are less abundant in
normal adult brain tau. Previously, we reported that tau is tyrosine phosphorylated when cotransfected with fyn (Lee et al.,
1998), a src family tyrosine kinase that has a role during the
development of the nervous system (for review, see Maness, 1992;
Thomas and Brugge, 1997). The possible relevance of fyn to neurodegeneration has been suggested by Wood and coworkers, reporting that neuritic plaques and dystrophic neurites in AD brain
contained phosphotyrosine (Wood and Zinsmeister, 1991) and
that fyn was upregulated in a subset of neurons that also stained
for abnormally phosphorylated tau (Shirazi and Wood, 1993). In
addition, several other studies have suggested a role for tyrosine
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phosphorylation in AD. AD brains showed an increase in
phosphotyrosine-containing proteins (Shapiro et al., 1991), and
cultured cells exposed to A␤ contained higher levels of tyrosine
phosphorylated proteins (Luo et al., 1995; Moore et al., 2002;
Bamberger et al., 2003; Grace and Busciglio, 2003). Tyrosine
phosphorylation of paxillin (Grace and Busciglio, 2003), tau
(Williamson et al., 2002), and several protein kinases, including
focal adhesion kinase (Zhang et al., 1994; Williamson et al.,
2002), MAP kinase (Sato et al., 1997), and phosphatidylinositol
3-kinase (Luo et al., 1996), increase in the presence of A␤. Moreover, signaling cascades initiated by A␤ in microglial cells have
been shown to require fyn (Moore et al., 2002). Most interestingly, the involvement of fyn in neurodegeneration is supported
by the finding that fyn negative cells are protected against A␤induced neurotoxicity (Lambert et al., 1998). The fact that taunegative cells are also protected against A␤-induced neurotoxicity (Rapoport et al., 2002) makes it tempting to speculate that the
fyn-tau interaction has a role in the neurodegenerative process.
Here, we investigate the tyrosine phosphorylation of tau by
fyn. By identifying the tau residue that is tyrosine phosphorylated
by fyn and developing phosphospecific probes for this site, we
establish the presence of tyrosine phosphorylated tau in AD.

Materials and Methods
COS7 and 3T3 cell transfections, immunoprecipitations, and immunofluorescence. Plasmids expressing full-length human tau, green fluorescent
protein (GFP)-tau, fyn, and N-terminal fragments of tau have been previously described (Lee and Rook, 1992; Hall et al., 1997). Tau-GFP plas-
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mid was constructed through a modification of the pGFP-C2 vector
(Clontech, Palo Alto, CA) using standard techniques. The GFP moiety
was first excised using NheI-BglII; the vector ends were blunted then
joined by blunt end ligation. GFP was then amplified by PCR and inserted into a KpnI–Bsp120I digested vector. Human tau (352 residue
isoform) was amplified by PCR and inserted into the vector with a blunt
end ligation at the amino end and a KpnI site at the carboxy end, fusing it
in frame with the GFP at the KpnI site (vector had been digested with
HindIII, filled in, then digested with KpnI). Tyrosine to phenylalanine
replacements in tau (Y18F and Y29F) were made using the Stratagene (La
Jolla, CA) QuikChange Site-Directed Mutagenesis kit.
COS7 cell transfections were performed in 100 mm dishes using 5 g
of plasmid DNA and Lipofectamine (Invitrogen, Gaithersburg, MD) according to manufacturer’s protocol. For immunoprecipitations, transfected COS7 were lysed and subjected to immunoprecipitation using
affinity-purified anti-tau and Protein A-Sepharose 4B (Amersham Biosciences, Piscataway, NJ) as previously described (Lee et al., 1998). After
washing, protein-A Sepharose bound proteins were eluted and resolved
by 8% SDS-PAGE. For direct analysis of transfected COS cell lysates, cells
were harvested in 2⫻ Laemmli sample buffer, boiled, and resolved by 8%
SDS-PAGE. Transfer to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA) and visualization using enhanced
chemiluminescence (ECL) detection was according to manufacturer’s
instructions (PerkinElmer Life Sciences, Boston, MA). Antibodies used
for probing blots were tau46.1, tau14, tau1, 5A6 (Johnson et al., 1997),
tau5 (Carmel et al., 1996), anti-phosphotyrosine monoclonal 4G10 (Upstate Biotechnology, Charlottesville, VA), or anti-fyn monoclonal
(Transduction Laboratories, Lexington, KY). Secondary antibody was
sheep anti-mouse Ig, horseradish peroxidase linked F(ab⬘)2 fragment
(Amersham Biosciences).
NIH3T3 cells were seeded onto 12 mm glass coverslips for immunofluorescence analysis. Transfections of seeded cells were performed using
Lipofectamine Plus according to manufacturer’s protocol. Cells were
fixed with 0.3% glutaraldehyde as previously described (Lee and Rook,
1992) except with the use of 0.1% instead of 0.5% NP-40. Secondary
antibodies were obtained from Jackson ImmunoResearch (West Grove,
PA) or Molecular Probes (Eugene, OR). For visualizing total tau, either
an affinity-purified anti-tau or the CR antibody preparation (described
below) were used at 1:1000. Both labeled tau and tau-fyn transfected cells
identically. The monoclonal 9G3 (described below) was used at ⬃0.5
g/ml.
SH-SY5Y cells. Growth of SH-SY5Y cells in RPMI with 8% serum
conditions and GST-fyn SH3 fusion protein binding assay were performed as previously described (Lee et al., 1998). Briefly, SH-SY5Y cell
lysate prepared from a 100 mm plate of cells (⬃80% confluency) was
reacted with 30 g of purified GST-fyn SH3 fusion protein preadsorbed
to glutathione sepharose beads (Amersham Biosciences). Incubation was
performed for 1 hr at 4°C and beads were washed in wash buffer (0.5%
Triton X-100, 50 mM Tris, pH 7.5, and 150 mM NaCl). Bound proteins
were separated by SDS-PAGE and subjected to immunoblotting. SHSY5Y cell lysates used in blots displayed in Figure 4, A and B, contained
⬃1% of the lysate prepared from a 100 mm plate of cells.
Anti-PY18 polyclonal serum preparation. A rabbit polyclonal antiserum
was prepared against a phosphorylated synthetic tau peptide EDHAGTpYGLGDRK (residues 12–24) (Research Genetics Inc., Huntsville, AL).
To increase specificity, the antiserum was subjected to two steps of affinity purification. The antiserum was first affinity purified using a column
containing the phosphorylated peptide. Eluted antibodies were then
passed through a second column containing non-phosphorylated peptide to adsorb nonphosphorylation-specific antibodies. The flow
through fraction contained antibodies that specifically reacted to the
phosphorylated tau epitope. This antibody preparation was named
“anti-PY18” and was used at 1:1000 for immunoblotting.
Antibodies adsorbed to the second column were also eluted. These
antibodies reacted to the nonphosphorylated tau peptide (residues 12–
24) and were therefore directed against the tau sequence surrounding
tyrosine 18 but did not require phosphotyrosine to react. This antibody
preparation was named “CR” and was used at 1:1000 for immunocytochemistry.
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Monoclonal antibody preparation and characterization. Monoclonal
antibodies were prepared against a phosphorylated synthetic tau peptide
EDHAGTpYGLGDRK (residues 12–24) (University of Iowa Hybridoma
Facility, Iowa City, IA). Mice were immunized with the KLH-coupled
peptide using CpG 1826 (Hybridon, Milford, MA) as adjuvant (Davis et
al., 1998). Screening of hybridomas by ELISA was performed as described
by Jicha et al. (1997), using biotinylated phosphorylated peptide bound
to neutravidin-coated microtiter plates. Peptides were purchased from
Multiple Peptide Systems (San Diego, CA). Reacting monoclonals were
further characterized by ELISA using the nonphosphorylated peptide. Of
the phosphorylation-specific clones, clone 9G3, whose isotype was
IgG2a, was selected for further characterization. Purified 9G3 antibody
was obtained by Protein-G HiTrap purification (Amersham Biosciences). For blots, 9G3 was used at 0.05– 0.2 g/ml.
The binding kinetics of tyrosine phosphorylated and nonphosphorylated tau peptide (residues 12–24) to monoclonal antibody 9G3 were
monitored in real time using surface plasmon resonance with the BIAcore 3000 instrument (BIAcore AB, Uppsala, Sweden). The sensor chip
(CM5; BIAcore AB) was activated by 1:1 N-hydroxy succinimide and
N-ethyl-N⬘-(3-dimethilaminopropyl)-carbodiimide
hydrochloride
(Amersham Biosciences) according to manufacturer’s protocol. Seventyfive microliters of recombinant Protein LA (Sigma, St. Louis, MO) at a
concentration of 100 g/ml in coupling solution (10 mM sodium acetate;
pH 5.0) was immobilized on the activated sensor chip at a flow rate of 5
l/min using the amine coupling kit (BIAcore AB). Protein LA is an Ig
binding protein (Svensson et al., 1998). Excess reactive carboxy methylated dextran on the CM5 sensor chip was then deactivated by 35 l of
ethanolamine. All measurements were performed using HBS buffer (10
mM HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, and 0.005% (v/v) Surfactant P20) at 25°C. 30 g/ml purified 9G3 antibody or the control mouse
IgG2a, (UPC-10; Sigma) were injected (15 l at 10 l/min) in sequence
with different concentrations of phosphorylated or nonphosphorylated
tau peptides (250, 500, and 1000 nM) onto the Protein LA surface using
the “Co-inject” method (BIAcore, 1999). In this method, the injection of
a second sample (tau peptide) immediately follows the first (9G3 or
IgG2a). Binding responses of the peptides to the control IgG2a surface
were subtracted from the binding responses to the 9G3 surface before
performing kinetic analysis. Equilibrium association and dissociation
rate constants were calculated using the Langmuir (1:1) binding model
using the BIAevaluation 3.0 software supplied by the manufacturer.
A control peptide corresponding to a p34cdc2 peptide (KVEKIGEGTYGVVY) with and without tyrosine phosphorylation at the GTYG motif (Pierce, Rockford, IL) was similarly tested for binding to 9G3.
In vitro phosphorylation of tau and microtubule binding assays. Tyrosine phosphorylated tau was prepared using fyn or src tyrosine kinase
(Upstate Biotechnology) and Escherichia coli-synthesized tau (352 residue isoform) purified as previously described (Brandt and Lee, 1993).
One microgram of E. coli-synthesized tau was incubated with 4 U of fyn
or src at 37°C for 30 min according to manufacturer’s conditions (40 l
final volume). Control kinase reactions omitted either tau or fyn. For
analysis of tyrosine phosphorylation, reactions were probed with
phosphotyrosine-specific antibodies by immunoblotting. For microtubule binding assays, aliquots from the kinase reactions were used without
further purification. Taxol-stabilized microtubules were prepared from
phosphocellulose-purified tubulin (Cytoskeleton, Inc., Denver, CO).
Microtubule binding was performed in a volume of 20 l by combining
0.25 g of kinased tau and 10 g of taxol-stabilized microtubules and
incubating at 37°C for 30 min. The reaction was layered onto a 50%
sucrose cushion (160 l) (Lee et al., 1989) and centrifuged at 100,000 ⫻
g at room temperature (RT) for 30 min. Both supernatant and pellet were
recovered for analysis by Western blotting.
Developmental mouse brain samples. Mouse brain lysates were obtained from embryonic day 18 (E18), 1 d, 3 d, 1 week, 2 and 3 weeks, 1
month, 2-, 3-, 6-, and 12-month-old ICR mice. Thirty micrograms of
protein was loaded per lane and immunoblotted with anti-PY18, 9G3, or
a mixture of tau5–5E2 anti-tau monoclonal antibodies. Preparation of
the blot was aided by RNWAY Laboratories (Seoul, Korea).
AD brain samples and immunocytochemistry. Rapid autopsy brains
from AD patients were harvested, and the temporal lobe was blocked and
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Figure 1. Identification of tyr18 as a site for tyrosine phosphorylation in tau. A, The schematic drawing shows the deletion constructs and point mutants tested for tyrosine phosphorylation (PY) in the presence of fyn using cotransfected COS7 cells. All constructs tested were
derived from the 352 residue human tau isoform, shown at the top with the positions of tyrosines marked (numbering is according to the 441 adult tau isoform; the 441 adult isoform
does not contain any additional tyrosines). Two C terminal deletions and two point mutants
were tested. After cotransfection with fyn into COS7 cells, tau was immunoprecipitated and
tested for tyrosine phosphorylation with anti-phosphotyrosine. These data identified tyr18 as a
tyrosine phosphorylation site in tau. B, An affinity-purified polyclonal antibody prepared
against phosphorylated tyr18 (anti-PY18) was tested on COS7 cells cotransfected with fyn and
various tau constructs. Lysates were probed with anti-PY18 (right panel) or a mixture of anti-tau
monoclonal antibodies as control (left panel). A fyn control blot was also performed, showing
that similar amounts of fyn were expressed in each transfection (data not shown). Mutants of
three tau isoforms (amino acid lengths indicated) were tested. Mutations converted either
tyr18 to phe18 (F18) or tyr29 to phe29 (F29). WT is wild-type tau. Despite the presence of tau in
each transfection, F18 mutants did not react with anti-PY18, whereas F29 mutants did.
immersion-fixed in ice-cold 4% paraformaldehyde in 0.1 M PBS for
24 – 48 hr. Fixed slabs containing the hippocampus and adjacent temporal cortices were cut into 50-m-thick sections on a freezing sliding
microtome and stored in cryostorage until processed. Antibodies used
were AT8 (1:1000; Innogenetics, Gent, Belgium), 9G3 (25 ng/ml), and
CR (1:1000). Sections from five AD brains were examined, with ages
ranging from 67 to 87. No qualitative differences in 9G3 labeling were
noted between cases.
Free-floating sections were processed for immunohistochemistry as
previously described (Van Hoesen and Solodkin, 1993) with slight modifications. The sections were quenched with 0.1% H2O2 in 0.1 M PBS
containing 0.4% Triton X-100 for 20 –30 min. After washing in 0.1 M
PBS, the sections were blocked with 5% normal goat serum containing
0.4% Triton X-100 in 0.1 M PBS for 1 hr at RT. After the blocking step, the
sections were incubated with primary antibody overnight at 4°C. After

washing, sections were incubated with biotinylated goat anti-mouse secondary antibody (1:500; Vector Laboratories, Burlingame, CA), washed
then incubated with an avidin– biotin peroxidase complex (ABC Elite kit;
Vector Laboratories) diluted 1:200 in 0.1 M PBS containing 0.4% Triton
X-100. After rinsing, 0.03% 3,3⬘-diaminobenzidine (DAB) with 0.25%
nickel ammonium sulfate in 0.1 M PBS containing 0.01% H2O2 was used
for 5–10 min. Sections incubated in parallel without primary antibody
failed to display any specific staining. Sections were rinsed in 0.1 M PBS
and mounted on gelatin-coated slides, dehydrated through graded ethanol, cleared in xylene, and coverslipped with cytoseal 60 (Richard-Allan
Scientific, Kalamazoo, MI). For immunofluorescence staining, after primary antibody incubation, sections were incubated with Alexa 488 labeled anti-mouse (Molecular Probes) and Texas Red-labeled anti-rabbit
(Jackson ImmunoResearch). Sections were mounted with Vectashield
(Vector Laboratories) and visualized using the 1034 Bio-Rad (Hercules,
CA) confocal system and Nikon E600 microscope. Serial optical sections
were collected at 1 or 1.5 m steps, and series of 24 –32 sections were
collected. Projections shown in Figure 6 were created using Confocal
Assistant (version 4.02; T. C. Brelje).
Paired helical filament preparations. Paired helical filaments (PHFs)
were prepared from temporal or frontal lobes of brains of four AD patients (F82, M86, M78, and M80 y/o, postmortem interval between 3.5
and 8 hr; mean, 5.8 hr) as described earlier (Ksiezak-Reding and Wall,
1994) with minor modifications. Briefly, 10 gm of tissue were homogenized in five volumes of buffer A containing (in mM): 20 MES/NaOH, pH
6.8, 80 NaCl, 1 MgCl2, 2 EGTA, 0.1 EDTA, 10 NaF, 1 sodium orthovanadate, and 0.2 PMSF. The homogenate was centrifuged (20 min, 27,000 ⫻
g), and the pellet was re-homogenized in buffer B, containing 10 mM
MES/NaOH, pH 7.4, 0.8 M NaCl, 10% sucrose, 1 mM EGTA, 10 mM NaF,
1 mM sodium orthovanadate, and 0.2 mM PMSF, and centrifuged as
above. The supernatant was incubated with sarcosyl (1% final concentration) for 1 hr at RT or overnight at 4°C. The sarcosyl mixture was then
centrifuged (2 hr, 100,000 ⫻ g). The pellet, which was highly enriched in
both dispersed and aggregated PHFs, was resuspended in 10 mM MES/
NaOH, pH 7.4, and 1 mM sodium orthovanadate and subjected to discontinuous sucrose gradient as described (Ksiezak-Reding and Wall,
1994) but adding 1 mM sodium orthovanadate to all buffers. In the
present studies, both sucrose gradient fractions “A2” and “AL2” were
used. A2 contained highly purified and nonaggregated sarcosyl-insoluble
PHFs. PHFs in the A2 fraction were filamentous (PHF filaments) as
examined by electron microscopy and could be resolved into individual
PHF tau polypeptides (62– 68 kDa) by SDS-PAGE. A2 fraction was used
for both Western blot analysis and immunogold EM studies. AL2 contained highly purified and aggregated PHFs that were sarcosyl- and SDSinsoluble. Clusters and bundles of filaments were detected in this fraction
by electron microscopy. AL2 was used for immunogold EM studies.
Immunogold labeling of PHFs was performed as described earlier (Takahashi et al., 2002) using anti-phosphotyrosine monoclonal antibody
(mAb) PY20 (Transduction Laboratories, Lexington, KY) and 10 nm
colloidal gold particles (Amersham Biosciences). Samples were examined using a JEOL 100CX electron microscope.
Phosphotyrosine phosphatase treatment of blots. T-cell protein tyrosine
phosphatase (New England Biolabs, Beverly, MA) was used for phosphotyrosine phosphatase treatment. Blots were incubated with 20 U/ml
phosphatase in the reaction buffer (25 mM Tris/HCl, pH 7.0, 50 mM
NaCl, 2 mM EDTA, 5 mM dithiothreitol, 0.01% Tween 20, and 1 mg/ml
BSA) for 4 –24 hr at 30°C.

Results

Development of antibody probes specific for a tyrosine
phosphorylated in tau
We have previously shown that in a transfected COS cell system,
tau can be tyrosine-phosphorylated in the presence of fyn and
that in SH-SY5Y cells, tau is tyrosine-phosphorylated (Lee et al.,
1998). To determine the site of phosphorylation, we used the
COS cell cotransfection system to express fyn and deletion fragments of tau. The immunoprecipitated tau fragments were
immunoblotted with an anti-phosphotyrosine monoclonal
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Table 1. Kinetic constants for the interaction between 9G3 and tau peptide (residues 12–24), obtained by the 1:1 Langmuir binding model
ka (M⫺1sec⫺1)
9G3 and tau non-phospho peptide
9G3 and tau phospho-peptide

30.7 ⫾ 0.2
9.26 ⫾ 0.8 ⫻ 105

kd (sec⫺1)

KA (M⫺1)
⫺6

9.22 ⫾ 0.74 ⫻ 10
2.29 ⫾ 0.1 ⫻ 10⫺6

antibody (4G10), showing that the phosphorylation site or
sites lay in the N-terminal 255 residues of tau, that contained
three of the five tyrosines in tau (Fig. 1 A). To examine the
phosphorylation of individual sites, we mutated specific
tyrosines to phenylalanine in full-length tau, and then similarly tested for tyrosine phosphorylation. The single substitution of tyr18 to phe18 eliminated the tyrosine phosphorylation of tau in the presence of fyn, thus identifying this residue
as a tyrosine phosphorylation site in cells.
To further investigate tyrosine-phosphorylated tau, we prepared a rabbit polyclonal antibody, “anti-PY18,” against a phosphorylated synthetic peptide of tau residues 12–24 (see Materials
and Methods). To test the reactivity of anti-PY18 in immunoblots, we prepared tyrosine-phosphorylated tau by cotransfecting
tau and fyn into COS cells. When wild-type tau was expressed
with fyn, anti-PY18 reacted with proteins in the lysate that correspond to tau as identified by immunoblotting with anti-tau
(Fig. 1 B). When tau was mutated in tyr18 and expressed with fyn,
anti-PY18 reactivity was lost despite comparable levels of expression relative to the wild-type transfection. In contrast, when tyr29
was mutated, anti-PY18 reactivity was retained (Fig. 1 B). These
data indicate that anti-PY18 detects tyrosine phosphorylation of
tau and are consistent with our mutational analysis identifying
tyr18 as a phosphorylated site. In addition, the testing of other tau
isoforms (383 and 441 residue isoforms) indicated that alternative splicing of tau did not alter the site modified (Fig. 1 B).
A monoclonal antibody against tyrosine phosphorylated tau
residue 18 (9G3) was also prepared. To obtain direct quantitative
data on its specificity, the association and dissociation kinetics of
the interaction between 9G3 and tyrosine phosphorylated and
nonphosphorylated tau peptides (residues 12–24) were followed
by surface plasmon resonance. Different concentrations of each
peptide were injected onto a surface coated with 9G3, using a
surface coated with purified nonspecific mouse IgG2a as control.
The kinetic constants are shown in Table 1. The equilibrium
association constant (KA ⫽ ka/kd) for the association between
9G3 and the phosphorylated tyr18 peptide was 4.04 ⫻ 10 11 M ⫺1,
whereas the KA between 9G3 and the nonphosphorylated peptide
was 3.33 ⫻ 10 6 M ⫺1. This indicates that 9G3 has a high degree of
specificity for the phosphorylated sequence. The dissociation
constant (KD ⫽ kd/ka) of 2.48 ⫻ 10 ⫺12 M for the interaction
between 9G3 and the phosphorylated tyr18 peptide indicates a
high affinity of the antibody for the phosphorylated residue. As
further characterization of the specificity of the antibody, we
tested 9G3 for reactivity against a control tyrosine phosphorylated p34cdc2 peptide that contained a known fyn phosphorylation site. The surface plasmon resonance response was below
baseline, precluding any kinetic analysis. This indicated that the
reactivity of 9G3 against generic phosphotyrosine was extremely
low.
The utility of 9G3 to differentiate between phosphorylated
and nonphosphorylated tau in immunocytochemistry protocols
was demonstrated by immunofluorescence staining of 3T3 cells
expressing either tau or tau and fyn. As expected, the presence of
fyn was required for 9G3 reactivity (Fig. 2, compare b with d,f ).
More importantly, the 9G3 staining pattern did not correspond

KD (M)
6

3.33 ⫾ 0.2 ⫻ 10
4.04 ⫾ 0.3 ⫻ 1011

3.0 ⫾ 0.27 ⫻ 10⫺7
2.48 ⫾ 0.18 ⫻ 10⫺12

Figure 2. Reactivity of 9G3 to tau in transfected cells. A monoclonal antibody prepared
against phosphorylated tyr18 (9G3) was tested on 3T3 cells transfected with tau (a, b) or tau and
fyn (c–f ). Cells were fixed and double stained with CR for total tau (a, c, e) and 9G3 for tyrosinephosphorylated tau (b, d, f ). 3T3 cells transfected with fyn and GFP-tau ( g, h) or fyn and
tau-GFP (i, j) were fixed and stained with 9G3. GFP is shown in g and i; 9G3 labeling in h and j.
Note that 9G3 does not react to GFP-tau. Scale bar, 10 m.
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to the total tau pattern, indicating that in
staining fixed cells, 9G3 recognized a fraction of the total tau. This agreed with our
previous finding (unpublished) that the
efficiency of tyrosine phosphorylation of
tau in fyn-tau cotransfected cells is
⬍100%. Tyrosine-phosphorylated tau appeared as punctate staining seen along microtubules (Fig. 2d,f ), suggesting that it is
capable of associating with microtubules
in cells. When a GFP-tau construct was Figure 3. Left, In vitro tyrosine phosphorylation of tau by fyn. In vitro kinase reactions were performed with E. coli-synthesized
used in the cotransfection, 9G3 reactivity tau and fyn as described in Materials and Methods. Reactions were probed with either anti-phosphotyrosine (4G10, left panel) or
was absent (Fig. 2h). Because GFP-tau anti-PY18 (right panel). Note that fyn kinased tyr18 in vitro as evidenced by the acquisition of anti-PY18 and anti-PY reactivity
contains GFP fused at the N terminus of after incubation of tau with fyn. Right, Microtubule binding activity of tyrosine-phosphorylated tau. E. coli-synthesized tau,
tau in close proximity to tyr18, we sur- incubated with or without kinase, was incubated with taxol-stabilized microtubules, as described in Materials and Methods. The
mised that the GFP fusion might either in- supernatants containing unbound tau (S, odd lanes) and the pellets containing microtubule bound tau (P, even lanes) were
terfere with the phosphorylation of tyr18 examined for the presence of tau. Tau in lanes 1, 2, 5, and 6 was from a control kinase reaction without fyn, whereas tau in lanes
3, 4, 7, and 8 was from a fyn kinase reaction. The left panel was probed for total tau. The right panel was probed with anti-PY18.
or with the reactivity of the antibody. In Note that the distribution of tyrosine-phosphorylated tau between the supernatant and pellet was similar to that of nonphosfact, when we used a tau fusion protein phorylated tau.
with GFP fused to the C terminus of tau
(tau-GFP), coexpression of tau-GFP with
reaction appeared to have a similar binding efficiency of ⬃50%
fyn restored 9G3 reactivity (Fig. 2j). To determine if GFP-tau was,
(lanes 3 and 4), with tau being almost equally distributed between
in fact, tyrosine phosphorylated on tyr18, we assayed the phosthe supernatant and pellet. Because the stoichiometry of phosphorylation by Western blotting using anti-PY18. We found that
phate incorporation in the in vitro kinase reaction was not deterwhen GFP-tau and tau-GFP were expressed at comparable levels
mined, we probed the same fractions with anti-PY18 and found
in the presence of fyn, both proteins were similarly phosphorythat tyrosine-phosphorylated tau was similarly distributed belated (data not shown). Therefore, the accessibility of phosphotween bound and unbound fractions (lanes 7 and 8). This sugtyr18 to 9G3 in fixed cells was affected by the N-terminal GFP
gested that tyrosine phosphorylation of tau by fyn did not largely
fusion.
alter the microtubule binding behavior of tau. This is consistent
In summary, in developing probes specific for phosphorylated
with the data from transfected cells showing the association of
tyr18, both polyclonal and monoclonal reagents were developed
tyrosine-phosphorylated tau with microtubules (Fig. 2d,f,j).
because it was anticipated that each reagent would have experimental limitations. The polyclonal preparation (anti-PY18) containing exclusively phosphorylation-specific antibodies would
Presence of phospho-tyr18 in neuronal cells and in
most likely also contain generic phosphotyrosine antibodies that
degenerating neurons
could create background staining of irrelevant tyrosine phosTo determine if tau tyr18 was phosphorylated in neuronal cells,
phorylated proteins. The monoclonal reagent (9G3), although
anti-PY18 was used to probe lysates from human neuroblastoma
tau-specific, had some affinity for nonphosphorylated tau that
(SH-SY5Y) cells. Two reactive species were revealed (Fig. 4 A),
could create phosphorylation-independent staining if high levels
with the upper species (indicated by the arrowhead) correspondof tau were present. Therefore, we chose to use anti-PY18 primaring to endogenous tau in mobility. The lower species (indicated
ily on blots, because the identity of staining proteins could be
by the asterisk) was a cross-reactive non-tau protein with a mosupported through other criteria such as molecular weight. 9G3
bility corresponding to that of tubulin. To confirm the identity of
was most useful on tissue and fixed cell samples, where it was
the upper species as tau, fyn-SH3 binding proteins were isolated
anticipated that the amount of tau in single cells would be relafrom SH-SY5Y lysates using GST fusion protein-mediated bindtively low compared with that in biochemical protocols involving
ing assays. Our previous studies had shown that SH-SY5Y tau
tau overexpression.
binds to GST-fyn-SH3. Using anti-PY18 to probe proteins binding to fyn SH3 confirmed that the upper band is tau (Fig. 4 A);
Phosphorylation of tyr18 by fyn and its impact on
unlike tau, the cross-reactive protein did not bind to fyn SH3. The
microtubule binding
monoclonal 9G3 was also used to probe a lysate from SH-SY5Y
The availability of a phosphorylation-specific antibody allowed
cells. As a specificity control, 25–1000 ng of E. coli tau were
us to demonstrate the phosphorylation of tau by fyn on tyr18 in
probed in parallel. The monoclonal 9G3 reacted to a single spevitro. After incubation of E. coli synthesized tau with fyn, tau
cies in the cell lysate without reacting to nonphosphorylated tau
became reactive to both anti-PY18 and 4G10 (Fig. 3, left). Idenunder the same conditions (Fig. 4 B), thus confirming the phostical results were observed for src (data not shown). This conphorylation of tau at residue 18 in neuronal cells.
firmed that tau is a substrate for src family non-receptor tyrosine
The tyrosine phosphorylation of tau during brain developkinases. In vitro tyrosine-phosphorylated tau was then tested for
ment was examined in mouse by immunoblotting using both
its ability to bind to taxol-stabilized microtubules, using nonanti-PY18 and 9G3. The results indicated that tyrosinephosphorylated tau as a control. After the incubation of tau with
phosphorylated tau was most abundant at E18 and 1 d postnatal
microtubules, centrifugation was used to separate microtubule
(Fig. 4C). Although still present at 3 d and 1 week postnatally, it
bound tau (pellet) from unbound tau (supernatant). Pellets and
no longer appeared after 2 weeks (oldest time point examined was
supernatants were probed by both anti-tau and anti-PY18 (Fig. 3,
1 year). This pattern of expression suggests that tyrosineright). Nonphosphorylated tau bound to microtubules with
phosphorylated tau has a role in early neuronal development and
⬃50% efficiency (lanes 1 and 2), whereas tau from the kinase
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is consistent with the role of fyn in neuronal development (Grant
et al., 1992).
Interestingly, several serines and threonines that are highly
phosphorylated in rat fetal tau (Watanabe et al., 1993) are also
downregulated in adult. In addition, several of these sites are also
phosphorylated in human fetal tau and correspond to sequences
that are highly phosphorylated in the neurofibrillary tangles of
AD brain (e.g., the Ser198-Ser208 region that reacts with AT8 and
the ser396-ser404 region that reacts with PHF-1) (Kanemaru et
al., 1992; Bramblett et al., 1993; Goedert et al., 1993). Because
phosphorylated tyr18 has a similar developmental profile, we
tested AD brain tissue for the presence of phosphorylated tyr18.
Temporal cortex sections from AD brain containing the entorhinal and hippocampal formation were probed with 9G3. The
staining pattern was compared with that of a proven PHF antibody, AT8. We found that 9G3 labeled neurofibrillary tanglebearing neurons in the entorhinal layer II islands in a manner
indistinguishable from AT8 (Fig. 5, left 9G3, right AT8). In contrast to AT8 however, 9G3 did not label neuropil threads and
dystrophic neurites. This suggested that phosphotyrosine residue
Figure 4. Tyrosine-phosphorylated human tau tyr18 is present in neuronal tau. A, SH-SY5Y cell
18 is present in only some PHF. This was further illustrated by
lysate (left lane) and GST-fyn SH3 bound proteins from SH-SY5Y cells (right lane) were immunoblotimmunofluorescent double labeling of brain sections using 9G3
ted with anti-PY18. Arrow marks SH-SY5Y tau; asterisk protein was a cross-reacting species. B, SHSY5Y cell lysate (lane 1) and 25, 100, 400, and 1000 ng of E. coli tau (lanes 2, 3, 4, and 5, respectively)
and CR, an antibody affinity-purified using the nonphosphorywereimmunoblottedwithmonoclonalantibody9G3.C,Mousebrain(30 goftissuelysateperlane)
lated peptide containing tyr18 (see Materials and Methods).
was probed with anti-PY18, 9G3, or a mixture of tau monoclonal antibodies 5E2 and tau5. Lysates
Confocal microscopy showed that CR labeling did not necessarily
werefrom(1)E18,(2)1dpostnatal,(3)3dpostnatal,(4)1-week-old,(5)2-week-old,(6)3-week-old,
coincide with 9G3 labeling (Fig. 6, top row), suggesting that al(7) 1-month-old, and (8) 1-year-old mouse. Probing of lysates from 2-, 3-, and 6-month-old mice
though tyrosine-phosphorylated tau existed in neurofibrillary
showed data similar to that of the 1-month-old mouse.
tangles, not all of the neurofibrillary tangles had phosphotyrosine. Close inspection of several series of 9G3 and CR
double-labeled sections revealed that the
intensity of 9G3 labeling often “peaked” at
a different section relative to the CR labeling. Projections integrating the signals
from several series of z-sections (Fig. 6,
bottom panels) suggested that 9G3 labeling was less abundant than CR in distal
regions. Therefore, the staining patterns
of the two probes are distinct, suggesting
that there is spatial specificity of tyrosine
phosphorylation within the neuron.
These data further support the specificity
of 9G3 and indicate that tau phosphorylated at residue 18 is present in neurofibrillary tangles in degenerating neurons.
To demonstrate on a biochemical level
that PHF tau polypeptides contained
tyrosine-phosphorylated tau, PHF preparations were probed with either 4G10 or
anti-PY18 on immunoblots. Both tyrosine phosphorylation-specific probes
labeled PHF tau polypeptides (Fig. 7A,
lanes 2 and 4); we were able to detect 4G10
or anti-PY18 reactivity in three different
PHF preparations tested. In addition, the
reactivity of anti-PY18 decreased to 61 ⫾
8% (SD, n ⫽ 3) after treatment with a
phosphotyrosine phosphatase (Fig. 7A,
lanes 5 and 6). As further confirmation,
Figure 5. AD brain tissue contains tau phosphorylated at tyr18. Sections from the entorhinal cortex of AD brain were labeled PHF filaments, examined by electron
with either 9G3 (left) or AT8 (right) followed by development using DAB and nickel ammonium sulfate (see Materials and Meth- microscopy in four AD brains with short
ods). Magnification in each left panel is identical to that of the adjacent right panel. Scale bars: A, D, 200 m; B, E, 100 m; C, F, 20 postmortem interval (mean ⬍6 hr),
m. Note that AT8 labeled neuropil threads and dystrophic neurites, whereas 9G3 did not.
showed immunogold labeling with anti-
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Figure 7. Sarcosyl-insoluble PHFs contain tyrosine-phosphorylated PHF tau. A, Two micrograms of PHFs were probed with anti-tau (lane 1) or anti-phosphotyrosine mAb4G10 (lane 2);
0.6 g PHFs were probed with anti-tau (lane 3) or anti-PY18 (lane 4); 0.6 g PHFs were probed
with anti-PY18 after the membrane was incubated with phosphotyrosine-specific protein
phosphatase (lane 6). Mock incubation without phosphatase was similarly probed (lane 5). B,
PHFs were labeled with PY20 and 10 nm gold-labeled anti-mouse. Labeled filaments were
visualized by electron microscopy. Control labeling of the preparation was by 46.1 (top panel).
Middle and bottom panels show labeling of nonaggregated (A2) and aggregated (AL2) PHF
preparations, respectively (see Materials and Methods).

Figure 6. Degenerating neurons from the entorhinal cortex of AD brain. Top row shows a
single optical section of a degenerating hippocampal neuron double labeled with CR and 9G3
and visualized by double immunofluorescence confocal microscopy. CR labeling was detected
by Texas Red and 9G3 by Alexa 488 (see Materials and Methods) with the rightmost panel
showing the merged images. Panels below show the merged projections for five neurons. The
projections were created from series of 24 –32 serial sections collected at either 1 or 1.5 m
steps. Scale bars, 20 m.

phosphotyrosine antibody (Fig. 7B). Both nonaggregated (A2) and
aggregated (AL2) insoluble filaments showed labeling.

Discussion
Our identification of tyr18 as the only tyrosine in tau phosphorylated by fyn in a transfected cell system is consistent with the
known canonical substrate sequence determined for fyn (ETYG)
(Dente et al., 1997). Of the five tyrosines in tau, tyr18, located in
the sequence GTYG, bears the highest homology to ETYG. Our
previous studies had shown that tau interacts with the SH3 domain of fyn through a PXXP motif located in the middle of tau
(pro233-pro236). Therefore, phosphorylation of tau at tyr18 by
fyn is likely to involve the folding back of the N terminus of tau
toward its proline-rich area to direct residue 18 to the catalytic
site of fyn. Although the presence of GFP at the N terminus did
not inhibit the phosphorylation of tau by fyn, it appeared capable
of rendering the resulting phospho-tyr18 nonreactive to 9G3 in
fixed cells (Fig. 2h). The ability of the GFP fusion to alter this

property of tau presents a cautionary note toward the use of tau
GFP fusions.
Because the phosphorylation of tau on various serines and
threonines affects its association with microtubules, it has often
been hypothesized that in neurodegenerative disease, phosphorylation of tau contributes to neurodegeneration through the destabilization of microtubules. In investigating the tyrosine phosphorylation of tau, we have determined that this modification
appears to have little effect on the microtubule binding properties
of tau. However, in neuronal cells, the tyrosine phosphorylation
of tau may be directly or indirectly related to phosphorylation at
serine or threonine. The tyrosine phosphorylation of tau may
indicate the presence of activated src family tyrosine kinases that
can also activate serine–threonine kinases capable of phosphorylating tau, or, the tyrosine phosphorylation of tau may indicate
the relocalization of that tau to a specific cellular compartment
where active kinases reside. Tau has been reported in lipid rafts
(Klein et al., 2002), membrane microdomains that contain activated src family kinases, as well as serine–threonine kinases. Our
phosphotyrosine-specific probes will aid in the investigation of
possible relationships between tyrosine, serine, and threonine
phosphorylation of tau.
The ability of PY18 to stain PHF preparations on blots and the
ability of 9G3 to stain neurofibrillary tangles in situ together provide strong evidence that tau is tyrosine-phosphorylated on residue 18 during the neuropathological process. The absence of
9G3 staining of neuropil threads and dystrophic neurites suggests
that there will be heterogeneity in the phosphorylation of PHFs as
isolated from diseased brains. It appears that the abundance of
phosphotyrosine in a PHF preparation may depend on the proportion of PHFs originating from neurofibrillary tangles versus
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those originating from extensions of the neuronal somata such as
neuropil threads and dystrophic neurites. A preliminary finding
based on an immunocytochemical method of quantitating neuropil threads has estimated that neuropil threads can account for
⬎90% of PHF neuropathology (Mitchell et al., 2000). Therefore,
phosphotyrosine content of PHFs may be much less relative to
the phosphoserine and phosphothreonine content. An additional
variable is that the amount of neurofibrillary tangles relative to
other tau lesions could also depend on the specific anatomical
region of the brain sampled and the stage of the disease (Dickson
et al., 1992; Ghoshal et al., 2002). These factors explain, in part,
why it may be difficult to consistently detect phosphotyrosine in
different PHF preparations (Williamson et al., 2002). In contrast,
the staining of neurofibrillary tangles by 9G3 in brain sections
was consistently noted in our present studies.
Based on immunocytochemistry, several differences between
neurofibrillary tangles and neuropil threads have been previously
described. In particular, using panels of antibodies spanning the
entire tau molecule, several studies have reported that antibodies
directed against the N terminus of tau stain neuropil threads and
dystrophic neurites poorly (Dickson et al., 1992; Endoh et al.,
1993; Bondareff et al., 1994; Ghoshal et al., 2002; Garcia-Sierra et
al., 2003). Therefore, a likely explanation for the lack of 9G3
reactivity in these tau lesions is that the extreme N terminus of tau
is absent, possibly because of proteolysis. Our staining of brain
sections with the CR antibody confirmed this result (unpublished
data). Nevertheless, the possibility that the N terminus was
present but inaccessible to antibody has yet to be ruled out.
The differential labeling of neurofibrillary tangles within neurons using antibodies that recognize different phosphorylation
states of tyrosine18 (Fig. 6) is the first evidence that abnormal
phosphorylation of tau may be spatially regulated within the degenerating neuron. Differential phosphorylation of tau in normal
neurons has been previously described (Papasozomenos and
Binder, 1987; Mandell and Banker, 1996). Tyrosine phosphorylation of tau within the neuron could be regulated at the levels of
(1) the interaction between tau and the SH3, perhaps by tau
phosphorylation and/or alternative splicing (Zamora-Leon et al.,
2001), (2) the activation of tyrosine kinases, or (3) the activation
of protein phosphotyrosine phosphatases.
Recently, it has been reported that tau phosphorylated on
tyr29 was upregulated in the presence of A␤ and was present in
PHFs (Williamson et al., 2002). The identification of tyr29 as a
phosphorylated site was based on the in vitro phosphorylation of
tau by lck, a src family kinase found commonly in lymphocytes.
Although we could rule out the phosphorylation of tyr29 by fyn
in transfected cells, our phosphorylation-specific probes did not
allow us to detect the possible phosphorylation of tyr29 by other
tyrosine kinases in neuronal cells. At the same time, we recognize
the presence of some level of generic phosphotyrosine antibodies
in affinity-purified polyclonal antibody preparations (Fig. 4 A)
and acknowledge that the reactivity of such preparations to tau
may involve phosphorylation at sites other than tyr18 and 29 by
kinases other than fyn and lck. Our hypothesis that tyr18 is phosphorylated in PHF is strongly supported by the reactivity of
monoclonal antibody 9G3 to fixed AD tissue. The surface plasmon resonance data for this monoclonal suggests that its affinity
for the phosphorylated tau sequence is ⬃10 5 times higher than its
affinity for the nonphosphorylated sequence with the KD of the
antibody being in the picomolar range. We also showed that 9G3
does not react to a tyrosine-phosphorylated peptide containing
the fyn substrate sequence (ETYG), underscoring its specificity
for the sequences around tyr18. As the sequences surrounding the
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other tyrosines in human tau do not bear resemblance to the
tyr18 area, it is unlikely that 9G3 might recognize a phosphotyrosine in human tau other than tyr18. However, our data does
not address the possibility that our neurofibrillary tangle staining
may, in part, result from the presence of another neuronal protein that contains a phospho-tyr18-like sequence. Therefore, appropriate caution should be exercised.
We have previously speculated that during neurodegeneration, if fyn were to become activated, a mitogenic or cellproliferative response might ensue, leading to the tyrosine phosphorylation of tau (Lee et al., 1998). Interestingly, tyrosinephosphorylated tau has also been reported in human prostate
cancer cells (Sangrajrang et al., 1998), and it was previously found
that tau could be tyrosine-phosphorylated in vitro by the oncogene v-fms, a src family tyrosine kinase expressed in human histiocytic lymphoma cells (Kim et al., 1991). Because cancer and
oncogenes are associated with abnormal cell proliferation, these
findings in non-neuronal cells may serve to link the tyrosine
phosphorylation of tau to cell signaling pathways that turn on cell
growth. Using in situ hybridization, it has been shown that AD
brain contains neurons that are tetraploid (Yang et al., 2001).
These data provide strong evidence for the hypothesis that the
neuron is attempting a re-entrance into the cell cycle (for review,
see Arendt, 2000; Herrup and Yang, 2001; Lu et al., 2003) and are
consistent with the hypothesis that the degenerating neuron is
recapitulating an early developmental state (Bramblett et al.,
1993; Goedert et al., 1993). A role for fyn in development has
been shown in fyn-deficient mice (Grant et al., 1992; Lowell and
Soriano, 1996). In addition, fyn participates in the cell cycle (Yasunaga et al., 1996; Sette et al., 2002). Together with the data of
Shirazi and Wood (1993) demonstrating the upregulation in fyn
in AD brain, our present studies showing the presence of a fyn
phosphorylated site in PHF tau further support a role for fyn in
neuropathogenesis.
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