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In Alzheimer’s disease the neuronal microtubule-associated protein tau becomes highly
phosphorylated, loses its binding properties, and aggregates into paired helical filaments.
There is increasing evidence that the events leading to this hyperphosphorylation are
related to mitotic mechanisms. Hence, we have analyzed the physiological phosphory-
lation of endogenous tau protein in metabolically labeled human neuroblastoma cells
and in Chinese hamster ovary cells stably transfected with tau. In nonsynchronized
cultures the phosphorylation pattern was remarkably similar in both cell lines, suggest-
ing a similar balance of kinases and phosphatases with respect to tau. Using phos-
phopeptide mapping and sequencing we identified 17 phosphorylation sites comprising
80–90% of the total phosphate incorporated. Most of these are in SP or TP motifs, except
S214 and S262. Since phosphorylation of microtubule-associated proteins increases dur-
ing mitosis, concomitant with increased microtubule dynamics, we analyzed cells mitot-
ically arrested with nocodazole. This revealed that S214 is a prominent phosphorylation
site in metaphase, but not in interphase. Phosphorylation of this residue strongly de-
creases the tau–microtubule interaction in vitro, suppresses microtubule assembly, and
may be a key factor in the observed detachment of tau from microtubules during mitosis.
Since S214 is also phosphorylated in Alzheimer’s disease tau, our results support the
view that reactivation of the cell cycle machinery is involved in tau hyperphosphoryla-
tion.

INTRODUCTION

Microtubule-associated proteins (MAPs)1 are key fac-
tors regulating microtubule dynamics in living cells.
These proteins bind to microtubules in a nucleotide-
insensitive way, leading to an overall stabilization of

the microtubule network. Microtubules are involved
in highly dynamic cellular events: they drive neurite
outgrowth and are responsible for correct chromo-
some segregation at mitosis (reviewed by Kosik and
McConlogue, 1994; Schoenfeld and Obar, 1994; Hy-
man and Karsenti, 1996). There is much evidence that
the modulation of the MAP–microtubule interaction is
regulated by the phosphorylation state of MAPs. Tau
protein, a class of mammalian MAPs in brain, is pre-
dominantly found in the axons of neurons (Binder et
al., 1985), where it is thought to support axonal trans-
port by stabilizing axonal microtubules. As in the
related proteins MAP2 and MAP4, the microtubule-
binding region of tau (Figure 1) is located in the C-
terminal half of the protein. It includes three or four
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pseudorepeats of ;31 residues each depending on the
isoform (Lee et al., 1988; Goedert et al., 1989; Himmler
et al., 1989). The repeats are flanked by basic, proline-
rich stretches that help to target the protein to the
microtubule (Butner and Kirschner, 1991; Brandt et al.,
1994; Goode and Feinstein, 1994; Gustke et al., 1994).
The N-terminal part of the molecule is more acidic and
does not interact with microtubules (projection do-
main). In Alzheimer’s disease (AD), tau becomes de-
tached from microtubules and aggregates into the
paired helical filaments (PHFs), a hallmark in the AD
neurofibrillary pathology (review by Kosik and
Greenberg, 1994). Tau isolated from these aggre-
gates is highly phosphorylated, about 4 times as
much as tau from brain tissue of nondemented in-
dividuals (Ksiezak-Reding et al., 1992; Köpke et al.,
1993). Mapping of phosphorylation sites of PHF-tau
by mass spectrometry revealed that many of the
residues phosphorylated are of the Ser-Pro/Thr-Pro
type, predominantly located in the proline-rich re-
gion (Morishima-Kawashima et al., 1995). Some of
these can be detected with phosphorylation-depen-
dent antibodies (reviewed by Kosik and Greenberg,
1994; Mandelkow et al., 1995).

There is increasing evidence that mitotic mecha-
nisms may be involved in the abnormal phosphoryla-
tion of tau in AD neurons: 1) Tau from fetal brain
tissue, still undergoing cell division, has an elevated
phosphate content and is recognized by diagnostic
phosphorylation-dependent AD antibodies (Kane-
maru et al., 1992; Brion et al., 1993; Kenessey and Yen,
1993, Matsuo et al., 1994). 2) In several cell lines the
phosphorylation of tau is increased specifically during
mitosis (Pope et al., 1994; Preuss et al., 1995; Vincent et
al., 1996; Preuss and Mandelkow, 1998). 3) There is a
tight link between apoptosis and the cell cycle machin-
ery (for reviews see Pandey and Wang, 1995; King and
Cidlowski, 1995) and induction of mitosis in postmi-
totic neuronal cells leads inevitably to cell death (Park
et al., 1996). 4) Furthermore, apoptosis is indeed ele-
vated in hippocampal brain tissue in AD (Smale et al.,
1995; Li et al., 1997). A current hypothesis for the
AD-specific phosphorylation of tau therefore states
that the affected neurons try to reenter the prolifera-
tive phase as a result of some hitherto unknown insult.
Thus, turning on the “inappropriate” program ulti-
mately drives the cells into apoptosis, explaining the
massive loss of neurons from AD brains.

Many of the investigations of tau phosphorylation
in living cells have concentrated on immunocyto-
chemical detection of phosphorylation sites with diag-
nostic AD antibodies, thus limiting the analysis to
those sites where antibodies were available (reviewed
by Friedhoff and Mandelkow, 1998). To overcome
these limitations we have analyzed tau from metabol-
ically radiolabeled cells by two-dimensional (2D)
phosphopeptide mapping. This approach allows the

detection of all phosphorylation sites, including those
not seen by antibody labeling, and allows relative
quantification (Boyle et al., 1991). We investigated two
cell lines in parallel, the LAN-5 neuroblastoma cells
(Seeger et al., 1982) that express moderate levels of tau
protein endogenously (Greenwood and Johnson,
1995), and a Chinese hamster ovary (CHO) cell line
stably transfected with the longest human tau isoform
(htau40; Preuss et al., 1995). Using recombinant tau
protein phosphorylated in vitro with different kinases
to generate reference phosphopeptides, we identified
the 17 major in vivo phosphorylation sites in the two
cell lines corresponding to 80–90% of the total radio-
label incorporated. The overall pattern in the neuronal
and nonneuronal cells was remarkably similar, show-
ing that transfected CHO cells can function as a cell
model to study tau phosphorylation. Most of the sites
are of the Ser-Pro/Thr-Pro type except S214 and S262.
Transfected CHO cells arrested in metaphase show
enhanced phosphorylation in several peptides, includ-
ing T153, T181, S202/T205, T212/T217, and S214. The
first four peptides are phosphorylated by cdc2 in vitro,
suggesting that this kinase could be involved in the
phosphorylation of MAPs during mitosis. S214 can be
rapidly and selectively phosphorylated in vitro by
PKA, and this single site strongly affects tau’s ability
to bind and stabilize microtubules. Thus, phosphory-
lation at S214 by PKA or an equivalent kinase could
contribute to the increase in microtubule dynamics
during mitosis. In addition, S214 has recently been
shown to be part of the epitope of the antibody AT 100
that specifically recognizes PHF-tau (Hoffmann et al.,
1997; Zheng-Fischhöfer et al., 1998). The knowledge of
the physiological phosphorylation sites will be also
applicable to primary neurons to monitor the changes
in tau phosphorylation due to various insults (e.g.,
amyloid toxicity, oxidative stress).

MATERIALS AND METHODS

Proteins
Human tau cDNA clones were kindly provided by M. Goedert
(Goedert et al., 1989), mitogen-activated protein kinase (MAPK) and
its activating kinase (MEK) were kindly provided by F. Döring and
B. Berling (Döring et al., 1993). Proteins were expressed in Escherichia
coli using variants of the pET vector (Studier et al., 1990). Recombi-
nant tau protein was purified by making use of its heat stability and
by Mono S fast protein liquid chromatography (Hagestedt et al.,
1989). MAP/microtubule affinity-regulating kinase (MARK) and the
neuronal cdc2-like kinase cdk5 were prepared from porcine brain as
described previously (MARK, Drewes et al., 1995; cdk5, Baumann et
al., 1993). GSK-3b was expressed in active form in E. coli following
the procedure of Wang et al. (1994); the original clone was gener-
ously provided by J.R. Woodgett. cAMP-dependent protein kinase
(PKA) was obtained from Promega (Madison, WI).

The kinase cdc2 was immunoprecipitated from HeLa-S3 cells
after mitotic arrest with 0.4 mg/ml nocodazole. Cells were initially
lysed in hypotonic 10 mM phosphate buffer (pH 7.0) containing 5
mM MgCl2, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 10 mM
b-glycerophosphate, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml
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pepstatin, 1 mg/ml aprotinin. After the addition of 0.5 M NaCl (final
concentration) and further homogenization, the homogenate was
centrifuged at 4°C for (148,000 3 g). The supernatant was dialyzed
against SP-Sepharose buffer A (50 mM 2-(N-morpholino)ethanesul-
fonic acid, pH 6.5, 2 mM EGTA, 0.5 mM dithiothreitol, 0.2 mM
PMSF, 3 mM MgCl2, 0.5 mM benzamidine, 0.2 mM sodium vana-
date, 0.02 mM sodium fluoride, 0.01% Brij 35), loaded onto a SP-
Sepharose column, and eluted in 40 ml buffer B (buffer A with 0.5 M
NaCl). Fractions (2 ml) were assayed for cdc2 activity on phospho-
cellulose paper discs (Life Technologies, Gaithersburg, MD) (Cas-
nellie, 1991), using the modified histone H1 peptide PKTPKKAKKL
as substrate (Beaudette et al., 1993). Active fractions were pooled
and immunoprecipitated with an anti-cyclinB-antibody (generous
gift from G. Draetta, Mitotix, Cambridge, MA).

Construction of the GFP-tau Vector
The multicloning site in the pEGFP-N1 vector (Clontech, Palo Alto,
CA) upstream of GFP was removed with the restriction endonucle-
ases NheI and BamHI. Oligonucleotides carrying XbaI and BglII
restriction sites were ligated into the open frame to omit the NheI
and BamHI restriction sites. To create a new multicloning site down-
stream of GFP, the vector was cut open with Bsp1407 I and NotI.
36-oligomers containing NdeI, EspI, NheI, and BamHI restriction sites
were inserted. Tau protein was excised from a bacterial expression
vector (pNG2; Gustke et al., 1994) and cloned into the NdeI BamHI
site to gain a fusion protein with GFP fused to the N terminus of tau.

Transfection
CHO cells were plated onto LabTek chambered cover glass (NUNC,
Naperville IL) at 70% confluency the day before transfection. Trans-
fection was carried out with Dotap (Boehringer, Mannheim, Ger-
many) according to manufacturer’s instructions.

Phosphorylation Reactions
Phosphorylation reactions were carried out in 40 mM HEPES (pH
7.2) containing 10 mM tau protein, 5 mM MgCl2, 2 mM dithiothre-
itol, 5 mM EGTA, 0.2 mM PMSF, and 1 mM [g32P]-ATP (100–200
Ci/mol). Phosphorylation was assayed in SDS gels (Steiner et al.,
1990).

Cell Culture
CHO cells stably transfected with the longest human tau isoform
htau40 (Preuss et al., 1995) or with a GFP-htau40 construct were
grown in HAM’s F12 medium supplemented with 10% FCS (Bio-
chrom, Berlin, Germany) in the presence of 600 mg/ml Geneticin
(G-418). LAN-5 human neuroblastoma cells (Seeger et al., 1982) and
HeLa-S3 cells were grown in RPMI 1640 medium supplemented
with 10% FCS. HeLa-S3 cells grown in spinner cultures were mitot-
ically arrested by overnight treatment with 0.4 mg/ml nocodazole
(Sigma, Deisenhofen, Germany).

Cell Extracts
For Western blot analysis of tau protein only, total cell extracts of
CHO cells transfected with htau40 and LAN-5 neuroblastoma cells
were prepared by lysing subconfluent cells on ice in a hypotonic
buffer containing 50 mM Tris (pH 7.4), 2 mM EGTA, 2 mM EDTA,
20 mM NaF, 0.1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml aprotinin,
1 mg/ml pepstatin, 10 mM benzamidine, 1 mM microcystine, and 0.1
M ocadaic acid. Extracts were centrifuged immediately at 15,800 3
g for 10 min at 4°C. Supernatants were treated with perchloric acid
(2.5% final concentration) for 15 min at room temperature. After
centrifugation (15,800 3 g for 10 min at 4°C) tau protein remaining
in the supernatant was precipitated with trichloroacetic acid (15%
final concentration, 15 min on ice) and centrifuged (15,800 3 g for 10
min at 4°C). Trichloroacetic acid pellets were either resuspended

directly in sample buffer or, for dephosphorylation with alkaline
phosphatase, they were washed with ice-cold ethanol, air-dried, and
dephosphorylated according to manufacturer’s instructions. Sam-
ples were run on 10% SDS gels. To analyze the tau and tubulin
content of interphase and nocodazole-treated cells without and after
extraction, cells were treated with 1% Triton-X 100 in an MT-
stabilizing buffer (MTSB: 80 mM piperazine-N,N9-bis(2-ethanesul-
fonic acid), pH 6.9, 1 mM MgCl2, 1 mM EGTA, 4% polyethyleneg-
lycol) for 10 s. Triton and the extracted proteins were removed by a
brief wash in MTSB and subsequent lysis in hypotonic buffer. After
centrifugation (15,800 3 g for 10 min at 4°C) SDS sample buffer was
added to the supernatants.

SDS-PAGE and Western Blotting
Extract samples were electrophoresed on 10% SDS-polyacrylamide
gels (perchloric acid-soluble fraction from 1 3 106 CHO cells and
1 3 107 LAN-5 cells, respectively, per lane) and transferred electro-
phoretically to polyvinylidene difluoride membranes (Millipore,
Eschborn, Germany). Residual membrane-binding sites were
blocked with 5% nonfat dry milk in Tris-buffered saline after incu-
bation with the monoclonal antibody T46 (1:6000). Bound antibody
was detected with a peroxidase-conjugated antibody and visualized
using ECL according to manufacturer’s instructions (Amersham-
Buchler, Braunschweig, Germany). Densitometric analysis was car-
ried out using the TINA 2.09f software from Raytest GmbH
(Straubenhardt, Germany). For immunoblot analysis, recombinant
htau23 and htau40 from E. coli were isolated by fast protein liquid
Mono S (Pharmacia, Freiburg, Germany) chromatography on the
basis of its heat stability (for details see Hagestedt et al., 1989).

Immunofluorescence and Microscopy
Cells were washed in an MTSB (80 mM piperazine-N,N9-bis(2-
ethanesulfonic acid), pH 6.9, 1 mM MgCl2, 1 mM EGTA, 4% poly-
ethyleneglycol) and subsequently fixed in methanol (5 min at
220°C). For extraction experiments, cells were extracted with 1%
Triton-X 100 in MTSB for 10 s before methanol fixation. Time and
fixative were crucial for differential extraction. Prolonged incuba-
tion with Triton-X 100 almost completely removed tau protein from
all cells irrespective of cell cycle stage and also affected cellular
microtubules (our unpublished observations). Paraformaldehyde
fixation was not applicable, since the cellular localization of tau is
altered: instead of colocalizing with microtubules, tau protein is
distributed throughout the cytoplasm, a phenomenon that has been
described previously (Schliwa et al., 1981). Hence, only methanol
fixation represented the in vivo distribution of tau as was deter-
mined by live observation of EGFP-Tau-expressing CHO cells. The
rabbit polyclonal anti-tau antibody (Dako, Hamburg, Germany) and
the monoclonal anti-a-tubulin antibody DM1A (Sigma, Deisen-
hofen, Germany) were used at 1:300 and 1:200 dilutions, respec-
tively. Fluorescently labeled (FITC and TRITC) secondary antibod-
ies were obtained from Dianova (Hamburg, Germany). Samples
were examined using an Axioplan fluorescence microscope (Zeiss,
Jena, Germany). Pictures were taken with a cooled CCD camera
(Visicam, Visitron, Puchheim, Germany) using the MetaMorph soft-
ware package (Visitron). In vivo observation of cells transfected
with GFP-htau40 was conducted with an inverted Axiovert 10 mi-
croscope (Zeiss) using filters for FITC fluorescence.

Metabolic Labeling and Immunoprecipitation
Both stably transfected CHO cells and LAN-5 neuroblastoma cells
grown in 75-cm2 culture flasks were preincubated for 60 min in
phosphate-free MEM (Life Technologies) containing 10% FCS dia-
lyzed against 20 mM HEPES. Subsequently [32P]-orthophosphate
(0.7 mCi/ml) was added to the media and cells were then incubated
for 4 h. Cells were lysed on ice in the hypotonic 10 mM phosphate
buffer (pH 7.0) described above and immediately centrifuged at
15,800 3 g for 10 min. The supernatant was boiled for 5 min and
again centrifuged at 15,800 3 g for 10 min. (15 mg) Polyclonal rabbit
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anti-Tau antibody (Dako) was added and incubated under constant
agitation at 4°C for 2 h. (50 ml) Protein-A/G-Sepharose beads (Di-
anova, Hamburg, Germany) were added and incubation was con-
tinued overnight. The immune complexes were recovered by cen-
trifugation and rinsed four times in immunoprecipitation buffer. To
arrest CHO cells in metaphase, 0.4 mg/ml nocodazole (Sigma) was
added to the phosphate-free medium (DeBrabander et al., 1986).
Mitotic cells were detached by mechanical shake-off. Lysis of cells
and immunoprecipitation were carried out as described above.

Sequencing and Mass Spectrometric Analysis of
Peptides
Fractionated peptides were sequenced on a 476-A Liquid Phase
Protein Sequencer (Applied Biosystems, Weiterstadt, Germany).
Mass spectrometry was performed using a MALDI II instrument
(Matrix Assisted Laser Desorption/Ionization, Shimadzu, Duis-
burg, Germany). Phosphorylated serine was determined by the
formation of the dithiothreitol adduct of dehydroalanine (Meyer et
al., 1993). Phosphothreonine was determined by the loss of the
threonine peak in the sequence and by the 80-Da mass increase (as
seen by MALDI) due to the incorporated phosphate.

Phosphopeptide Mapping by Thin-Layer
Electrophoresis/Chromatography and HPLC
After in vitro phosphorylation, kinase proteins were removed by
boiling the samples in 0.5 M NaCl, 5 mM dithiothreitol and centrif-
ugation. Tau remains in the supernatant and was precipitated by
15% trichloroacetic acid on ice. Tau protein immunoprecipitated
from cells was resolubilized in SDS-sample buffer and boiled for 5
min. Electrophoresis was carried out on a 10% SDS polyacrylamide
gel, and the unstained gel was subjected to autoradiography to
identify labeled tau protein. Tau bands were cut out of the gel and
eluted overnight in 50 mM NH4HCO3 buffer (pH 7.4) containing
0.1% SDS and 5% b-mercaptoethanol. Before precipitation by 15%
trichloroacetic acid, 20 mg recombinant htau 40 were added. Cys-
teine residues were modified by performic acid (Hirs, 1967). The
protein was digested overnight with trypsin (Promega, sequencing
grade) in the presence of 0.1 mM CaCl2, using two additions of the
enzyme in a ratio of 1:10–1:20 (wt/wt).

2D phosphopeptide mapping on thin-layer cellulose plates (Ma-
cherey and Nagel, Düren, Germany) was performed according to
Boyle et al. (1991). First-dimension electrophoresis was carried out at
pH 1.9 in formic acid (88%)/glacial acetic acid/water (50:156:1794),
second-dimension chromatography at pH 3.5 in n-butyl alcohol/
pyridine/glacial acetic acid/water (150:100:30:120). For the map-
ping of phosphorylation sites by sequencing, 400 mg of recombinant
htau40 were phosphorylated with cdc2, cdk5, MEK/MAPK, and
GSK-3b in the presence of 1 mM [g32P]-ATP (150 Ci/mol) for 16 h.
Samples were treated as described above and digested with trypsin.
Separation of peptides was performed by HPLC on a Vydac
218TP52 column using a gradient of 0% acetonitrile, 0.075% triflu-
oroacetic acid to 50% acetonitrile, 0.05% trifluoroacetic acid in 150
min with a flow rate of 80 ml/min (Smart System, Pharmacia).
Radioactive fractions were rechromatographed on a mRPC C2/C18
SC2.1/10 column (Pharmacia) using a gradient of 0% acetonitrile,
0.075% trifluoroacetic acid to 50% acetonitrile, 0.05% trifluoroacetic
acid in 60 min with a flow rate of 0.1 ml/min. Sequence analysis of
peptides was performed using 476-A pulsed liquid phase sequencer
and a 120-A online phenylthiohydantoin-derivative analyzer (Ap-
plied Biosystems). Phosphoserines and -threonines were modified
with ethanethiol before sequencing and subsequently identified as
S-ethylcysteine and b-methyl-S-ethylcysteine, respectively (Meyer
et al., 1993). For the case of phosphorylation by GSK-3b, 100 mg of
htau40 were phosphorylated with [g32P]-ATP, digested with tryp-
sin, and separated on 10 TLC plates (10 mg peptide mix per plate).
The peptide spots were then scratched out of the plates and recov-
ered as described by Boyle et al. (1991) and further purified on a

Vydac reverse phase column. The radioactive fractions were then
analyzed by MALDI and sequencing.

Phosphoamino Acid Analysis
Aliquots of digestion samples were partially hydrolyzed in 6 N HCl
(110°C, 60 min) and analyzed by 2D electrophoresis at pH 1.9 and
pH 3.5 according to Boyle et al. (1991).

Tau-Microtubule Binding Assay
Binding curves between tau and microtubules were obtained as
described (Gustke et al., 1994). Microtubules were stabilized by
taxol, which allows one to measure binding independently of mi-
crotubule dynamics. Microtubule-bound and free tau fractions were
separated by centrifugation, run on SDS gels, and stained with
Coomassie brilliant blue R250. The gels were scanned on an HP
ScanJet 4c and evaluated with the Tina 2.0 software (Raytest,
Straubenhardt, Germany). The data can be fitted by nonlinear re-
gression using the standard binding equation for a macromolecule
containing equivalent and noninteracting ligand-binding sites:
[Taubound] 5 n[Mto][Taufree]/{Kd 1 [Taufree]}.

Video Microscopy of Microtubule Assembly
This was done as described previously (Trinczek et al., 1995): 25 mM
PC-tubulin and 10 mM tau isoforms or constructs were mixed. A
portion of the samples (0.5 ml) was put on a slide, covered with 18 3
18 mm coverslips, sealed, and warmed up to 37°C with a controlled
air flow within 5 s. Observation began ;15 s after temperature shift
to 37°C; the number of microtubules per volume of the monitor field
was recorded by focussing through the whole depth of the field and
counted later from the video frames. Each assay was done for 10
fields and repeated three times. The monitor field contained an area
of 73 3 54 mm2 (;4000 mm2), the depth of the solution was ;3–4
mm, and focal depth was ;1–2 mm.

RESULTS

Expression and Phosphorylation of tau in
Nonsynchronized LAN-5 and CHO Cells
The major function of the neuronal MAP tau is to bind
to and hence stabilize axonal microtubules. This is
important for maintaining axonal transport and defin-
ing the polarity of a neuron. Tau protein can roughly
be subdivided into two domains, the N-terminal pro-
jection domain, followed by the C-terminal microtu-
bule-binding domain (Figure 1). Phosphorylation is
thought to be the key factor regulating tau–microtu-
bule interaction. Earlier studies on tau phosphoryla-
tion have shown that tau protein can be phosphory-
lated by several kinases in vitro and that most
phosphorylation sites lie in the microtubule-binding
domain. Several of these sites are recognized by phos-
phorylation-dependent antibodies that have been
used to characterize Alzheimer tau and to monitor
phosphorylation in living cells (reviews by Johnson
and Jenkins, 1996; Friedhoff and Mandelkow, 1998).
However, the immunocytochemical detection of phos-
phorylation sites is limited to the antibodies available.
We therefore used 2D phosphopeptide mapping of
metabolically radiolabeled cells to visualize all phos-
phopeptides present. In addition, the amount of radio-
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label incorporated can be used for relative quantifica-
tion.

LAN-5 cells (a human neuroblastoma cell line;
Seeger et al., 1982) express the two smallest tau
isoforms, htau23 and htau24, endogenously (Figure
2, lanes 4,5). This is sufficient for analysis if a large
number of cells are averaged without regard to
stages of the cell cycle. However, to monitor tau
phosphorylation in different stages of the cell cycle,
we had to turn to CHO cells stably transfected with
tau (htau40 isoform, Figure 2, lane 2) which express
5–10 times the amount of tau compared with LAN-5
cells (200 –300 ng tau/107 cells in CHO cells, com-
pared with 20 –50 ng/107 LAN-5 cells). The justifi-
cation for using transfected CHO cells overexpress-
ing tau protein as a model for cells of neuronal
origin comes from the similarity of their tau phos-
phorylation patterns (as shown below). Judging
from Western blots, the phosphorylation of tau in
both cell lines generates several subspecies of each
isoform that migrate at higher apparent Mr values
(Figure 2, lanes 2 and 4), but dephosphorylation
with alkaline phosphatase increases the electro-
phoretic mobility to that of the corresponding re-
combinant proteins expressed in E. coli (shown for
LAN-5 in Figure 2, lane 5). The Mr shift is a rough
indicator of phosphorylation but cannot be used to
quantify the extent since the various phosphoryla-
tion sites differ greatly in their effect on the electro-
phoretic mobility of tau in the gel (Lichtenberg-
Kraag et al., 1992).

When LAN-5 cells were metabolically labeled
with [32P]-orthophosphate (0.7 mCi/ml) for 4 h,
their 2D maps of tau phosphopeptides revealed a

complex pattern of 23 individual spots (Figure 3a).
For CHO cells this procedure yielded a surprisingly
similar map in spite of the different origins of these
cell types and the different isoforms expressed (Fig-
ure 3b). Some minor spots occurring in CHO, but
not in LAN-5, cells are due to the phosphorylation
of S46 and T50 in the additional inserts present in
htau40. The two maps are similar not only in terms
of signals detected, but also in their relative inten-
sities (Table 1). This is strong evidence that the
balance of kinases and phosphatases is similar in the
two cell lines. The major spots correspond to pep-
tides S396/S404, T175/T181, S202, S202/T205* (pep-
tide S195-R209 with two phosphate groups, one at
S202, the other at either T205 or S199 or S198), S235,
and S404. As additional phosphopeptides we found
T153, T181, S199, T212, S214, T217, T231/S235, S262,
and S422 (for identification see below and Figure 6).
All identified signals together comprise 88% of the
incorporated phosphate in CHO cells, and 78% in
LAN-5 cells (Table 1 and Illenberger, unpublished
results). The most intense signal in both peptide
maps (Ser396/Ser404, Figure 3, a and b) contained
31% and 24%, respectively, leaving only a residual
12% (CHO) and 22% (LAN-5) phosphate incorpo-
rated into a few minor unidentified phosphopep-
tides. Note, however, that the total extent of phos-
phorylation cannot be obtained from the maps
because nonphosphorylated peptides cannot be de-
tected with this method. It is probably much smaller
than suggested by the number of sites; from immu-
nocytochemical analyses with phosphorylation-de-
pendent antibodies we estimate that the average tau
molecule contains about two to three phosphates in

Figure 1. Bar diagram of the longest human tau isoform (htau40) in human CNS, used for transfection of CHO cells in this study. The
identified phosphorylation sites are shown. Tau protein can be subdivided into an N-terminal projection domain and a C-terminal binding
domain. Only the latter interacts with microtubules. It contains three or four repeats (R1-R4) that are flanked N-terminally by a proline-rich
region (P) that extends into the projection domain and harbors most of the Ser/Thr-Pro motifs. The six tau isoforms in human CNS are
generated by alternative splicing (0, 1, or 2 inserts near the N terminus shown as shaded boxes, and repeat R2 present or absent). The
endogenous tau in LAN-5 cells consists of only two isoforms, htau23 and htau24 (no inserts, repeat R2 absent or present). The identified
phosphorylation sites are located mainly in the proline-rich region upstream of the repeats. Except for S214, all of these sites are of the
proline-directed type. The only KXGS motif found to be phosphorylated in vivo is S262 located in the first repeat.
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LAN-5 cells and probably even less in CHO cells
(apart from mitosis, see below).

Tau Phosphorylation in Interphase and in
Mitotically Arrested CHO Cells
In a previous immunocytochemical study we had
shown that in stably transfected CHO cells tau protein
becomes highly phosphorylated during mitosis (sev-
enfold increase), which appeared to correlate with the
detachment of tau from the microtubules and the re-
arrangement of the microtubule network (Preuss et al.,
1995). To further analyze the tau–microtubule interac-
tion, we observed living CHO cells expressing a GFP-
tau fusion protein. The microtubule network is stained
in interphase cells due to GFP-tau binding to cellular
microtubules (Figure 4a, left panel) in agreement with
Ludin et al. (1996). In mitotic cells (Figure 4a, right
panel) the green fluorescence is mainly distributed
throughout the whole cytosol with some more intense

staining of the mitotic spindle, suggesting that a sig-
nificant amount of tau protein becomes detached from
microtubules. To be able to visualize tau and micro-
tubules at the same time, we performed indirect im-
munofluorescence in stably transfected CHO cells ex-
pressing the longest human tau isoform, htau40
(Preuss et al., 1995). Cells were fixed in methanol,
either without prior extraction of cytosolic proteins or
after treatment for 10 s with 1% Triton-X 100 (Figure
4b). In untreated interphase cells, tau protein colocal-
izes with microtubules. In mitotic cells, however, there
is pronounced tau staining in the cytosol in addition to
staining of the mitotic spindle (Figure 4b, upper right
panel), similar to mitotic living cells expressing GFP-
tau (compare Figure 4a, right panel). If cytosolic pro-
teins were removed by brief extraction with Triton-X
100 (Figure 4b, lower two panels; according to the
procedure of Melan and Sluder, 1992), the distribution
of tau in interphase cells was not altered, whereas in
mitotic cells the cytosolic tau staining had disap-
peared. Only tau bound to spindle microtubules re-
mained in these cells (Figure 4b, lower right panel).
This result further indicated that a significant fraction
of tau protein did not bind to microtubules during
mitosis. The fixation procedure was crucial for the
demonstration of this effect. Prolonged extraction
washed out all tau protein from the cell. Paraformal-
dehyde, for some reason, detaches tau from microtu-
bules (also described by Schliwa et al., 1981) abolishing
the colocalization of tau and microtubules.

To get a more quantitative estimate of the changes in
the binding of tau during mitosis, we performed a
Western blot analysis of cell extracts from nonsyn-
chronized (interphase) and nocodazole-treated (M-
phase) cells and compared the tau and tubulin levels
before and after Triton extraction (Figure 4c). Western
blots were analyzed densitometrically to asses relative
tau to tubulin ratios. The amount of tubulin between
untreated and extracted cell pellets did not signifi-
cantly change throughout the cell cycle (lanes 1–4),
indicating that the nonextractable polymer mass of
tubulin essentially remains the same. In interphase
cells, Triton extraction had no effect on the amount of
tau remaining in the pellet, indicating that most tau
protein in interphase cells is bound to microtubules
(lanes 6 and 7). In contrast, the tau level remaining in
the pellet of mitotic cells was drastically reduced to
about 22% due to detergent extraction (lanes 8 and 9).
This result confirmed that tau becomes indeed de-
tached from microtubules during mitosis. It is widely
accepted that tau phosphorylation is a key factor reg-
ulating tau–microtubule interactions. Hence, we
wanted to determine the phosphorylation sites re-
sponsible for the changes in tau–microtubule interac-
tion during mitosis. We therefore performed a mitotic
arrest in tau-transfected CHO cells since they allow
separation of metaphase and remaining interphase

Figure 2. Western blot analysis of tau protein in stably transfected
CHO cells and LAN-5 neuroblastoma cells. Lane 1, nontransfected
CHO cells, showing that there is no endogenous tau; lane 2, CHO
cells stably transfected with htau40. There are bands of higher Mr
representing different phosphorylation states of the protein. Lane 3,
recombinant htau40 (longest human tau isoform, 441 residues),
showing a single band at Mr 65 kDa; lane 4, tau isolated from LAN-5
neuroblastoma cells. Lane 5, tau from LAN-5 cells after dephosphor-
ylation with alkaline phosphatase, showing two bands that comi-
grate with htau23 (lower) and htau24 (upper) indicating that LAN-5
cells contain these two isoforms (3 or 4 repeats, no N-terminal
inserts) and their phosphorylated derivatives. Lane 6, recombinant
fetal tau (htau23, 352 residues); lane 7, recombinant htau24 (383
residues).
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cells by mechanical shake-off, in contrast to LAN-5
cells where this procedure is not applicable.

In nonsynchronized CHO cell cultures, approxi-
mately 10–15% of the cells are mitotic. Synchroniza-
tion with nocodazole arrests cells mainly in metaphase
(DeBrabander et al., 1986; Jordan et al., 1992). Stably
transfected CHO cells were treated with 0.4 mg/ml
nocodazole while labeled with [32P]-orthophosphate.
Mitotic cells were separated from the remaining inter-
phase cells by mechanical shake-off. Interphase and
metaphase cells were analyzed separately with 2D
thin-layer electrophoresis (TLE)/TLC (Figure 5). The
sevenfold increase in phosphorylation in metaphase
can be attributed to the occurrence of five additional
phosphopeptides as well as a relative increase in the
phosphorylation of T181, T212/T217, and S235 (com-
pare Figure 5, a and b). Table 1 summarizes the rela-
tive intensities of the identified spots. Three of the
additional five peptides could be identified as S202/
T205*, S214, and T153 in similar comparative analyses
as for nonsynchronized cells (Illenberger, unpublished
results). The incorporation of an additional phosphate
group into the peptide S202 (195SGYSSPGSPGT-
PGSR209), which is faintly seen in the interphase sam-
ple (Figure 5a), shifts this peptide to the more acidic
position of S202/T205* (further left in the map). The
asterisk indicates that this doubly phosphorylated
peptide contains a phosphate at S202 plus another one
at either T205, S199, or S198. Since the phosphoryla-
tion-dependent antibody AT-8 recognizes phosphory-
lated S202 and T205, this result confirms our earlier
findings that AT-8 reactivity is only observed in mi-
totic cells (Preuss et al., 1995; hence our nomenclature
of this peak as S202/T205*). The strong signal labeled

S396/S404 in nonsynchronized cells (Figure 3), corre-
sponding to the doubly phosphorylated peptide T386-
R406, has disappeared from interphase and meta-
phase cells. Instead, two new spots have appeared
closer to the anode (Figure 5b, short arrows), probably
corresponding to this peptide in triply phosphory-
lated forms. These peptides would be recognized by
the antibody PHF-1 (Otvos et al., 1994), which is
known to immunostain mitotic cells (Pope et al., 1994;
Preuss et al., 1995). The diffuse spot at the bottom of
the interphase pattern labeled with an asterisk (*)
has disappeared in metaphase (Figure 5, a and b).
This spot contains peptides doubly phosphorylated
at S46 and T50 (Figure 3b and Table 1). The pattern
observed for tau protein from metaphase cells
partly resembles the phosphorylation pattern of re-
combinant tau phosphorylated by the cyclin-depen-
dent kinases cdc2 and cdk5 (see below, Figure 6, a
and b). Since cdc2 activity is high in mitotic cells, it
seems likely that this proline-directed kinase is in-
volved in the in vivo phosphorylation of tau pro-
tein. It is notable that the fraction of phosphothreo-
nine in mitotic cells, 33% of all sites, is much higher
than in nonsynchronized cells (12%, unpublished
results), indicating that the mitotic kinases prefer-
entially phosphorylate TP motifs.

When comparing the signals in interphase and
metaphase CHO cells (Figure 5, a and b) with the
pattern from nonsynchronized CHO cells (Figure 3b),
it becomes obvious that there are significant differ-
ences in signal intensities for certain spots (especially
for S214 and T153, the latter being hardly visible in
nonsynchronized cells; Figure 3b). In addition, not all
signals found in the bulk analysis are represented by

Figure 3. Analysis of tau phosphorylation in LAN-5 and CHO cell lines by 2D thin layer electrophoresis/chromatography. A portion of the
tryptic digest (1000 cpm) was loaded per sample, and autoradiographs were exposed for 6 wk. (a) Tryptic phosphopeptide map of tau protein
immunoprecipitated from transfected LAN-5 neuroblastoma cells. (b) Tryptic phosphopeptide map of endogenous tau protein immunopre-
cipitated from CHO cells.
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simply adding interphase and metaphase signals. This
is, for instance, the case for S262 (not visible in Figure
5), and for the pronounced spot S396/S404, which is
only seen in nonsynchronized cells (not seen in Figure
5 but seen in Figure 3). This peptide could have par-
tially acquired a further phosphate and therefore
shifted to the left in Figure 5b (short arrows), or could,
in part, be dephosphorylated (thus becoming invisi-
ble). These results suggest that the phosphorylation of
tau protein is not only generally higher during mito-
sis, but furthermore, that tau is differentially phos-
phorylated during individual phases of mitosis, so
that analyzing interphase and metaphase cells is not
sufficient to generate all phosphopeptides that occur
throughout the whole cell cycle. This would be con-
sistent with the variations of microtubule dynamics
during the phases of mitosis (e.g., Olmsted et al., 1989;
Belmont et al., 1990), which could involve different
states of tau phosphorylation.

Phosphorylation of tau In Vitro with Kinases cdc2,
cdk5, MAPK, GSK-3b, and MARK, and
Identification of Phosphorylation Sites

In principle, the phosphorylation sites in each spot of
the in vivo maps could be identified by phosphopep-
tide sequencing using established procedures (Meyer
et al., 1993). This would require at least 10 pmol of
material (0.46 mg htau40, assuming phosphorylation is
100%), more than 1000 times the amount present in a
spot of medium intensity. To circumvent this problem,
we expressed tau in E. coli, phosphorylated it in vitro
with several kinases in the presence of [g-32P]-ATP,
and after tryptic digestion we separated the radiola-
beled peptides by TLE/TLC and by HPLC chroma-
tography, respectively. The HPLC experiments
yielded sufficient material to identify the individual
peptides by mass spectroscopy and sequencing. The
spots in the 2D map were determined by running an
aliquot of the total digest together with the identified

Table 1. Identification of phosphorylated residues in vivo and in vitro

Spot Sequence

LAN-5
relative

intensity

CHO
relative

intensity

Interphase
relative

intensity

Metaphase
relative

intensity cdc2 CDK5 MAPK GSK3b MARK

S46/T50a 25 KDQGGYT... 67 2 1 11 2 * *
S46/T50b 24 DQGGYT... 67 2 1 11 2 * *
T153 151 IATPR 155 1 (1) 2 111 * * *
T175 171 IPAKTPPAPK 180 2 2 2 2 *
T181 175 TPPAPKTPPSSGEPPK 190 1 1 1 11 *
T175/T181 171 IPAKTPPAPKTPPSSGEPPK 190 11 11 n.d. n.d. *
S199c 195 SGYSSPGSPGTPGSR 209 1 11 *
S202d 195 SGYSSPGSPGTPGSR 209 11 111 1 2 * *
S202/T205*e 195 SGYSSPGSPGTPGSR 209 11 11 2 11 * * *
T212 210 SRTPSLPTPPTR 221 1 1 n.d n.d. * * *
T212/T217 210 SRTPSLPTPPTR 221 1 1 1 111 *
S214 212 TPSLPTPPTR 221 1 1 2 111 *
T231/S235 226 VAVVRTPPKSPSSAK 240 11 1 n.d. n.d. *
S235f 231 TPPKSPSSAK 240 11 11 11 11 * * *
S262 260 IGSTENLK 267 1 1 2 2 *
S293 291 CGSK 294 2 2 2 2 *
S324 322 CGSLGNIHHK 331 2 2 2 2 *
S356 354 IGSLDNITHVPGGGNK 369 2 2 2 2 *
S396 386 TDHGAEIVYKSPVVSGDTSPR 406 1 1 n.d. n.d. *
S404 396 SPVVSGDTSPR 406 11 111 11 1 * * * *
S396/S404g 386 TDHGAE... 2 1111 1111 2 2 *
S422 407 HLSNVSSTGSIDMVDSPQ... 2 1 1 2 1 *

*, Kinase phosphorylating this site; n.d., not determined; 2, phosphorylation of this site not detected; 1 to 1111, phosphorylation detected
with increasing intensity.
a,b Doubly phosphorylated peptides as determined by MALDI, equal amounts of P-Ser and P-Thr in phosphoamino acid analysis.
c S199 was determined for MAPK, but for the in vivo analysis it can only be concluded to be peptide 195-209 bearing a single phosphate.
d S202 was identified for cdc2 and cdk5; in the vivo analysis it corresponds to peptide 195-209 bearing a single phosphate.
e S202 with an additional phosphorylation at either S198, S199 or T205. Due to AT8 reactivity we conclude that this peptide is phosphorylated

at S202 and T205.
f May occur at two different coordinates in the 2D maps.
g Doubly phosphorylated peptide as determined by MALDI, only P-Ser by phosphoamino acid analysis, containing a small fraction

phosphorylated at S400.

S. Illenberger et al.

Molecular Biology of the Cell1502



peptides (because of their higher concentration, the
marker peptides could be identified in the mixture).
Figure 6 shows experiments in which 400 mg of recom-
binant tau protein were phosphorylated with the ki-
nases cdc2, cdk5, MAPK, GSK-3b (100 mg tau), and
MARK. We chose cdc2 and cdk5 (Figure 6, a and b)
because they have been shown to phosphorylate tau in
vitro (Arioka et al., 1993; Baumann et al., 1993; Paudel
et al., 1993), and because tau’s phosphorylation is up-
regulated in mitotic CHO cells (Preuss et al., 1995).
Since most of the phosphorylation sites detected by
diagnostic phosphorylation-dependent PHF antibod-
ies are of the SP or TP type, we also included mitogen-
activated protein kinase (MAPK), which phosphory-
lates most of the SP or TP motifs in tau and is
associated with microtubules (Drewes et al., 1992;
Morishima-Kawashima and Kosik, 1996; Figure 6c), as
well as GSK-3b (Figure 6d), which is known to be
active in nonsynchronized cells (Woodgett, 1991;
Mandelkow et al., 1992; Lovestone et al., 1994; Song
and Yang, 1995). Finally, we chose MARK (Figure 6e)
because it phosphorylates the KXGS motifs in the
repeats, particularly S262, a residue that has a strong
influence on tau’s binding to microtubules (Biernat et
al., 1993; Drewes et al., 1995; 1997) and shows elevated
phosphorylation in AD (Morishima-Kawashima et al.,
1995).

The kinases cdc2 and cdk5 show a rather similar
phosphorylation pattern. Sites of major phosphate in-
corporation after phosphorylation with cdc2 (Figure
6a) comprise S202, S235, and S404 as well as the dou-
bly phosphorylated peptides T231/S235 and S202/
T205*. Minor signals were detected corresponding to
peptides with phosphorylated T153 or T212. No phos-
phorylation at T231 could be observed for cdk5, since
the peptide T231/S235 was missing (Figure 6b). Fur-
thermore, T181, T175/T181, and S396 could be identi-
fied as additional phosphorylation sites. The non-pro-
line-directed phosphorylation site S214 apparently
generated by cdk5 is probably caused by a minor
contamination with a different kinase since cdk5 was
prepared from brain tissue. Phosphorylation with re-
combinant MAPK (activated by recombinant MEK)
yielded 22 phosphopeptides. The following phosphor-
ylation sites were identified: T153, T175, T181, T175/
T181, S199, S202, S202/T205*, T212, T212/T217, S235,
S396, S404, and S422. The prominent spots generated
by GSK-3b (brief phosphorylation) include S404 and
S396/S404 (containing a small fraction phosphory-
lated at S400), and in addition the doubly phosphor-

Figure 4. Tau–microtubule interaction in transfected CHO cells in
interphase and during mitosis. (a) Observation of a living CHO cell
expressing GFP-tau in interphase (left) and metaphase (right) CHO
cell expressing GFP-tau. Bar, 20 mm. The increased cytosolic GFP-
tau fluorescence in mitotic cells indicates that a large fraction of tau
is not bound to microtubules during mitosis in contrast to inter-
phase, where nearly all tau is associated with microtubules (expo-
sure time of the metaphase cell was one-fifth of that for interphase
cells, since when equal exposure times were used, mitotic cells
would be overexposed and the mitotic spindle would not be dis-
cernible). (b) Indirect immunofluorescence analysis of CHO cells
overexpressing the longest human tau isoform (htau40) without
(upper panels) and after extraction (lower panels) with Triton X-100.
No cytosolic stain, but only tau bound to the mitotic spindle, is
observed after extraction (lower right). Tubulin staining with DM1A
(left panels) and tau staining with polyclonal anti-tau antibody

Figure 4 (cont). (right panels). Bar, 15 mm. (c) Western blot anal-
ysis of total cell extracts, lanes 1–4 DM1A against tubulin, lanes 5–9
T46 against tau protein. Tau levels in interphase cells are unaffected
by extraction (lanes 6 and 7) whereas the tau signal is decreased to
22% in mitotic cells (lanes 8 and 9).
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ylated peptides from the inserts (S46/T50), and S202/
T205*. The spot S396/S404 is also the most prominent
spot in nonsynchronized CHO and LAN-5 cells (Fig-
ure 3, a and b), consistent with the known activity of
GSK-3b in interphase (Lovestone et al., 1994). The
MAP/microtubule affinity-regulating kinase (MARK)
mainly phosphorylates the KXGS motifs, S262, S293,
S324, and S356, as published in Drewes et al., 1995. The
identified phosphopeptides and corresponding ki-
nases as well as relative intensities for signals identi-
fied in CHO and LAN-5 cells (compare Figures 3 and
5) are compiled in Table 1. These peptides served as a
basis to interpret the phosphopeptide pattern of tau in
cells and to identifiy 17 phosphorylation sites. Phos-
phopeptides in the in vivo samples were determined
by running the samples shown in Figure 3 together
with samples derived from in vitro phosphorylation
with MAPK, MARK, and cdc2 (immunoprecipitated
from mitotically arrested HeLa-S3 cells).

As an example for the analysis to identify in vivo
phosphorylation sites, Figure 7 shows the comparison
of the LAN-5 phosphorylation pattern with that of
recombinant tau protein phosphorylated with a crude
immunoprecipitate of cdc2 from mitotically arrested
HeLa cells in vitro. Preliminary experiments (our un-
published data) had shown that if one immunopre-
cipitates cdc2 directly from supernatants of mitotically
arrested HeLa cells, omitting the SP-Sepharose purifi-
cation step, a S214- phosphorylating activity was also
present in the immunoprecipitate. Therefore, we were
able to use this “contaminated” fraction to investigate
both the cdc2 pattern and the position of S214, irre-
spective of the kinase phosphorylating this residue.
This explains why the pattern observed in Figure 7c
differs from that in Figure 6a. However, this does not

affect the identification of phosphopeptides since the
identity of the peptides labeled in Figure 7c had been
confirmed by additional in vitro analysis (our unpub-
lished results). By comparing the in vivo pattern (Fig-
ure 7a) with the cdc2 pattern (Figure 7c) in the control
run (Figure 7b, with aliquots of a and c run on the
same plate), the following signals were identified:
T153, T181, T175/T181, T212/T217, S214, T231/S235,
S235, and S404. Similar analyses were conducted for
both cell lines with MAP kinase, and MARK (our
unpublished results). The prominent spot S396/S404
in both cell lines (Figure 3, a and b) was interpreted on
the basis of the GSK-3b pattern (Figure 6d). Among
the identified phosphopeptides, only four (T181,
S202/T205*, T231/S235, and S396/S404) would be de-
tected immunocytochemically with the monoclonal
antibodies AT270, AT8, AT180, and PHF-1, respec-
tively (Biernat et al., 1992; Goedert et al., 1995). Thus,
the phosphopeptide maps confirm the increase of
these antibody reactions during mitosis, and in addi-
tion they reveal the greater complexity of the phos-
phorylation of tau.

The Mitotic Phosphorylation Site Ser214 Strongly
Affects the tau–Microtubule Interaction
In mitosis, microtubules are known to become highly
dynamic (Belmont et al., 1990). At the same time, tau
becomes hyperphosphorylated in transfected CHO
cells (Preuss et al., 1995) concomitant with detachment
of tau from microtubules (Figure 4). This led us to
investigate whether the observed detachment of tau is
due to its phosphorylation state. Among the phos-
phorylation sites elevated in nocodazole-treated cells,
only S214 is not of the SP or TP type. In a previous

Figure 5. 2D maps of htau40 transfected CHO cells in interphase and metaphase. Cells were treated with 0.4 mg/ml nocodazole for 5 h. A
portion (1000 cpm) of the tryptic digest was loaded per sample, and autoradiographs were exposed for 6 wk. (a) Interphase pattern revealing
phosphorylation at T181, S202, S235, and S404. (b) Tau isolated from metaphase cells shows additional phosphorylation mainly at T153,
S202/T205* (corresponding to the peptide 195–202 in htau40 bearing two phosphates), T212/217, S214, and two peptides (short arrows)
corresponding to S386-R406 containing phosphorylated S396, S404, and another site. (c) Schematic diagram of phosphopeptides. Open circles
represent signals present in interphase only, filled circles are phosphopeptides that only occur in metaphase, and gray circles are
constitutively phosphorylated sites. The asterisks in Figure 5a represent the peptides containing phosphorylated S46 and T50 (see Figure 4b).
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study (Trinczek et al., 1995) we had concluded that
phosphorylation at SP or TP sites has only a moderate
effect on the dynamic instability of microtubules in
vitro, compared with others, such as S262 (in the
KXGS motif of the first repeat; Biernat et al., 1993). We
therefore wanted to determine directly the effect of the
phosphorylation of S214 on the binding of tau to mi-
crotubules. S214 can selectively be phosphorylated by
PKA in vitro, if appropriate conditions are chosen. By
15 min incubation time with PKA, almost 1 mol phos-
phate per mol tau is incorporated, and isolation and
sequencing of the radioactive phosphopeptide show
that phosphate incorporation occurs almost exclu-
sively at S214 (Figure 8). Extended incubation times
led to the incorporation of three to four phosphates by
PKA, and these were distributed over more than 10
sites, including the KXGS motifs located in each of the
repeats (S262, S324, S356).

The binding curves of Figure 9 show that the phos-
phorylation at S214 alone can account for the strong
reduction in tau’s affinity for microtubules (the disso-
ciation constant Kd for phosphorylated tau protein is
increased by approximately 10). Next, we asked
whether this decrease in tau–microtubule interactions

had any impact on microtubule stability. Figure 10
shows microtubule assembly monitored by video mi-
croscopy. The upper images show normal microtu-
bule assembly in the absence of ATP (so that the
added PKA remained inactive). However, when phos-
phorylation proceeds in the presence of ATP (Figure
10, bottom left), microtubule assembly is essentially
suppressed. The effect is clearly due to the phosphor-
ylation of S214 since the mutant Ser214Ala supports
normal microtubule assembly, irrespective of phos-
phorylation by PKA (Figure 10, right). These data
argue that the mitotic phosphorylation of S214 in tau
could play a role in the detachment of tau from mi-
crotubules during mitosis and the concomitant in-
crease in microtubule dynamics.

DISCUSSION

The interaction of tau and other MAPs with microtu-
bules is regulated by phosphorylation, and this in turn
affects the structure and dynamics of the microtubule
cytoskeleton. In particular, tau becomes highly phos-
phorylated in the neurofibrillary pathology of Alzhei-
mer’s disease and hence loses its binding capability to

Figure 6. Tryptic 2D phosphopeptide maps of htau40 generated by different kinases in vitro. The peptides were obtained by tryptic
digestion and separated by 2D TLE/TLC after phosphorylation. Aliquots of the tryptic digests (10.000 cpm per sample) were loaded and
autoradiographs were exposed overnight. (a) htau40 phosphorylated with cdc2 immunoprecipitated from mitotically arrested HeLa-S3 cells
for 16 h. (b) htau40 phosphorylated with cdk5, prepared from porcine brain (Baumann et al., 1993) for 16 h. (c) htau40 phosphorylated with
recombinant MAPK (activated by MEK, Döring et al., 1993) for 16 h. (d) htau40 phosphorylated with recombinant GSK-3b for 1 h. (e) htau40
phosphorylated with MARK prepared from porcine brain (Drewes et al., 1995) for 2 h. Phosphorylation sites were identified by 2D analysis
of HPLC-purified and sequenced peptides derived from the same phosphorylation assay for each kinase.
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microtubules (Yoshida and Ihara, 1993). It has recently
been discussed that the events leading to the abnormal
phosphorylation of the MAP tau in AD involves mi-
totic mechanisms (Preuss et al., 1995; Vincent et al.,
1996). Due to some insult yet to be identified, affected
neurons may try to reenter the cell cycle. Since post-
mitotic neurons are unable to undergo cell division,
this frustrated attempt finally leads to cell death and
could explain the massive loss of neurons in AD. To
investigate this hypothesis, we first had to check
whether tau protein becomes detached from microtu-
bules during mitosis in analogy with PHF-tau. Using
three different methods, we could show that during
mitosis a large fraction of tau becomes cytosolic (Fig-
ure 4) and that this is not due to a dramatic decrease
in tubulin polymer (Figure 4c). This is in good agree-
ment with studies showing that the level of tubulin
polymer essentially remains constant throughout the
cell cycle (Zhai and Borisy, 1994). In our previous
investigation (Preuss et al., 1995) we had already
shown that the extent of tau phosphorylation is in-

creased during mitosis and that tau presumably de-
taches from microtubules. However, to understand
the role of phosphorylation, it is necessary to deter-
mine the specific phosphorylation sites of tau protein
in living cells. In this study we therefore attempted to
identify endogenous phosphorylation sites of the mi-
crotubule-associated protein tau in interphase and mi-
tosis, as well as protein kinases that could be respon-
sible for the phosphorylation. Many earlier studies
aimed at phosphorylation sites in cells or tissues have
relied on phosphorylation-dependent antibodies (re-
views by Kosik and Greenberg, 1994; Trojanowski and
Lee, 1995; Friedhoff and Mandelkow, 1998). However,
these antibodies detect only a fraction of the potential
phosphorylation sites, and in addition they are diffi-
cult to quantify, especially at low cellular concentra-
tions. These limitations can be overcome by metabolic
labeling of cells with 32P and detection of phosphory-
lation sites by 2D phosphopeptide mapping.

Since many kinases are capable of phosphorylating
tau in vitro (e.g., cdc2, cdk5, MAP kinase, GSK-3, PKA,

Figure 7. Identification of phosphopeptides generated in vivo, represented by the analysis of LAN-5 cells with tau phosphorylated with a
crude fraction (see text for explanation) of cdc2. (a) 2D phosphopeptide map of tau from LAN-5 cells (same as in Figure 3a). (b) Control
analysis with aliquots of the in vivo probe and of the cdc2 phosphorylated recombinant tau protein spotted onto the same plate. (c) In vitro
sample of recombinant tau protein phosphorylated with cdc2 used in the control run in b. Phosphorylated residues are labeled; for
identification of peptides see Table 1.

Figure 8. Phosphopeptide map of tau (htau23, 0.5 mg/ml) phosphorylated with PKA (1.5 U/ml) for (a) 15 min, (b) 2.5 h, (c) 15 h. Note that
at 15 min nearly all phosphate is incorporated into Ser214. This condition was used for binding studies and the microtubule assembly assay
(Figures 9 and 10).
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MARK, for review see Mandelkow et al., 1995; Johnson
and Jenkins, 1996), these experiments provide little
information about the kinases phosphorylating tau in
vivo. In our approach, however, they were valuable
tools to generate reference phosphopeptides to iden-
tify phosphorylation sites in proliferating cells. In our
experiments we included two members of the cell
cycle-related kinase family, cdc2 and cdk5. Since cdc2
activity is up-regulated during mitosis, it seemed to be
the most promising candidate for mitotic phosphory-
lation of tau protein in living cells as observed in our
earlier study (Preuss et al., 1995). In postmitotic neu-
rons, cdk5 is the most abundant kinase of the cdc2
family (Beaudette et al., 1993). Since the patterns of
both kinases resemble one another, it is likely that
cdks in general have a similar effect on tau in cells.
Other potent kinases for tau are MAP kinase and
GSK-3b, both of which are capable of phosphorylating
many of the SP/TP sites and are associated with the
microtubule network (Drewes et al., 1992; Hanger et
al., 1992; Mandelkow et al., 1992; Morishima-Ka-
washima and Kosik, 1996; Roder et al., 1997). MARK is
a novel kinase that has recently been described to
phosphorylate tau protein in vitro and in vivo at S262
(Drewes et al., 1995, 1997), which has a pronounced
effect on microtubule binding increasing microtubule
dynamics (Biernat et al., 1993) and was therefore cho-
sen as a non-proline-directed kinase.

LAN-5 neuroblastoma cells expressing moderate
levels of the two smallest isoforms htau23 and htau24
(3 or 4 repeats, no inserts, Figure 2), and a CHO cell
line transfected with htau40, the largest human iso-
form in the CNS, were investigated (Figures 1 and 2).
Comparison of the overall phosphorylation pattern of
tau in both cell lines revealed a surprising similarity in
terms of tau phosphorylation irrespective of the dif-

ferent isoforms expressed (Figure 3) indicating similar
kinase and phosphatase activities in both cell lines.
This enabled us to use transfected CHO cells express-
ing tenfold more tau protein as a cell model to monitor
tau phosphorylation in interphase and metaphase af-
ter nocodazole treatment (Figure 5). Moreover, with
the phosphopeptides generated in vitro and se-
quenced we were able to identify 17 phosphorylation
sites (Figures 6–8). Most of these (except S214 and
S262) are of the SP/TP type, attesting to the activity of
proline-directed kinases. Among the nonproline-di-
rected motifs, S214 can be phosphorylated in vitro by
PKA and to some extent by PKC (Steiner et al., 1990;
Scott et al., 1993; Brandt et al., 1994) and S262 is phos-
phorylated mainly by MARK (Drewes et al., 1995,
1997) and to a lesser extent by PKA (Figures 6 and 8).

The bulk analysis of the phosphorylation sites (Fig-
ure 3) represents an average over the cell cycle, with
about 10–15% of the cells undergoing mitosis at any
time (this applies to both LAN-5 and CHO cells). Thus
even sites that appear minor in the average population
could play a major role at a particular stage or com-
partment. This question can be addressed only if one
can subfractionate and compare different stages, such
as interphase versus metaphase (see below). In sup-
port of this view, one should note that the overall
extent of phosphorylation is quite low (2–3 phosphate
groups per tau molecule, estimated from immunocy-
tochemical analysis with phosphorylation-dependent
antibodies (cf. Ksiezak-Reding et al., 1992; Köpke et al.,
1993). This means that a given tau molecule is unlikely

Figure 9. Binding of tau (isoform htau23) to microtubules (30 mM)
before and after phosphorylation with PKA. Inserts, dissociation
constant Kd and stoichiometry n. Conditions were chosen such that
Ser214 is essentially the only phosphorylated residue (for details see
Figure 8). Note that the phosphorylation strongly reduces the bind-
ing (Kd increases 10-fold).

Figure 10. Dynamic instability of microtubules before and after
phosphorylation of tau with PKA. The initial solution contained
tubulin (25 mM), tau (10 mM), and PKA (1.5 U/ml, activity as in
Figure 8). The images were taken 8 min after raising the temperature
to 37°C. Left, isoform htau23; right, isoform htau23 with Ser214
mutated into Ala. Top, no ATP; bottom, prephosphorylated with 2
mM ATP. The top images show that microtubules grow well under
the stabilizing influence of tau. The bottom left shows that micro-
tubule formation is almost totally suppressed when PKA is allowed
to phosphorylate tau (note that PKA has no direct effect on tubulin;
our unpublished observations). The bottom right shows that the
effect of PKA is mainly due to the phosphorylation of Ser214; when
this residue is mutated to Ala, microtubules assemble normally.
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to contain all of the phosphorylation sites detected in
2D phosphopeptide mapping. Direct evidence for this
comes from the reactions with antibodies whose
epitopes require a pair of phosphorylation sites, such
as AT-8 (S202 and T205), AT-180 (T231 and S235), or
PHF-1 (S396 and S404; Biernat et al., 1992; Otvos et al.,
1994; Goedert et al., 1995). These antibodies are nearly
undetectable in interphase (except PHF-1) but en-
hanced in mitosis (Pope et al., 1994; Preuss et al., 1995),
implying that, at most, one but not both of their re-
quired sites is phosphorylated during interphase.

The mitotic arrest with nocodazole was performed
in the transfected CHO cells, due to their significantly
higher expression of tau protein. Phosphorylation of
tau increases sevenfold during mitosis in transfected
CHO and N2a cells (Preuss et al., 1995; Preuss and
Mandelkow, 1998), particularly at T153, T181, S202/
T205*, T212/T217, S235, and S214 (Figure 5). Except
for S214 these sites are of the proline-directed type,
particularly TP motifs. Considering the up-regulation
of cdc2 during mitosis (for review see Stern and
Nurse, 1996) and the fact that all the proline-directed
sites are phosphorylated by this kinase in vitro, cdc2 is
a strong candidate for causing the enhanced phosphor-
ylation. However, strictly speaking, the up-regulation of
other proline-directed kinases, or the down-regulation of
tau phosphatases (particularly PP-2a and PP-2b, Drewes
et al., 1993; Trojanowski and Lee, 1995; Wang et al., 1995;
Merrick et al., 1996), cannot be excluded.

Mitosis is accompanied with a rearrangement of
microtubules, higher dynamics, and a loosening of the
MAP–microtubule interactions (Belmont et al., 1990;
Verde et al., 1992; Ookata et al., 1995). If this is due to
MAP phosphorylation, one would expect that some of
the up-regulated sites have an influence on tau’s bind-
ing to microtubules. Proline-directed phosphorylation
does have an effect (Drechsel et al., 1992; Trinczek et al.,
1995), but it is rather moderate, at least in vitro, when
compared with the much larger effect of S262 phos-
phorylation (Illenberger et al., 1996; Drewes et al.,
1997). It was therefore unexpected that the major in-
crease at a non-proline-directed site in metaphase was
at S214 and not at S262. Since PKA phosphorylates
S214 in vitro (Scott et al., 1993; Brandt et al., 1994;
Zheng-Fischhöfer et al., 1998), we further investigated
whether this could have an effect on the interaction of
tau with microtubules and on the dynamic behavior of
microtubules in vitro. There was indeed a strong de-
crease in tau’s microtubule binding and nucleation
activity in vitro (Figures 9 and 10). This influence was
eliminated when Ser214 was mutated into Ala. Thus,
PKA or an equivalent kinase could contribute to the
rearrangement of the microtubule network during mi-
tosis. These results are consistent with recent results
by Brandt et al. (1994) and Leger et al. (1997) showing
the influence of PKA on tau’s ability to bundle micro-
tubules and support neurite outgrowth. PKA activity

can be stimulated in situ in brain slices (Fleming and
Johnson, 1995), and one of its effects is to increase the
rate of axonal transport in neurons, possibly by phos-
phorylating tau and other MAPs (Sato-Harada et al.,
1996). In addition to its direct effects, PKA could in-
fluence the tau–microtubule interaction indirectly by
altering its susceptibility to other proline-directed ki-
nases, e.g., MAP kinase or GSK-3 (Raghunandan and
Ingram, 1995; Singh et al., 1995). The close association
of PKA with the microtubule cytoskeleton is demon-
strated by the observation that some MAPs (e.g.,
MAP2) provide anchoring sites for PKA (Obar et al.,
1989; Faux and Scott, 1996). Interestingly, PKA can be
detached and activated by phosphorylating their RII-
regulatory subunit with cdc2 (Keryer et al., 1993). Fur-
thermore, it has been shown that PKA activity is cru-
cial for cell cycle progression, since blocking PKA
activity in metaphase prevented the transition from
mitosis to interphase (Grieco et al., 1996). We note,
however, that S214 can also be phosphorylated by
PKC, albeit with lower efficiency. Since some PKC
isoforms are up-regulated in mitosis (Watanabe et al.,
1992; Lehrich and Forest, 1994, Thompson and Fields,
1996), this kinase or a related one could also contribute
to the increase in microtubule dynamics.

In the nonsynchronized cells, S262 is the only one of
the four KXGS motifs phosphorylated. Our result is in
good agreement with earlier observations by Seubert
et al. (1995). In their immunocytochemical study with
the phosphorylation-dependent antibody 12E8, which
recognizes the phosphorylated KXGS motifs S262 and
S356, respectively, they could show that only S262 was
phosphorylated in fetal human brain tissue. S262 is the
major target site for MARK in vitro (Biernat et al., 1993;
Drewes et al., 1995) and in vivo (Drewes et al., 1997)
and to a far lesser extent for PKA (Drewes et al., 1995).
In addition, MARK also phosphorylates the closely
related MAP2 and MAP4 at the corresponding, highly
conserved KXGS motifs (Illenberger et al., 1996). All
three MAPs fail to bind to microtubules upon phos-
phorylation by MARK, rendering microtubules highly
dynamic. These data suggest that MARK is responsi-
ble for the phosphorylation at S262 in eukaryotic cells.
Since phosphorylation at S262 is neither observed dur-
ing interphase or metaphase in the cells (after mitotic
arrest with nocodazole) and phosphorylation at this
particular site is rather weak in the nonsynchronized
cell population (Figure 2a), it is likely that this residue
is only briefly phosphorylated during mitosis, possi-
bly in prophase, where cellular microtubules are rear-
ranged to form the mitotic spindle. By analogy, S214
has a similar low intensity in the bulk analysis, but
gives a strong signal in metaphase (compare Figures 3
and 5). However, since the activation of MARK is not
yet known, it remains to be shown that MARK is
active in proliferating cells and that its activity is reg-
ulated during the cell cycle.
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Finally, we note that the hyperphosphorylation and
aggregation of tau protein (PHFs) is one of the hall-
marks of AD pathology. Events that trigger the obvi-
ous imbalance of protein kinases and phosphatases in
the affected neurons remain hitherto unknown. Sev-
eral lines of evidence suggest that mitotic mechanisms
might be involved, since earlier immunocytochemical
studies have shown that tau protein from mitotic cells
is recognized by phosphorylation-dependent antibod-
ies diagnostic of Alzheimer neurofibrillary tangles
(Pope et al., 1994; Preuss et al., 1995; Vincent et al.,
1996). The present investigation supports these studies
in that the phosphorylation pattern of tau in meta-
phase cells closely resembles that generated by cdc2
and cdk5 in vitro except for the non-proline-directed
site S214. These results help explain why tau protein
from fetal brain tissue shows a higher degree of phos-
phorylation (Kanemaru et al., 1992; Bramblett et al.,
1993; Yoshida and Ihara, 1993) and can also be de-
tected with the same PHF antibodies (Goedert et al.,
1994; Matsuo et al., 1994; Seubert et al., 1995), because
these cells also undergo mitosis during embryogene-
sis. Furthermore, the antibody MPM-2, a marker anti-
body for mitotic phospho-epitopes (Vandre et al.,
1991), strongly reacts with neurofibrillary tangles
(Vincent et al., 1996). These findings have led to the
hypothesis that in AD the neurons may respond to
some insult, such as ischemia, oxidative stress, or
b-amyloid toxicity, by a final attempt to reinitiate mi-
tosis. Since postmitotic neurons are incapable of reen-
tering the cell cycle, activating mitotic protein kinases,
with the cdks being the most prominent, may lead to
cell death instead. This implies a tight relationship
between the cell cycle and cell death machinery, which
seem to converge at the level of cdks that show indeed
increased activity in apoptosis (for reviews see King
and Cidlowski, 1995; Pandey and Wang, 1995). Fur-
thermore, it has been shown that increasing cdk activ-
ity in differentiated neuronal cell lines causes apopto-
sis (Meikrantz and Schlegel, 1996), whereas treating
differentiated cells with mitotic inhibitors after nerve
growth factor depletion prevents cell death (Farinelli
and Greene, 1996; Park et al., 1996). Consistent with
this, cdc2 is up-regulated in Alzheimer brain tissue
(Vincent et al., 1997). In addition, our finding that S214
is highly phosphorylated in metaphase also strongly
suggests mitotic mechanisms to be involved. S214 is a
prominent site in PHF tau (Morishima-Kawashima et
al., 1995) and is part of the epitope of the antibody
AT100, which is the only specific antibody for Alzhei-
mer tau so far known (Hoffmann et al., 1997; Zheng-
Fischhöfer et al., 1998). Thus, the 2D phosphopeptide
maps will provide a valuable tool with which to mon-
itor changes in tau phosphorylation in neuronal cells
exposed to various conditions (e.g., stress, kinase and
phosphatase inhibitors) and help elucidate mecha-

nisms leading to the hyperphosphorylation of tau pro-
tein in AD.
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Steiner, B., Berling, B., Meyer, H.E., Mercken, M., Vandermeeren, A.,
Goedert, M., and Mandelkow, E. (1992). The switch of tau protein to
an Alzheimer-like state includes the phosphorylation of two serine-
proline motifs upstream of the microtubule binding region. EMBO
J. 11, 1593–1597.

Binder, L.I., Frankfurter, A., and Rebhun, L. (1985). The distribution
of tau in the mammalian central nervous system. J. Cell Biol. 101,
1371–1378.

Boyle, W.J., van der Geer, P., and Hunter, T. (1991). Phosphopeptide
mapping and phosphoamino acid analysis by two-dimensional sep-
aration on thin layer cellulose plates. Methods Enzymol. 201, 110–
149.

Bramblett, G.T., Goedert, M., Jakes, R., Merrick, S.E., Trojanowski,
J.Q., and Lee, V.M.Y. (1993). Abnormal tau phosphorylation at
Ser(396) in Alzheimer’s disease recapitulates development and con-
tributes to reduced microtubule binding. Neuron 10, 1089–1099.

Brandt, R., Lee, G., Teplow, D.B., Shalloway, D., and Abdelghany,
M. (1994). Differential effect of phosphorylation and substrate mod-
ulation on tau’s ability to promote microtubule growth and nucle-
ation. J. Biol. Chem. 269, 11776–11782.

Brion, J.P., Smith, C., Couck, A.M., Gallo, J.M., and Anderton, B.H.
(1993). Developmental changes in tau phosphorylation: Fetal tau is
transiently phosphorylated in a manner similar to paired helical
filament tau characteristic of Alzheimers disease. J. Neurochem. 61,
2071–2080.

Physiological Phosphorylation of tau

Vol. 9, June 1998 1509



Butner, K.A., and Kirschner, M.W. (1991). Tau-protein binds to
microtubules through a flexible array of distributed weak sites.
J. Cell Biol. 115, 717–730.

Casnellie, J.E. (1991). Assay of protein kinases using peptides with
basic residues for phosphocellulose binding. Methods Enzymol.
200, 115–120.

DeBrabander, M., Geuens, G., Nuydens, R., Willebrords, R., Aerts,
F., and DeMey, J. (1986). Microtubule dynamics during the cell
cycle: the effects of taxol and nocodazole on the microtubule system
of PtK2 cells at different stages of the mitotic cycle. Int. Rev. Cytol.
101, 215–274.
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