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ABSTRACT. Phosphorylation of tau on3% was suggested to be a key step in the development of
neurofibrillary pathology in Alzheimer’s disease brain [Bramblett, G. T., Goedert, M., Jacks, R., Merrick,
S. E., Trojanowski, J. Q., and Lee, V. M.-Y. (1998¢uron 10 1089-1099]. GSK3 phosphorylates
Sek% of tau in the brain by a mechanism which is not clear. In this study, when HEK-293 cells were
cotransfected with tau and GSK3GSK35 co-immunoprecipitated with tau and phosphorylated tau on
$P02 T231 3396 and 39 but not on $%2, 335 and 3% Blocking phosphorylation on?f?, S35 $396 100,

or $'%4did not prevent the subsequent phosphorylation Ak GSK3. These data suggest that GFK3
directly phosphorylates tau on2%3 (without requiring prephosphorylation). However, preventing
phosphorylation on %% $'0 and 3% prevented GSK3-dependent phosphorylation of%f, $*%, and

300 respectively. This indicates that phosphorylation é%5TS*, and 3% by GSK3 depends on a
previous phosphorylation of%, $'% and 3% respectively. To examine®® phosphorylation, we analyzed
phosphorylation of 85 $*°° and 3% Blocking phosphorylation of8* prevented the subsequent G$K3
dependent phosphorylation of both®Sand S%. When phosphorylation of“3* was allowed but €°
blocked, GSK3 failed to phosphorylate®®¥. Thus, GSKB phosphorylates33° by a two-step mechanism.

In the first step, GSKB phosphorylates“®° of previously $%-phosphorylated tau. This event primes tau
for second-step phosphorylation 0¥%hy GSK33. We conclude that GSKBphosphorylates tau directly

at S92 but requires the previous phosphorylation gf°% phosphorylate 1. Phosphorylation of 335,

on the other hand, occurs sequentially. Once a priming kinase phosphoryf#tes K33 sequentially
phosphorylates “3° and then %%,

Neurofibrillary tangles (NTs) are one of the two neuro- as capable as normal tau in binding and promoting micro-
pathological hallmarks of Alzheimer's disease (Ajje- tubule assembly5-7). Abnormal tau phosphorylation is
viewed in refl). Paired helical filaments (PHFs) are the believed to cause tau dysfunction, microtubule instability,
major structural component of NTs and are mainly composedaxonal transport loss, neurodegeneration, and dementia
of microtubule-associated protein ta&—4). PHF-tau (tau associated with AD8). Therefore, preventing and/or reduc-
isolated from PHFs) is highly insoluble, displays a retarded ing the level of abnormal tau phosphorylation to restore the
mobility on a SDS gel, and is incapable of binding to normal tau function in the brain is one of the current
microtubules because it is abnormally phosphorylated (phos-therapeutic strategies for AD.

phorylated on more sites than normal tadj-4). Upon PHF-tau is phosphorylated at21 sites 9). It is not clear
dephosphorylation, PHF-tau becomes soluble and becomesgyhich of these sites are involved in converting tau to PHFs,

: : : but some studies suggest th&%plays a key role. Sé¥-
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Alzheimer Society of Canada. SDS gel and has a weakened ability to bind and promote
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helical filament. causes a conformational change in tau which accelerates tau
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Ficure 1: Co-immunoprecipitation. Tau and GSK&ere immunoprecipitated from a fresh bovine brain extract (A and B) or from lysates
of HEK-293 cells transfected with Flag-tau and HA-GS$KE) using the indicated antibodies. Each resulting immune complex was then

immunoblotted against the indicated antibody. This experiment was conducted at least four times with similar results.

aggregation in AD brain1(0). Phosphorylation of tau at S&t

However, nonphosphorylated recombinant tau is also phos-

has been suggested to be a critical event in AD pathogenesigphorylated by GSKB in vitro (27). Since GSKB phospho-

(6).

The level of Se¥-phosphorylated tau relative to the total

rylates tau at several siteEy 27), these observations suggest
that tau is phosphorylated by GSK3at some sites by

level of tau is elevated in the cerebrospinal fluid of AD priming and some sites without priming. The mechanisms

patients and measures the severity of the disebBe This

behind the phosphorylation of tau sites in vivo are not fully

elevation is not observed in the cerebrospinal fluid of normal understood.

brains or in brains of patients suffering from vascular

dementia or non-AD neurological diseas&$)( Therefore,

When transfected into mammalian cells, tau becomes
phosphorylated at various sites by endogenous kinases of

the CSF level of Sét*phosphorylated tau has been sug- the cells (4, 20, 28, 29). When GSK3 is cotransfected with
gested to be a noninvasive diagnosis for monitoring the statustay in these cells, GSKBphosphorylates taul4, 20, 28,

of the disease and efficacy of therapy against A).(A

29). Assuming that in mammalian cells GSK®hospho-

clear Understanding of the molecular mechanism by which ry|ates al least some tau sites by a mechanism requiring

tau is phosphorylated at S& is an important step in

priming, these observations suggest that endogenous kinases

understanding AD pathology and therefore is of considerable of mammalian cells phosphorylate and prime tau for G&K3

interest.

Henceforth, to elucidate the biochemical mechanism of tau

Sef of tau contains a consensus recognition sequencephosphorylation, we have cotransfected G8k&lividually

for proline-directed kinase4 ). Current evidence indicates

with various site-specific tau mutants containing alanine in

that GSK$ is the major kinase that phosphorylates tau at place of possible priming phosphorylation sites and evaluated

several proline-directed sites, including $&in the brain
(13—20). GSK3 is an~45 kDa enzyme involved in the

tau phosphorylation. We show that in HEK-293 cells, GBK3
phosphorylates tau af%, T3, S$*%, and 3°%. Among these

regulation of various physiological processes, including sites, GSK3 phosphorylates 2 without priming and 7,
glycogen metabolism, signal transduction, cell fate specifica- $39% and $%via priming mechanisms. Our data suggest that
tion, gene expression, and apoptosis, and may have a rolg;pon phosphorylation of tau at®by endogenous priming

in AD pathogenesisZl). A unique feature of GSKBis that

kinase, GSKB phosphorylates tau first at* and then at

it phosphorylates some substrates only when the substratesso sequentially.

has been previously phosphorylated (primed) by another

kinase. It also phosphorylates some substrates which haveMATERIALS AND METHODS

not been previously prime@2). In the priming mechanism,

phosphorylation of the substrate by the priming kinase at

positionn + 4 (n being the GSKB target site) generates

Proteins and AntibodiesAnti-tau and anti-GSK@ poly-
clonal antibodies to generate Figure 1 have been described

the S/TXXXS(p) sequence motif, which is recognized by Previously (9). Monoclonal anti-Flag and anti-HA have also

GSK35 (23). The mechanism by which GSK3phospho-

been described2f). Tau phosphorylation sensitive mono-

rylates tau is not fully understood. However, tau purified clonal antibodies TG3, MC6, and PHF1 were generous gifts
from bovine brain extract that is endogenously phospho- from P. Davies (Albert Einstein College of Medicine, Bronx,

rylated is efficiently phosphorylated by GSK15). Upon

NY). AT180 was from Zymed Laboratories Inc. Other tau

dephosphorylation, the brain tau becomes a poor substratd?hosphorylation-specific antibodies, 12E8 and AT8, have

for GSK35 (15). Similarly, in vitro tau phosphorylated by

been described previousl28). Tau phosphorylation sensi-

cdks, cAMP-dependent protein kinase, PKC, or MAP-kinase tive polyclonal antibodies pS396, pS400, and pS404 were

is phosphorylated by GSKB more efficiently than its
nonphosphorylated counterpa2d(26). These data indicate

obtained from Biosource Inc.
cDNA Cloning.Tau site-specific mutants S202A, T231A,

that GSK$ phosphorylates tau via a priming mechanism. S235A, S396A, S400A, and S404A containing Ala in place
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of the indicated_ Ser O_r Thr \_Nere generated by PCR Table 1: Tau Phosphorylation Sensitive Antibodies Used in This
(polymerase chain reaction) using the longest human tausgudy

isoform as the template and a site-directed mutagenesis kit
(Clontech) following the manufacturer’s instructions. The s m onocional 2B T2 Pierce Biotechnoloav Inc
following primers were used:'85C GGC GCC CCAGGC  [hpg s MO0 O s 50 gyne.
ACT CCC-3 and 3-GCC TGG GGC GCC GGG GCT GC-  pHF1  mouse monoclonal 3§/si4 7
3 for S202A, 5-TG GTC CGT GCT CCACCC AAG TCG pS396 rabbit polyclonal 3% Biosource International Inc.
C-3 and 3-GT GGA GCA CGG ACC ACTGCC ACC T3 AT180 mouse monoclonal 2* Zymed Laboratories
for T231A, 5-CCC AAG GCG CCG TCT TCC GCC AAG |23 mousemonocional 7 40
A-3' and 3-AGA CGG CGC CTT GGG TGG AGT ACG- pS400 rabbit polyclonal “®° Biosource International Inc.
3 for S235A, 3-TG TAC AAG GCG CCA GTG GTG TC- pS404 rabbit polyclonal — “&* Biosource International Inc.
3 and 3-CA CTG GCG CCT TGT ACA CGA TC-3for
S396A, 3-GTG GTG GCT GGG GAC ACG TCT C-and precipitated with GSK3 (Figure 1B, lane 3). These data
5'-C CCC AGC CAC CAC TGG CGA CTT G-3or S400A, are consistent with the previous repdr®) and indicate that
and 3-GAC ACG GCT CCA CGG CAT CT-3and 3-CC GSK3 and tau interact in the brain.
G TG G AG CCG TGT CCC CAG AC-3for S404A. All To examine if tau and GSKRBinteract in transfected
mutations were confirmed by DNA sequencing, and each mammalian cells, we cotransfected Flag-tagged tau (Flag-
mutant was cloned into mammalian expression plasmid Flag-tau) and HA-tagged GSKB3(HA-GSK33) in HEK-293 cells.
pcDNA3.1/Zeo. Transfected cells were lysed and analyzed by co-immuno-
Cell Culture, Transfection, Immunoprecipitation, and precipitation. GSKB specifically co-immunoprecipitated
Western Blot AnalysisdEK-293 cells were maintained in  with tau (Figure 1C, lane 2). Thus, GSK3nd tau also
Dulbecco’s modified Eagle’s (high-glucose) medium supple- associate when cotransfected in HEK-293 cells. This obser-
mented with 10% fetal bovine serum (Invitrogen). Cells were vation suggests that interaction of GSK®&ith tau can be
plated in 100 mm culture dishes and were transfected with studied in this cell model.
the indicated plasmid(s) using Lipofectamine 2000 reagent Identification of Tau Sites Phosphorylated in HEK-293
(Invitrogen) according to the manufacturer’s instructions. The Cells by Endogenous Kinases and Specificities of Various
cells were harvested 48 h after transfection. Cells in each Tau Phosphorylation Sensié AntibodiesWe observed that
culture dish were homogenized in lysis buffer [50 mM Tris- tau is phosphorylated when cotransfected with GBS
HCI (pH 7.4) 150 mM NaCl, 100 m\8-glycerophosphate,  HEK-293 cells. If GSKB phosphorylates tau via a priming
10 mM EDTA, 10 mM EGTA, 10 mM NaF, 10 mM Mgg| mechanism, priming phosphorylation of tau by endogenous
0.2% Nonidet P-40, 400 nM okadaic acid (Sigma-Aldrich), kinase(s) must have occurred. Therefore, to elucidate the
2 nM cypermethrin (Sigma-Aldrich), and aprotinin, pepstatin, mechanism of tau phosphorylation in HEK-293 cells, it
and leupeptin (0.2¢g/mL each)]. The homogenate was became important to identify tau sites that are phosphorylated
incubated on ice for 30 min and then centrifuged for 20 min. by endogenous kinases of the cells. To do this, we transfected
The supernatant was designated as cell lysate and used foFlag-tau in HEK-293 cells and analyzed tau phosphorylation
various experiments. To immunoprecipitate Flag-tau, cell by immunoblot analysis using a series of antibodies directed
lysate ¢~500 uL) was precleared with~50 uL of mouse to tau phosphorylated at various sites (Table 1). Surprisingly,
IgG agarose (Sigma-Aldrich). Precleared cell lysat@@0 transfected Flag-tau exhibited reactivity against all these
uL) was mixed with~50 uL of anti-Flag agarose (Sigma- antibodies (data not shown but see below). These data
Aldrich) or mouse IgG agarose (control). Each mixture was indicated that either tau is phosphorylated at all the sites
incubated at #C for 6 h with end-to-end shaking. After  described above by endogenous kinases or our antibodies
incubation, each sample was centrifuged and the recoveredind with tau nonspecifically.
beads were washed three times (30 min each). The washed To discriminate between these two possibilities, we
beads were dissolved in ol of SDS-PAGE sample buffer,  generated a series of site-specific mutants of Flag-tau. The
boiled, and centrifuged, and 20L of supernatant was  wild type (WT) and various mutants were individually
immunoblotted using the indicated antibody. Cells were transfected into HEK-293 cells. Transfected cells were lysed
treated with LiCl as follows. After transfection, cells were and analyzed by immunoblot analysis for binding to various
replaced with fresh medium containing 20 mM LiCl and tau phosphorylation sensitive antibodies.
incubated in the incubator fdl h before being harvested. As shown in Figure 2A, WT tau is recognized by AT8
Control cells for LiCl were treated with equal amounts of antibody (lane 1). Tau mutants T231A, S235A, S396A, and
KCI. Immunoprecipitations and immunoblottings were per- S404A are also immunoreactive with respect to AT8 in a
formed as described previousI28). GSK33 and tau were manner similar to that of WT (lanes-2 and 6). However,
immunoprecipitated from brain bovine extract essentially as AT8 completely failed to react with S202A (lane 5). Since
described previously10). an anti-Flag immunoblot confirmed equal tau loading in
different lanes (Figure 2A, top blot), these data indicate that
RESULTS AT8 specifically binds with tau phosphorylated &%5To
GSK3 Interacts with Tau in Brain Extract and Trans- further confirm these data, we treated the blot with alkaline
fected HEK-293 CellsWhen tau was immunoprecipitated phosphatase and then incubated the blot with the antibody.
from a fresh bovine brain extract and analyzed by immu- Tau in the blot exhibited reactivity with the anti-Flag
noblot analysis, GSK3specifically co-immunoprecipitated antibody but not with AT8 (data not shown). On the basis
with tau (Figure 1A, lane 3). Likewise, when GSK3vas of these results, we concluded that AT8 recognizes tau
immunoprecipitated from the brain extract, tau co-immuno- phosphorylated at?%.

antibody type specificity ref
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Ficure 3: Tau phosphorylation by GSI63 HEK-293 cells
- 79 transfected with the genes of the indicated proteins were analyzed
§""-Phosphorylated tau — IB:pS404 by immunoblot analysis to evaluate tau phosphorylation and
expression of various transfected genes: (A) immunoblots and (B)

123456 relative tau phosphorylation. Blots representing tau in panel A were
FicURE 2: Specificities of tau phosphorylation sensitive antibodies. scanned, and band intensity values for each tau band were obtained.
The indicated WT and site-specific mutants of Flag-tau were The tau band intensity value for each lane of each blot representing
individually transfected in HEK-293 cells. Lysates of transfected phosphorylated tau was divided by the respective total tau band
cells were analyzed by immunoblot analysis using the indicated intensity in the blot representing Flag-tau. The resulting value for
antibodies. The specificity of each antibody against the phospho- each lane in each blot was then divided by the value of the control
rylated tau residue is given. Anti-Flag immunoblots demonstrate lane (lane 2) of that blot. The values are an average of three
expression of Flag-tau in transfected cells. independent determinations. The relative level of phosphorylation

. of $*% was calculated on the basis of band intensities of the blot
Both AT180 and TG3 recognize WT, S235A, S396A, representing PHF1 antibody.

S202A, and S404A but not T231A (Figure 2A). MC6
recognizes WT, T231A, S396A, S202A, and S404A but not S and 3%, respectively, in cells cotransfected with HA-
S235A. PHF1 and pS396 react with WT, T231A, S235A, GSK33 than in those cotransfected with mock (compare lanes
S202A, and S404A but not S396A, whereas pS400 reacts2 and 3 of corresponding blots in Figure 3A, and see Figure
with WT, S235A, S396A, S202A, and S404A but not S400A 3B). When compared to Flag-tau, Flag-tau cotransfected with
(Figure 2B). pS404 reacts with WT, S235A, S396A, S202A, HA-GSK33 showed almost no change in phosphorylation
and S400A but not S4004A. When blots were treated with at $3°, 52 and $%(compare lanes 2 and 3 of corresponding
alkaline phosphatase and then exposed to the antibodies listetllots in Figure 3A, and see Figure 3B). The above enhanced
above, tau in the blot displayed almost no reactivity (data phosphorylation of 82 T23% S and 3% in cells trans-
not shown). These observations indicate that AT180 and TG3fected with Flag-tau and HA-GSK3was not apparent when

specifically recognize tau phosphorylated &t Twhereas
PHF1 and pS396 react with tau phosphorylated &f. S
Similarly, MC6, pS400, and pS404 specifically bind with
tau phosphorylated at?%, $'%° and 3% respectively. In

addition to these antibodies, we also used monoclonal

antibody 12E8. 12E8 recognizes tau phosphorylated®t S
and/or $°¢ in vitro (30). However, in vivo, tau is not
phosphorylated at3 (12). On the basis of these results,
we concluded that our antibodies are specific, and in HEK-
293 cells, tau is phosphorylated at a basal leveP& $221,
S35, 62 S 3100 and 3% by endogenous kinase(s).
Identification of Tau Sites Phosphorylated in HEK-293
Cells by GSKB. Tau in the lysates of cells transfected with
both Flag-tau and HA-GSKBexhibited~3.1-fold enhanced
phosphorylation at %2 compared to those cells transfected
with Flag-tau and mock (Figure 3A,B). Similarly, tau became
~2.8-, ~2.8-, and~2.7-fold more phosphorylated a¢f,

cells were treated with the GSK3specific inhibitor LiCl
(data not shown). These data indicate that in vivo, G&K3
phosphorylates tau af%, T2%, $%% and $° and does not
significantly phosphorylate®®, $%2 and 3%

Tau Phosphorylation of?® by GSK®. GSK3 phospho-
rylates some of its substrates only after they have been
previously phosphorylated (primed) by another kin&s3.(

In this mechanism, phosphorylation of the target protein on
a specific site by priming kinase generates a recognition
sequence for GSKB(23). However, GSKB also phospho-
rylates some sites that do not require primi@g)( As shown

in Figure 3, Flag-tau is phosphorylated when cotransfected
with HA-GSK38 on S However, in HEK-293 cells, tau

is already phosphorylated to a basal level #1535, S$3%,

S0 and 3% (Figure 2) and perhaps at other sites, too, which
we were not able to determine because of the unavailability
of specific antibodies. It is possible that basal phosphorylation
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p,}- ¥ W oF S & S92 py GSK3.
,,;-,,r’t v"iv P Phosphorylation of Tau at2f by GSK®. To examine
SE S @-?‘;a““:#“’? S tau phosphorylation of 2P, we cotransfected GSH3with
A : ‘ : HEx WT or various tau mutants in HEK-293 cells. Cells were
Phosphorylated w""i_"’_ 't ﬁ,g?‘ €8 ats (s lysed and analyzed by immunoblot analysis using the TG3

T antibody, specific for tau phosphorylated a#T(Figure
— o 5.1-, and~4.4-fold more phosphorylated, respectively when
' L. 45" cotransfected with HA-GSKBcompared to the mock control
cotransfection (Figure 5D). When LiCl was included, it
suppressed phosphorylation of each tau species in cells

0
I
»
7]
w
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=
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% 4 cotransfected with HA-GSKBto a basal level observed in

g 5 cells in which the corresponding tau species was cotrans-
;6 fected with mock (data not shown). Importantly, S235A was

s 0 not phosphorylated above the basal level in cells in which it

T 3%%%

was cotransfected with HA-GSI8X(in Figure 5A, compare
lanes 7 and 8). These data indicate that G&KBospho-

- 31
FiGure 4: Phosphorylation of tau (WT) and site-specific tau rylates =% of WT, S202A, S396A, and S404A but not that

i i 2 39
mutants at #2by GSK3. Flag-tau (WT) or indicated site-specific of S235A. Thus, mutations of tau residue$?SS**, and

Flag-tau mutants were cotransfected with HA-GBKB HEK-293 S*to A have no effect on the phosphorylation of tau at
cells. Transfected cells were then analyzed by immunoblot analysis T?3! by GSK33. However, mutation of 8° to A almost

for phosphorylation of tau at?® as well as for the expression of  completely prevents phosphorylation of tau a&3'Thy
the respective genes. The blot representing AT8 monitors phos-GSK%' These observations are consistent with a previous

phorylation of tau at 82 whereas those representing anti-Flag and L - -
anti-HA show expression levels of the repspectiveggenes+G§\ report (L3) and indicate that previous phosphorylation of tau

immunoblots and (D) relative levels of tau phosphorylation. Blots at $°°is required for GSKB to phosphorylate tau at>¥.
representing panels A and B were scanned. The band intensity value Phosphorylation of Tau at®® by GSK®. To evaluate

of each phosphorylated tau species in panel A was then divided byta(, phosphorylation by GSk3at $%, we cotransfected HA-

the band intensity value of the respective Flag-tau in panel B. The ; ; : _
resulting value for each tau species in each lane was then dividedGSKeﬂ with WT or various tau mutants in HEK-293 cells.

by the value of that tau species in the control lane (tau species C€ll lysates were analyzed by immunoblot analysis using
transfected alone). The values are an average of three independerthe PHF1 and pS396 antibodies, specific for tau phospho-
determinations. The control indicates each tau species transfectedylated at S WT, S202A, T231A, and S235A were3.4-,
alone. 4.0-, ~5.0-, and~6.2-fold more phosphorylated, respec-
tively, when cotransfected with HA-GSIé3han the control
at one of the phosphorylation sites mentioned above may cotransfection with mock (compare corresponding lanes in
have primed tau for GSKB As a result, GSK8 could Figure 6A, and see Figure 6H). When a similar experiment
phosphorylate tau at?%. If this is true, blocking basal  was performed in which transfected cells were treated with
phosphorylation on corresponding priming site should pre- LiCl, phosphorylation of each of the above-mentioned tau
vent GSK$ from phosphorylating tau at%. This will also species cotransfected with HA-GSK3vas inhibited to a
allow us to identify the priming site whose phosphorylation basal level (data not shown). These data demonstrate that
facilitates phosphorylation of tau at®by GSK3. GSK33 phosphorylates 3 of WT, S202A, T231A, and
To test this idea, we cotransfected G3K®ith WT or S235A.
various tau mutants in HEK-293 cells. Cells were lysed and However, as shown in panels A and B of Figure 6, S400A
analyzed for phosphorylation of tau a®®8by GSK3. WT was phosphorylated a%8 only at a basal level in cells in
tau was~2.9-fold more phosphorylated when cotransfected which it was cotransfected with HA-GSiE3compare lanes
with HA-GSK33 than with mock (compare lanes 1 and 2 of 11 and 12). These data indicate that GBK8oes not
Figure 4A, and see Figure 4D). Similarly, tau mutants phosphorylate S400A at®% and blocking % phospho-
T231A, S235A, S396A, S400A, and S404A wer.8-, rylation prevents 8% phosphorylation by GSK2 This
~3.3-, ~2.3-, ~4.0-, and 4.5-fold more phosphorylated, means previous phosphorylation of tau 4#°3s required
respectively, when cotransfected with HA-GSKiBan when for phosphorylation of tau at®® by GSK35. Surprisingly,
with mock (Figure 4A,D). These observations suggest that S404A was also not phosphorylated #fSignificantly when
GSK33 phosphorylates?® of WT, T231A, S235A, S396A,  cotransfected with HA-GSKB(compare lanes 13 and 14 in
S400A, and S404A. To substantiate this suggestion, wepanels A and B of Figure 6). This result indicates that
performed a similar experiment but treated transfected cellsblocking $°% phosphorylation also prevents GSK&om
with LiCl. LiCl suppressed phosphorylation of each tau phosphorylating tau at®%, and therefore, previous phos-
species that was cotransfected with HA-GHKB8 a basal phorylation of 3%is also required for GSK3to phospho-
level (data not shown). On the basis of these results, werylate tau at 5.

Relative tau phosphorylation

concluded that GSK3phosphorylates 2 of WT, T231A, Phosphorylation of Tau at*® by GSK®. To examine
S235A, S396A, S400A, and S404A, and blocking possible phosphorylation of tau at*%®, we analyzed tau phospho-
priming phosphorylation of tau at?3t, S, $3%, 30 or rylation in the lysates of transfected HEK-293 cells men-

$*04 sites does not prevent tau phosphorylation by G8K3 tioned above by immunoblot analysis using a pS400 antibody
at 92 Thus, previous tau phosphorylation & S35, $3%, specific for tau phosphorylated at®S (Figure 6C). WT,
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FiIGURE 5: Phosphorylation of tau (WT) and various site-specific tau mutant$%tby GSK33. HEK-293 cells transfected with HA-

GSK33 and Flag-tau (WT) or the indicated tau mutants were immunoblotted against the TG3 antibody to monitor tau phosphorylated at
T23Im and against anti-Flag and anti-HA antibodies to show the expression of Flag-tau and HAG&#ctively: (A-C) immunoblots

and (D) relative levels of tau phosphorylation. To determine the relative level of tau phosphorylation for each tau species, blots representing
panels A and B were scanned. Blot band intensities of various tau species were then used to determine the relative levels of tau phosphorylation
as in Figure 4. The values are an average of three independent determinations. The control indicates the tau species transfected alone.

S202A, T231A, S235A, and S396A were3.9-, ~3.4-, tau mutants for tau phosphorylation at®S As shown in
~3.6-, ~2.4-, and~2.8-fold more phosphorylated, respec- Figure 6D, S400A, which cannot be phosphorylated*&t S
tively, when cotransfected with HA-GSK3than when was phosphorylated at*® in a manner similar to that of
cotransfected with mock (Figure 6C,H). When LIiCl was WT, S202A, T231A, and S235A by GSK3compare lane
included, it inhibited phosphorylation of all the tau species 12 with lanes 2, 4, 6, 8, and 10). However, unlike the above-
mentioned above to an almost basal level in cells in which mentioned tau species, S400A was phosphorylated®at S
they were cotransfected with HA-GSK3data not shown).  at a basal levels when cotransfected with HA-GBK®
More importantly, S404A was phosphorylated 4°®nly mock (compare lanes 11 and 12 in panels A and B of Figure
at a basal level when cotransfected with HA-G$K3 6). These data demonstrate that GBKides not phospho-
(compare lanes 13 and 14 of Figure 6C). This result indicatesrylate $° if phosphorylation of $°is blocked despite 3*
that GSK3 efficiently phosphorylates*® of WT, S202A, being previously phosphorylated. Thus, previous phospho-
T231A, S235A, and S396A but not that of S404A. Thus, rylation of $° and not % is required for GSKB to
previous phosphorylation of tau at*°Sis required for phosphorylate tau at®%. Previous phosphorylation of tau
phosphorylation of tau at*® by GSK3. at $'% on the other hand, is essential for phosphorylation
Sequential Phosphorylation of Tau a°$ S0, and $° of tau at 8% by GSK3.
by GSK®. GSK3 phosphorylates tau at®8 and 3% but
not $'% (Figure 3). Previous phosphorylation of tau 4#S DISCUSSION
controls subsequent phosphorylation of boff®&nd $° PHF-tau is phosphorylated at 21 sited).(These sites
by GSK33 (Figure 6A,C). These data appear to suggest that include all the sites that are phosphorylated in normal adult
phosphorylation of %¥“ primes tau for phosphorylation of  brain (normal sites) as well as those which are phospho-
both $% and $° by GSK3. However, previous phospho- rylated in PHF-tau but not in normal adult brain (abnormal
rylation of tau at %¥° is also required for GSK3 to sites) (L2). Currently, the individual contributions of all the
phosphorylate tau af% (Figure 6A). It is therefore possible  phosphorylation sites of PHF-tau in NFT pathology are not
that GSK3 phosphorylates 3° by a two-step mechanism.  fully known. Tau in the normal adult brain is phosphorylated
In the step 1, following the phosphorylation of°Sby a yet does not form PHF4.R). This observation suggests that
priming kinase, GSKB phosphorylates“®. Phosphorylation  tau sites that are phosphorylated in both normal adult brain
of $*® now primes tau for step 2 phosphorylation by GBK3 and PHF-tau may not be involved in NFT pathology and
of $%%, Subsequently, GSKBphosphorylates“8-phospho- implies that the abnormal tau phosphorylation sites are
rylated tau at &5 For this mechanism to be true, previous responsible for PHF formation. However, some of the
phosphorylation of tau at*® and not at $*is required for abnormal sites are only partially phosphorylated in PHEs (
GSK33 to phosphorylate tau at®%. These sites therefore are unlikely to be involved in tau
To test the suggestion given above, we analyzed HEK- dysfunction associated with AD. These observations suggest
293 cells cotransfected with HA-GSK&nd WT or various  that phosphorylation of some of the abnormal sites may
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Ficure 6: Sequential tau phosphorylation of°Sand S% by GSK3. Flag-tau (WT) or indicated tau mutants were cotransfected with
HA-GSK38 or mock in HEK-293 cells. Lysates of transfected cells were analyzed for phosphorylaticii®o89°, and 3%4 and the
expression of transfected genes by immunoblot analysis using the respective antibodies—#Blote scanned, and blot band intensities
were used to determine relative levels of tau phosphorylation of the indicated site$:) {(fimunoblots and (G and H) relative levels of
tau phosphorylation. The relative level of tau phosphorylation of indicated tau species was determined as in Figure 4. To generate panel G,
blot A representing PHF1 antibody was used. Similar results were obtained from at least three independent experiments. The control
indicates tau species transfected alone.

trigger PHF formation in AD brain. Among all the abnormal In transgenic mice overexpressing G$K8 the brain, tau
phosphorylation sites of PHF-tau, $&phosphorylation is ~ becomes phosphorylated &%17, 18). More importantly,
thought to play a major role in NFT pathology, (L0, 11). Michel et al. @9) used antibodies that specifically recognized
Since tau is not phosphorylated at 8&in the normal adult ~ tau phosphorylated at®% or S'°4 They demonstrated that
brain (7, 12), preventing or reducing the level of tau when GSK® was cotransfected with tau in mammalian cells,
phosphorylation at this site alone offers a promising therapy it phosphorylates 3% and not €° Our data are consistent
for AD without affecting the normal function of tau. with these reports and demonstrate that in HEK-293 cells
S$%% is a potential target for Cdk5 and GSK3n vivo. transfected with tau and GSK3GSK3 phosphorylates tau
Although few studies have reported that Cdk5 does not at $% (Figure 3). Current evidence indicates that GBHS
phosphorylate tau in viva3(, 32), several other studies have the major kinase that phosphorylates tau®f i@ the brain.
demonstrated Cdk5-dependent phosphorylation of taéPat S Previous studies indicated that GSKBhosphorylates tau
and/or 8% in the brains of transgenic mice overexpressing directly and by a mechanism that requires primiag, 7).
Cdk5 33—35). However, these studies used an antibody that We observed that blocking phosphorylation &tTS?%5, $3%,
recognized tau phosphorylated at bot¥##®&nd 3% and, or $%* does not prevent % phosphorylation by GSK3
therefore, did not determine whether tau is phosphorylated (Figure 4). Moreover, GSKBrecognizes the SITXXXS(P)
by Cdk5 at $°¢. Two studies analyzed tau phosphorylation sequence motifa2, 23). For $°2to be phosphorylated by a
in brains of transgenic mice overexpressing Cdk5 activity priming mechanism, tau must be phosphorylated by a
and in COS-7 cells transfected with Cdk5 and tau using priming kinase at P¢ (9), which is a nonphosphorylatable
antibodies specific for tau phosphorylated &8r S'94 (29, amino acid residue. These observations argue that BSK3
36). Both studies found that tau is phosphorylated by Cdk5 phosphorylates tau at’?% by a mechanism that does not
at $%but not at 8% in vivo. Taken together, these studies require tau priming. However, as shown in Figure 4A,
indicate that tau is not phosphorylated by Cdk5 #£.S GSK33 phosphorylates WT, S235A, S396A, S400A, and
GSK35 robustly phosphorylates tau at®Swhen cotrans- ~ S404A with almost equal efficiencies. T231A, on the other
fected with tau in various mammalian cell5( 20, 28, 29). hand, is phosphorylated by GSK3with an efficiency
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significantly lower than that of WT (compare lanes 2 and 6
in Figure 4A). These observations suggest that block#ig T
phosphorylation inhibits %2 phosphorylation by GSKR&
This means that previous phosphorylation &t Tacilitates
subsequent 3% phosphorylation by GSKR It should be
noted that tau is also phosphorylated endogenously in HEK-
293 cells on various sites. Interestingly, S231A and S396A
are phosphorylated more efficiently &%han WT (Figure
2A). Similarly, S202A is phosphorylated more efficiently
than WT at 3% (Figure 2B). Taken together, these observa-
tions suggest that previous phosphorylation of tau at some
sites influences the subsequent phosphorylation of other
specific sites.

One of the GSKB phosphorylation sites,?¥, is located
four residues upstream of¥ which is phosphorylated in
vivo (9). Phosphorylation of 8% generates a?PXXXXSp?3®
sequence motif recognized by GSK&2, 23). Indeed, in
our transfected cells, GSiK3Iompletely failed to phospho-
rylate 23! of tau mutant S235A (Figure 5). These data are
consistent with a previous reporl3) and indicate that
previous phosphorylation of?% primes tau for phospho-
rylation by GSKP at T23L

GSK35 phosphorylated S396A at%to an extent similar
to that of WT in three experiments (compare lanes 2 and 10
of Figure 6C) but slightly less than that of WT in one
experiment (data not shown). Despite this inconsistency, in
all of the experiments described above, blocking 6% S
phosphorylation by mutating3% to A did not prevent
GSK3 from phosphorylating 8°. These observations
indicate that the previous phosphorylation o¥®3s not
required for the subsequem®Gphosphorylation by GSK&
However, GSKB phosphorylates tau at% only when tau
has been previously phosphorylated &f*3Figure 6).
Likewise, once tau is phosphorylated at®®S GSK3
phosphorylates tau a8 (Figure 6). Since GSKBdoes not
phosphorylate tau at*® (Figure 3 and reR9), this site has
to be phosphorylated by a priming kinase other than GEK3
This means that once tau is phosphorylated it I3/ the
priming kinase, GSK3 sequentially phosphorylates tau at
S0 and then at %% in the carboxyl to amino-terminal
direction with each phosphorylation generating an SXXXSp
motif. It should be noted that GSI83 phosphorylates

glycogen synthase also by a sequential mechanism that

requires priming phosphorylation of% by casein kinase
2. Once $%is phosphorylated, GSKBsequentially phos-
phorylates glycogen synthase #%55°48 $544 and $*°in

the carboxyl to amino-terminal direction with each phos-
phorylation depending on the prior phosphorylation of
positionn + 4 (23). Likewise, once3-catenine is phospho-
rylated at %° by the priming kinase, GSKBphosphorylates
the substrate sequentially from the carboxyl to amino
terminus sequentially at*§ S¥, S, and $° (38, 39).
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