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ABSTRACT:. Abnormally hyperphosphorylateidu polymers known as paired helical filaments constitute

one of the major characteristic lesions that lead to the demise of neurons in Alzheimer’s disease. Here,
we demonstrate that the environmental toxin arsenite causes a significant increase in the phosphorylation
of several amino acid residues (Thr-181, Ser-202, Thr-205, Thr-231, Ser-262, Ser-356, Ser-396, and Ser-
404) in tau, which are also hyperphosphorylated under pathological conditions. Complementary
phosphopeptide mapping revealed a dramatic increase #RHabeling of many peptides taufollowing

arsenite treatment. Although arsenite activates extracellular-signal regulated kinases-1/-2 and stress-activated
protein kinases, these enzymes did not contribute to the arsenite-increased phosphorylation, nor did they
appear to normally modiftauin vivo. Tauphosphorylation induced by arsenite did not involve glycogen
synthase kinase-3 or protein phosphatase-1 or -2, but the activity responstbletigperphosphorylation

could be inhibited with the protein kinase inhibitor roscovitine. The effects of arsenite on the phosphorylation
of sometau mutations AK280, V337M, and R406W) associated with frontal-temporal dementia with
parkinsonism linked to chromosome 17 was analyzed. The unchallenged and arsenite-induced phospho-
rylation of some mutant proteins, especially R406W, was altered at several phosphorylation sites, indicating
that these mutations can significantly affect the structuréaofin vivo. Although the major kinase(s)
involved in aberrantau phosphorylation remains elusive, these results indicate that environmental factors,
such as arsenite, may be involved in the cascade leading to deregulatanfofction associated with
neurodegeneration.

Alzheimer's disease (AD)is a progressive neurodegen- rylated microtubule-associated protésu, are the predomi-
erative disease and constitutes the most common form ofnant structures in NFTs and neuropil threads Z). The
late onset dementia. It is characterized by neuronal loss anddentification of a spectrum of mutations in tkeu gene in
brain lesions in the form of senile plaques, neurofibrillary families with frontal-temporal dementia with parkinsonism
tangles (NFTs) and neuropil threads ). The formation linked to chromosome-17 (FTDP-17) that result in aberrant
of these pathological markers may represent the aberrantsplicing and missense mutations [reviewed in 3ptlem-
regulation of cellular mechanisms that converge to lead to onstrates that alteration itau function can be causal of
neuronal dysfunction and death. While the deposition of disease.
p-amyloid (Ap) peptides characterizes senile plaques, paired PHF+au in Alzheimer’s disease brain is phosphorylated
helical filaments (PHFs), comprised of the hyperphospho- at 24 Ser or Thr amino acid residue§ ). Ten of these
sites, many of which are heavily phosphorylated (i.e., Ser-
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predominantly by growth factors and growth stimuli. The  Cell Culture.Chinese hamster ovary (CHO) T40 cells (a
ERK subgroup includes the well characterized ERK-1 and cell line stably expressing the longest isoform of human CNS
ERK-2 (12), as well as ERK-513), for which less informa-  tau, i.e., two N-terminal insert and four tandem repead$) (
tion is available. MAPKs with a Pro within the activation 47) and cell lines expressing mutataiu proteins 48) were
domain amino acid triplet are known as SAPK;113, and maintained ir-minimal essential medium, 10% fetal bovine
-1y, or cJun N-terminal kinase (JNK)-2, -3, and -1, respec- serum (Life Technologies Inc., Burlington, ON), 100U/ml
tively (14, 15). The third subgroup of MAPKSs include SAPK-  penicillin, 100U/ml streptomycin, and 2Q@/mL Geneticin
20/CSBP/p38. (16, 17), SAPK-25/p38—2/p38432 (18, 19), (Life Technologies, Rockville, MD). Neuro 2A and HEK
SAPK-3/p38/ERK-6 (20—22), and SAPK-4/p38 (23—25), 293 cells were obtained from the American Type Culture
all of which have a Gly residue at the X-position within the Collection (Rockville, MD) and cultured in Dulbecco’s
activation domain. In general, SAPKs are predominantly modification of Eagle’s medium-high glucose 4.5 g/L,
activated by cytokines and cellular stresses. supplemented with 10% fetal bovine serum, 100U/ml
Arsenic is a common environmental element, especially Penicillin, 100U/mL streptomycin, and 2 mMglutamine.
in drinking water 26), but its levels are significantly These ceIIs.were tranS|er_1tIy transfect.ed using I|p0fectam|ne
increased by human activitie2®). Environmental and reagents (Life Technolpgles Inp., Burlington, ON) according
occupational exposure to elevated concentrations of arsenic{0 theé manufacturer's instructions. o
which may result from smelting of other metals, coal ~CHO T40 cells predominantly in interphase or mitosis
combustion, and application of arsenical pesticides andWere prepared as previously describé@)( In short, CHO
herbicides, has been linked to an increased incidence of 140 cells were arrested in mitosis using @gémL nocoda-
multiple forms of cancer and other diseas28, @8—30). It zole for 8 h,. mechanically separated (knocked-oﬁ) from
is well documented that acute exposure to arsenite can resu|f10r)synchron|;ed Qe”S, and' prep!ated with nocoda;ole for
in neuronal injury, especially in the form of peripheral maintenance in mitosis. _Usmg this mtho_d, approximately
axonopathy 31-33). However, arsenite can also impair 90% of the nonsynchronlzed cells are in |r_1terphase.
central nervous system functions, as demonstrated by en- Gel Electrophoresis and Western BlottinGells were
cephalopathy associated with headache, mental confusionharvested in phosphate-buffered saline (PBS) (137 mM NaCl,
paranoia, and com®8—37). Impairments in learning and ~ 2-7 MM KCI, 10 mM NaHPQ,, 1.8 mM KH,PQ,), lysed in
memory were also reported and may be under-diagn@sed ( 2% SDS, 62.'5 mM Tns, pH 68 and prqteln.concentratlons
39). Arsenic exposure is generally in the form of two valence Were determined using the bicinchoninic acid (BCA) assay
states, arsenate (A3, or arsenite (A%). Arsenite is thought (Plerce,_Rockford, IL). '_I'he ceI_I extracts were diluted to the
to exert toxicity primarily by reacting with sulfnydryl groups ~ @Ppropriate concentrations with SBSample buffer (2%
and can potentially inhibit more than 200 enzyné@(but ~ SDS, 62.5 mM Tris, pH 6.8, 10% glycerol and 33mer-
it can also perturb cellular homeostasis by augmenting the c@ptoethanol), and the proteins were resolved on slab gels
levels of oxyradicals 41). Arsenite preferentially targets DY SDS-polyacrylamide gel electrophoresis. Proteins were
vicinal dithiols @2) such as lipoic acid, a cofactor of the electrqphoretlcally transferred to nltroc_ellulose memb_ra_nes
pyruvate dehydrogenase multienzyme complex, resulting in (Schleicher and Schuell, Keene, NH) in buffer containing
a stable 6-membered ring and enzyme inactivation. Arsenite48 MM Tris, 39 mM glycine, and 10% methanol. Membranes
is an excellent chemical inducer of the heat-shock response/vere blocked with 5% skimmed milk powder dissolved in
(43) and a potent activator of SAPK&4, 45). Since SAPKs  1'is-buffered saline Tween (20 mM Tris (pH 7.7), 137 mM
and environmental stressors have been implicated in modu-NaCl, and 0.1% Tween-20), incubated with primary antibod-
lating tau phosphorylation, we investigated the effects of €S followed by anti-mouse or anti-rabbit HRP conjugates

arsenite ortau phosphorylation in vivo. antibodies, and visualized by enhanced chemiluminescence
as described by the manufacturer.
EXPERIMENTAL PROCEDURES 3P Metabolic Labeling and Phosphopeptide Mapping.
Cells were incubated with 0.25 mCi of carrier-fré®/ml
Materials. Carrier-free3?P, and [y-32P]-ATP were pur- of P-reduced medium [19:1 offree Dulbecco’s modifica-

chased from ICN Biomedicals (Missisissauga, ON). En- tion of Eagle’s medium (Flow Laboratories, McLean, VA)
hanced chemiluminescence reagents were obtained fromto normal medium supplemented with 1% FBS] for 5 h
NEN (Mississauge, ON). Protein A-Sepharose was from before the addition of 500M sodium arsenite for 2 h. Cells
Amersham Pharmacia Biotech (Piscataway, NJ). Anti-SAPK- were harvested in PBS and lysed in detergent buffer (150
1y (C-17), anti-ERK-1 (C-16), and anti-ERK-2 (C-14) rabbit mM NacCl, 1% Nonidet-P40, 0.5% sodium deoxycholate,
polyclonal antibodies as well as glutathione S-transferase0.1% SDS, 50 mM Tris, pH 8.0, 20 mM NaF, 2 mM EGTA,
(GST)-cJun (amino acids-179) were from Santa Cruz  0.5% levamisole, 1 mM NaVvg® 1 mM PMSF, 25uM
Biotechnology (Santa Cruz, CA). Myelin basic protein leupeptin and 40 units/ml aprotinin). Cellular debris were
(MBP) was from Life Technologies Inc. (Burlington, ON). removed by centrifugation at 13 09€r 30 s, and 1% SDS
SB203580, kenpaullone, roscovitine, and olomoucine were was added to the supernatant. Samples were boiled for 5
obtained from Calbiochem Corp. (San Diego, CA). Okadaic min and diluted 10-fold in Triton buffer (1% Triton X-100,
acid (OA) was obtained from LC Services (Woburn, MA). 50 mM Tris, pH 7.5, 100 mM NacCl, 2 mM EGTA, 2 mM
Mouse antitau monoclonal antibodies AT8 and AT270 were levamisole, 50 mM NaF, 1 mM PMSF, 20M leupeptin,
from Innogenetics, Inc (Alpharetta, GA). Anti-JNK-1/-2 and 40 units/ml aprotinin)lauwas immunoprecipitated for
(G151-666) and anti-phospho-SAPK (Thr 183/Tyr 185) 3 h at 4°C with protein A-Sepharose preabsorbed with
were from BD PharMingen Pharmagen (San Diego, CA) and antibody 17026, a rabbit polyserum raised to full-length
New England Biolabs Inc (Beverly, MA), respectively. recombinantau (66). The immunoprecipitates were washed
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Ficure 1: Arsenite inducesau phosphorylation in CHO T40 cells. Western blot analysis of CHO T40 cells pretreated wjtM28B
203580 (A), 1QuM U0126 (B), or 10 mM LiCl fa 1 h (C) before the addition of 50@M arsenite for 2 h. Fiverg of total cell lysate was
loaded on each well of 10% polyacrylamide gels.

repeatedly with Triton buffer and eluted by boiling for 5 in serum-free medium at a multiplicity of infection of
min in SDS sample buffer. approximately 10. One hour after infection, the medium was
Following immunoprecipitation, metabolica®P-labeled replaced with complete medium, and cells were harvested
tau was resolved by SDSPAGE, visualized by autoradi-  after 24 h.
ography and excised from the gel. The gel slices were washed In-Gel Kinase AssayCell extracts (13g) in SDS-sample
with 20% methanol, lyophilized, and digested for 18 h at 37 buffer were resolved on 9% polyacrylamide gels polymerized
°C in 50 mM ammonium bicarbonate containing A@'mL in the presence of 250g/mL recombinant human T4@u
of N%-p-tosyl+.-lysine chloroketone-treatag-chymotrypsin isoform, 250ug/mL MBP, or no protein (as a control).
(Sigma, Chemicals Co., St. Louis, MO). After the gel slices Following electrophoresis, gels were washed with 20%
were removed, peptides were lyophilized, dissolved i®H  2-propanol, 50 mM Tris, pH 8.0, to remove SDS. Proteins
and loaded onto cellulose thin-layer chromatography sheetswere denatured by incubating the gels in 50 mM Tris, pH
(MN-300; EM Science, Griggstown, NJ). Phosphopeptides 8.0, 5 mMp-mercaptoethanol for 1 h, followed by 50 mM
were resolved as describe80f and were visualized by  Tris, pH 8.0 6 M guanidine-HCI, 20 mM DTT, 2 mM EDTA

autoradiography. for 1 h. Gels were incubated in 50 mM Tris, pH 8.0, 1mM
Immunoprecipitation Kinase AssaySAPK-1y activity DTT, 2 mM EDTA, 0.04% Tween 20 overnight at°€ to
was assayed as described previoudB).(In short, after cell allow proteins to renature. Gels were equilibrated in 40 mM

lysis in the presence of Triton X-100, cell debris was Hepes, pH 8.0, 1 mM DTT, 0.1 mM EGTA, 20 mM Mg£l
removed by centrifugation at 13 0§0and the protein 100 uM vanadate for 1 h, and the kinase reaction was carried
concentration of each supernatant was determined to equaliz&ut in the same buffer containing 30uM ATP (10 uCi/ml)
the amount used in each immunoprecipitation. SARKAAS for 1 h atroom temperature with gentle shaking. The reaction
immunoprecipitated, the immunoprecipitates were washedwas stopped by fixing gels with 10% 2-propanol/10% acetic
extensively, and activity was assayed usipgfP]ATP and  acid, followed by 50% methanol/5% glycerol. After drying
GST-cJun as a substrate. After stopping the reaction with the gels, protein kinase bands were detected by exposing
SDS-sample buffer, GST-cJun was resolved on 10% poly- the gels to a Phosphorimager plate.

acrylamide gels. The gels were stained with Coomassie Blue Cell-Free Kinase AssayCHO T40 cells were grown to
R-250, destained with 10% 2-propanol/10% acetic acid ~40% confluency and pretreated with or without 200
followed by 50% methanol/5% glycerol, dried, and exposed roscovitine for 1 h, followed by treatment with or without
to a Phosphorimager plate. The radioactive signal was 500 «M sodium arsenite for 1.5 h. Cells were scraped in
quantified using ImageQuant software (Molecular Dynamics, PBS and lysed by sonication in 50 mM Tris pH 7.5, 2mM

Inc., Sunnyvale, CA). EDTA containing a cocktail of protease inhibitors. Cell debris
ERK-1/-2 activity was also assayed as described previouslyWas removed by centrifugation at 4@for 5 min at 4°C.
(45). The procedure was similar to SAPK+imunoprecipi- In vitro kinase assays were conducted by adding 10 mM

tation kinase assays, except antibodies specific for ERK-1 MJClz, 1 mM ATP, and 5uCi y*P-ATP with or without
and ERK-2 were used from the immunoprecipitation and 0.25 mg/mL recombinanauT40 to the cell lysates followed
MBP was used as the substrate. GSK-3 activity was DY incubation at 37C for 30 min. Kinase reactions were
measured as previously describ&d)( terminated by adding SDSsample buffer and heating at 95
Infection of CHO T40 Cells with Semliki Forest Virus -C for 5 min. Samples were subjected to 10% SIPRAGE,
(SFV).Using polymerase chain reaction (PCR) engineering folloyved by autoradiography and visualized using a Phos-
and specific oligonucleotides, an amino-terminal HA tag Phorimager.
(MYPYDVPYA) and Bam HI restriction sites were added RESULTS
to the human SAPK-41 cDNA. Using PCR, the human
SAPKK-1 cDNA was modified with an amino-terminal Antibody 17026, a rabbit antiserum raised against full-
Myc-tag (MAEQKLISEEDLN), a 5 end Avrll restriction length recombinantau, was used to detect all isoforms of
site, and a @nd Cla | restriction site. These modified cDNAs tau. Challenging CHO T40 cells with 500M arsenite for 2
were cloned in the dual promoter SFV-based vector h resulted in a reduction in the mobility ¢du on SDS-
pSFVAPG-X b1). SFV virus was prepared and titered in  PAGE (Figure 1), suggestive of an increase in phosphoryl-
BHK cells as previously describe82). Cells were infected  ation (63, 54). Increased phosphorylation was directly
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Ficure 2: Analysis of the increase itau phosphorylation in
arsenite-treated cells. (A) Western blot analysis of the levéhof
phosphorylation in arsenite-treated CHO T40 cells compared to
PHFtau. Approximately equal amounts of PH&u andtauin CHO
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the immunodetection of the rabbit 1IgG used for immuno-
precipitation with the secondary antibody used for Western
blotting. Relative overall phosphorylation tdu was 4.5-
fold £ 0.9 greater in arsenite-treated cells compared to
untreated cells.

To assess the overall effect of arsenite on protein phos-
phorylation, triplicate lysates of cells labeled wittPi and
left untreated or challenged with 5Q0M arsenite were
separated by SDSPAGE, transferred onto a nitrocellulose
membrane, and analyzed by autoradiography. Arsenite treat-
ment did not result in an overall increase in protein
phosphorylation, although there were some differences in
the intensity of some phospho-protein bands (Figure 3A).
Interestingly, there was a significant increase in phosphate
incorporation in a protein band-(70 kD) with mobility on
SDS-PAGE consistent with that of T4@u. Immunoblotting

T40 cells extracts were subject to this analysis, as demonstratedfor tau using the nitrocellulose membrane used for the

using the polyclonal antibody 17026. The levelstafi phospho-
rylation in CHO T40 cells challenged with 5@M arsenite for 2

h (+ arsenite) was comparable to Pt at the AT8, PHF-1,
AT270, and 12E8 phospho-epitopes. (B) Determination of the
relative increase intau phosphorylation induced by arsenite
treatment. CHO T40 cells were preincubated witRi and left
untreated { arsenite) or treated with 5QM arsenite ¢ arsenite)

for 2h. Tauwas immuno-precipitated as described in Experimental

Procedures and visualized by Western blotting using the phospho-

rylation-independent antibodies T14 and T46. After Western
blotting, the membrane was rinsed with water, dried #Relabeled
tau was detected by exposing to a Phospholmager plate.

determination of the relative levels of protein phosphorylation
demonstrated a reduction in the mobilitytati resulting from
arsenite treatment (Figure 3B). Furthermore, the0 kD
band identified by a triangle in Figure 3A overlapped exactly
with the tau band identified by Western blotting in the
samples from cells treated with arsenite (Figure 3B). To
further confirm that this phospho-protein band vias, 3%P-
labeling of proteins in CHO and CHO T40 cells was
compared with or without arsenite treatment (Figure 3C).
The phospho-protein band in CHO T40 cells, identified by
a triangle, was not present in CHO cells, indicating that this

ascertained with several monoclonal antibodies that recognizephosphorylated protein isu.
phosphorylation dependent epitopes. The immunoreactivities The analysis of overall protein phosphorylation demon-

to PHF-1 (specific for phosphoserine 396/408%)( PHF-6
(specific to phosphoserine 23%¥), AT8 (specific to phos-
phoserine 202 and phosphothreonine 2@5),(and AT270
(specific to phosphoserine 18158) were increased due to

strated that arsenite did not have an overwhelming effect on
cellular metabolism. To further ascertain the effect of arsenite
on cellular physiology, cell viability was determined by
trypan blue exclusion assay. Treatment with pB0arsenite

arsenite treatment. Similar results were obtained when cellsdid not have an immediate effect on cell viability (trypan

were challenged with 5@M arsenite for 6-10 h (data not
shown).

The increase iau phosphorylation induced by arsenite
was compared to the levels of phosphorylation in Rblr-
biochemically purified from AD braing3). These experi-
ments were normalized with the antibody 17026 so that
approximately equivalent amounts ¢tdu are present in
preparations of PHEau compared to CHO T40 cells extracts
(Figure 2A). The level otau phosphorylation in arsenite-
treated CHO T40 cells was similar to that of Pltrat the
AT8, PHF-1, and AT270 sites (Figure 2A). The level of
PHF-6 immunoreactivity was much lower in arsenite-treated
cells compared to that in PHiau (data not shown). The
effect of arsenite treatment on the 12E8 epitope, which

blue exclusion: untreated cells 98.6% + 0.5, arsenite
treated cells= 97.2%+ 1.6,n = 6). Four hours after arsenite
challenge, there still was no change in cell viability (trypan
blue exclusion: untreated cells 99.0% + 1.2, arsenite
treated cells= 99.6%+ 0.5,n = 6), but 24 h after arsenite
treatment, the demise of a subpopulation of cells was
observed (trypan blue exclusion: untreated cetls
98.6%=+ 0.5, arsenite treated celt 65.2%+ 7.8,n = 6).
These results show that arsenite exposure did not completely
obliterate cellular metabolism and the delay in cell death may
be due to arsenite inducing apoptotic mechanis®m), (
although the occurrence of this type of changes in arsenite
treated CHO cells will require further studies.

Since analyzing changes fau phosphorylation by using

recognizes the nonproline directed phosphorylation sites Serphosphorylation-dependent antibodies is limited to sites for
262/Ser35690), was also evaluated and compared to PHF- which antibodies are available, phosphopeptide mapping
tau. Arsenite also induced an increase in the phosphorylation analysis was conducted to provide a more complete index
of this site that was comparable to the phosphorylation stateof the phosphorylation profile ofau in CHO T40 cells.
in PHFtau. Phosphopeptide mapping revealed that arsenite treatment
The relative increase in totdahu phosphorylation was  caused the accretion of phosphate on numerous amino acid
analyzed by labeling CHO T40 cells wifiPi and immu- residues intau. In untreated cellstau is phosphorylated at
noprecitating equivalent amountstafifrom CHO T40 cells one major site (phosphopeptide 4) and a few minor sites

under control conditions or after treatment with arsenite.
These experiments are depicted in triplicate in Figure 2B.
The levels of immunoprecipitatedu from CHO T40 cells
were monitored using a mixture of phosphorylation-
independent monoclonal antibodies T14 and T46 to minimize

(Figure 4A). The addition of arsenite caused a dramatic
increase in the phosphorylation of many sites, marked by
numbers or asterisks (Figure 4B).

Most MAPKSs are activated by arsenite treatment, which
complicates the identity of the enzyme(s) involvedtau
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Ficure 3: ldentification oftau as a major subtract for arsenite-induced phosphorylation. (A) CHO T40 cells were preincubaté#Pivith

and left untreated-() or treated with 50«M arsenite ¢) for 2h. Cells were washed with PBS and lysed in detergent buffer. Following

the removal of cell debris by centrifugationug of cell lysates was loaded on separate wells of a 9%-SiafB/acrylamide gel. Proteins

were transferred electrophoretically to a nitrocellulose membrane that was exposed to a PhospholmagerRPGatd fghospho-protein

band induced by arsenite is identified with a triangle. (B) The same nitrocellulose membrane as in panel A was probed wittathe anti-
antibody 17026 and Western blotting analysis was performed as described in Experimental Procedures. (C) CHO and CHO T40 cells were
preincubated witt¥2Pi and left untreated—{) or treated with 50QuM arsenite {) for 2 h. Cells were washed with PBS and lysed in
detergent buffer. Following the removal of cell debris by centrifugationg ®f cell lysates was loaded on separate wells of a 9%-SDS
polyacrylamide gel. The gel was fixed, dried, and exposed to a Phospholmager Plate. The phospho-protein band that demonstrates increased
phosphorylation following arsenite treatment (identified with a triangle) was present in CHO T40 cells, but not in CHO cells. The mobility

of molecular mass markers is depicted on the left of each panel.
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S| o O phosphorylation in vivog1). Although there is no evidence

> for the induction of GSK-3 by arsenite, the involvement of
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Ficure 4: Two-dimensional phosphopeptide mappingaaffrom
CHO T40 cells. CHO T40 cells were preincubated witRi and
left untreated (A) or treated with 5Q@M arsenite for 2 h (B). O

Electrophoresis this kinase was analyzed with the inhibitor LiCl. Treatment

with LiCl reduced the steady-state levels of PHF-1 and
AT270, consistent with the notion that GSK-3 is constitu-
tively active and normally involved itau phosphorylation

represents the origin where the peptides were spotted. The phos
phopeptides labeled with numbers from 1 to 9 or stars (*) represent
the major sites labeled witFPi.

(61). LiCl did not block the increase in PHF-1, PHF-6 or
AT270 immunoreactivity, but it did reduce the increase in

AT8 immunoreactivity. Arsenite treatment resulted in a slight
phosphorylation under arsenite stress. The involvement ofincrease in GSK-3 activity (1.5-foldt 0.4; n 4) as
some of these enzymes such as SARKS2and ERK-1/2, measured by immunoprecipitation kinase as<y. (
which can phosphorylatéau in vitro, can be readily SAPK-1y- and ERK-1/2 immunoprecipitation kinase as-
ascertained with specific inhibitors. SB203580 is a specific says were conducted to verify that arsenite induces MAPK
inhibitor of SAPK-2u/f3 (25, 59), while the compound U0126  activities in CHO T40 cells and to validate the efficacy and
(1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadi- specificity of the kinase inhibitors. Addition of arsenite
ene) specifically blocks ERK-1/-2 activity by inhibiting the resulted in approximately 7-fold increase in SAPK-1
direct upstream activator MAP kinase kinases, MEK-1 and activity (Figure 5A) and 4-fold increase in ERK-1/-2 activity
MEK-2 (60). Neither compound reduced the normal levels (Figure 5B). Pretreatment with LiCl or SB203580 did not
of tau phosphorylation or prevented arsenite-induced phos- affect SAPK-1y activity, but U0126 slightly augmented the
phorylation (Figs. 1A and B). GSK-3, also a proline-directed effect of arsenite. U0126 inhibited the basal ERK-1/2 activity
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Ficure 6: Overexpression and activation of SAPK-1 does not coincide taitiphosphorylation in vivo. (A) Western blot analyses of
HEK 293 cells transiently transfected with vectors expressing Flag-SAP&Rtl/or T40tau and challenged with 508M arsenite for 2

h. (B) CHO T40 cells were uninfected (lane 1) or infected with SFV/LacZ (lane 2) and SFV/SARBAPKK-1 (lane 3).Tau SAPK-1y,
and SAPKK-1 expression and phosphorylation were determined by Western blot analysig. gaBiple of total protein lysate was added
in each lane of 10% polyacrylamide gels. (C) NT2N cells were uninfected (U) or infected with SFV/SASARKK-1, and 1Qug of
total cell lysate was loaded on a 6% polyacrylamide gel followed by Western blotting analysis with antibody RMO189.

and blocked the arsenite-induced activity. LiCl did not affect Arsenite: - + - +

ERK-1/-2 activity, but SB 203580 enhanced the arsenite- Cell cycle phase: 1 | M M

induced ERK activity slightly. !. " 17026
To investigate the involvement of SAPK-1 in the phos-

phorylation of tau in vivo, the SAPK-1y isoform was ek LR

overexpressed in cells expressiag (Figure 6A). HEK 293

cells were used for transient transfection, since they dem- - ATS

onstrate a much greater transfectabilty than CHO c&ls.

was detected in these cells only after transfection with the s+« == @ PHF-G

expression vector T4tau PSG5. The addition of arsenite

to HEK 293 cells also induced a similar increase in phos- “m™® AT270

phorylation, as evidenced by a reduction in electrophoretic
mOb'I'ty and increased PHF-1 and AT270 ImMmuNoreactivi- g pe 7: Arsenite inducesau phosphorylation during interphase
ties. The 46 kDa and 54 kDa SAPK-1 isoforms are normally and mitosis. CHO T40 cells were synchronized in either interphase
expressed in HEK 293 cells, but cotransfection with a or mitosis followed by the addition of 500M arsenite for 2 h. A
plasmid expressing Flag-SAPK+¥14) resulted in a large 5 ug sample of total protein lysate was added in each lane of 10%
increase in the amount of this enzyme. Addition of arsenite Wéé?gm%ﬁg'tdgn agl)ellssié and phosphorylation was monitored by
resulted in activation of SAPK-1, as indicated by its phos- '
phorylation. However, the activation of this enzyme by  Arsenite can induce mitotic arrest in various cell lines
arsenite, even when highly overexpressed, only slightly (62—64), suggesting that cyclin-dependent proline-directed
increased the phosphorylationtaﬂ, indicating thatauis a kinases may be involved itau hyperphosphory|ation_
poor substrate in vivo and that SAPK-1 is not involved in Further, previous studies have shown thati becomes
arsenite-induced phosphorylation. hyperphosphorylated during mitosis in CHO T40 cells as
The ability of SAPK-¥ to modify tauin vivo was further well as in other cell lines49, 65). To determine if arsenite-
assayed by infecting CHO T40 cells with SFV/SAPK-1 induced phosphorylation was due to cell cycle arrest, the
SAPKK-1 (Figure 6B). Infection with this virus or the control  effect of arsenite on cells in interphase and mitosis was
virus SFV/LacZ did not increase the phosphorylatiomaof studied. Mitotic cells demonstrated highly phosphorylated
On the contrary, the phosphorylation of the PHF-1 epitope tau compared to cells in interphase, but arsenite treatment
was reduced by infection with SFV/SAPK+ISAPKK-1. inducedtau phosphorylation in both phases of the cell cycle,
The high levels of expression of SAPK-Bnd SAPKK-1 indicating that arsenite-induceedu phosphorylation is not
was demonstrated with an antibody specific to SABKahd merely due to cell cycle arrest (Figure 7).
the anti-Myc antibody 9E10, respectively. The activation of  To further characterize the arsenite-induced enzymatic
SAPK-1y was monitored with the anti-phospho-SAPK-1 activity responsible fotau phosphorylation, we used several
antibody. Furthermore, the ability of the SFV-expressed previously described inhibitors of proline-directed kinases
SAPK-1y to phosphorylate a known substrate, such as the (Table 1). Treatment with 1@M kenpaullone reduced the
KSP-rich neurofilament subunits4%), was verified by normal phosphorylation ofau at the PHF-1 and AT270
infecting NT2N cells. The increased phosphorylation of the phosphorylation sites, but it did not affect the arsenite-
mid-size neurofilament subunit (NFM) was demonstrated by induced phosphorylation at these sites (Figure 8A). There
a reduction in electrophoretic mobility (Figure 6C). was a slight reduction in the arsenite-induced phosphorylation
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Table 1: Summary of the Specificity of the Inhibitors of A
Proline-Directed Kinases . MBP Tau
Arsenite: - + -+ -+
inhibitors 1Gso (M) 250- W
. . . 150-
kinases kenpaullone roscovitine olomoucine refs 100- * -
cdkl/cyclin B 0.4 0.65 7 86,87,88 75- .
cdk2/cyclin A 0.68 0.7 7 86,88 50 $’
cdk2/cyclin E 7.5 0.7 7 86,88 -
cdkd/cyclin D1 >100 >100 >1000 86,88 37, —
cdk5/p35 0.85 0.16 3 86,87,88
cdk6/cyclin D3 N/A >100 >250 86, 88 e
ERK-1 20 34 50 86,88 25-
ERK-2 9 14 40 86,88
GSK-38 0.23 220 130 86, 87,88 B
Ros (200): - - + + - - + +
Arsenite: - + - + - + - +
A Ken Ros Ros olo B OA Tau: - - - - + +
Arsenite: - + ﬁl—"l%l @!1_@ =+ Arsenite:- + -+ {.mil o B -«

170268 ™ "0 a®e™ 1 x*"e"s"

PHF- 1w = - PHFE-1 - ™ = w=

- FiIGurReE 9: In-gel kinase assay and cell-free assay of kinase activites
AT = = = B ATE — = = induced by arsenite. (A) The in-gel kinase assays were performed
as described in Experimental Procedures. Cell extracts from

AT270M ™ wom wm AT2I0 = = = untreated ) or cells treated with 50&M arsenite fo 2 h (+)

N . . were resolved by SDSPAGE. Polyacrylamide gels were polym-
Ficure 8: Characterization of arsenite-induced phosphorylation of 4tized without ar):y protein, or in tﬁ/e pryesence gf MBP or g’alé),

tau in CHO T40 cells using protein kinase and phosphatase The arrow on the left indicates the position of the major MBP
inhibitors. Western blot analysis of CHO T40 cells pretreated for yjnase. The bracket on the right indicates the position of the major
1 h (A) with kinase inhibitors [1:M kenpaullone (Ken), 1M T40 tau kinase. The mobilities of molecular mass markers are
or 200uM roscovitine (Ros), or 1M 200 uM olomoucine] or depicted on the right. (BJfau kinase activity(ies) activated by

(B) the phosphatase inhibitor OA (10 or 500 nM). Cells were 4 senjte was analyzed in a cell-free assay as described in Experi-
untreated {) or challenged with S0@M arsenite ) for 2 h. A mental Procedures. Assays were conducted in the absefazr (

5 ug sample for total cell lysate was loaded in each well of 10% presence+) of recombinant humatau T40 in kinase buffer as
polyacrylamide gels. indicated above the lanes. CHO cells were untreated or challenged

. ., with 500uM arsenite. In some samples, cells were pretreated with
of the AT8 epitope. TenuM roscovitine or 200uM 200 4M roscovitine. Following the kinase reaction, samples were

olomoucine did not reduce the levelstatiphosphorylation  resolved on 10% SDSpolyacrylamide gels. Gels were stained with
under unstimulated conditions, nor did they affect the Coomassie, destained, dried, and exposed to a Phospholmager plate.
increased phosphorylation resulting from arsenite exposure.The arrow indicates the band correspondingato T40.
However, higher concentration of roscovitine (20M) i ) )
inhibited the arsenite-induced phosphorylationtafi, but ~ regulating kinases-1 and -8), but there was no increase
without affecting the normal phosphorylation state. in this activity in cells treated with arsenite.
Phosphatases, in particular protein phophatase (PP)-1 and- To begin characterization of the enzymatic activity in-
2A (6), are important enzymes involved in the regulation of Vvolved in the arsenite-induced phosphorylationtad, we
the levels oftau phosphorylation. To investigate the involve- sought to determine if this activity(ies) could be monitored
ment of these enzymes in the arsenite-induegghospho- after cell lysis. In a cell-free assay, the phosphorylation of
rylation, the effect of arsenite was compared to that of OA, tau was significantly greater in extracts from cells treated
a specific inhibitor of PP-1 (165 = 0.1—2 nM) and PP-2A with arsenite (Figure 9B). Furthermore, in a similar manner
(ICso = 20—60 nM) (83, 84). The addition of 10 nM OA as intact cells, the increased phosphorylationtaaf was

had little effect on the phosphorylation statetafi with or partially inhibited with roscovitine.
without arsenite treatment (Figure 8B). Treatment with 500 It was recently demonstrated that treatment of cultured
nM OA had a slight effect on the phosphorylation tati cells with the arsenic related compound phenylarsine oxide

resulting from arsenite exposure, but the increase in levels(PAO) could induce phosphorylation ¢éu at the 12E8
of phosphorylation induced by arsenite alone was substan-phospho-epitoped(, 92). Since it is possible that arsenite
tially more dramatic than the effects of OA alone. and PAO may have a similar mode of action, the effect of
In-gel kinase assays, using either MBP as a general kinaseeach compound on the phosphorylatiortaniin CHO T40
substrate or T4@au, were used in an attempt to identify the cells was compared using the previously described conditions
kinase involved intau phosphorylation following arsenite  for PAO (91). In a similar manner as arsenite, PAO treatment
treatment (Figure 9). When the assay was performed with induced the phosphorylation of all sites analyzed by Western
no protein substrate polymerized in the gel, no major bands blotting using phospho-specific antibodies, albeit at a lower
were detected. In gels polymerized with MBP, a majai0 level (Figure 10). Furthermore, the effect of PAO could also
kDa protein kinase activity was observed, which correspondsbe inhibited with roscovitine. It also was previously dem-
to ERK-1/-2. Using the in-gel kinase assay, we demonstratedonstrated that the PAO-induced phosphorylation of at least
~2-fold increased in ERK activity, which is less sensitive some sites itau could be inhibited with the kinase inhibitor
than the immuno-precipitation kinase assay (Figure 5B). The staurosporine91). However, the addition of staurosporine
use oftau as the substrate for the in-gel kinase assay revealed(even at higher concentrations than previously described) did
a protein kinase doublet at100 kDa. These bands have not inhibit the phosphorylation dafu induced by arsenite
been shown to correspond to the microtubules/MAP-affinity (Figure 11).
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Ficure 10: Comparison of effects of arsenite and PAOtan
phosphorylation in CHO T40 cells. Cells were untreatey (reated
with 500 uM arsenite fo 2 h (+), or treated with 5«M PAO for

45 min () as previously describe®1). In some cases as indicated
above the lanes, cells were pretreated with 20roscovitine (Ros)
for 1 h. Tau phosphorylation was monitored by Western blotting
analysis.
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Ficure 11: Staurosporine did not inhibit the arsenite-induced
phosphorylation ofauin CHO T40 cells. Western blot analysis of
CHO T40 cells pretreated fd. h with 20 nM staurosporine (staur)
and left unchallenged) or challenged with 50@M arsenite )

for 2 h. A 5ug sample for total cell lysate was loaded in each well
of 10% polyacrylamide gels.

The increase in phosphorylation tdu resulting from
arsenite was demonstrated in two different cell types, HEK
293 and CHO cells. In addition, to determine the effect of
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Arsenite: -

W 17026

- i PHF-1

FiGUrRe 12: Arsenite-treatment induced the phosphorylation of tau
in Neuro 2A cells. Neuro 2A cells were untreate) or challenged
with 500 uM arsenite {) for 2 h. The phosphorylation state of
tau was monitored using antibodies that cross-react with murine
tau. A 20 ug sample of total cell lysate was loaded in each well of
10% polyacrylamide gels.
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Ficure 13: Effect oftau mutations on the induction of phospho-
rylation by arsenite. CHO cells expressing wild-type 40, the
single T40tau mutantsAK280 (AK), R406W (RW), V337M (VM),
and the triple T4@au mutant V337M/P301L/R406W (VPR) were
challenged with 50«M arsenite for 2 h. A 5ug sample of total
protein extract was loaded on 10% polyacrylamide gels, followed
by Western blotting analysis.

Ser-181 and Ser-231, respectively. Arsenite treatment de-
creased the mobility of the VPRau protein, which was
especially noticeable with AT270. Although arsenite treat-
ment increased the immunoreactivity for PHF-6 in the wild-
type protein, there was no such increase for any of the mutant
proteins, and the most pronounced paucity of phosphorylation
of this site was for the R406W mutant.

DISCUSSION

arsenite on a neuronal cell line, Neuro 2A cells were exposed We have demonstrated that exposure to the heavy metal
to arsenite. Arsenite challenge also resulted in increasedarsenite results in a substantial increaséaunphosphoryl-

phosphorylation ofau in these cells (Figure 12).

An increasing number of mutationstiau have been linked
to FTDP-17. Many of these mutations affect the ability of
tau to bind to microtubulesgf), and recently it has been

ation at many of the sites that are hyperphosphorylated in
PHF+tau (Figures 1 and 2). Exposure to arsenite increased
the overall phosphorylation dau more than 4-fold, and it
was shown thatau is a major substrate for the enzymatic

shown that mutations can have |Ong-range effects on phos_actiVitieS that are affected by arsenite (Figure 3) Arsenite

phorylation sites in vitro§7). To investigate the latter effect

in vivo, CHO cells expressing wild-type and mutant T40
tau proteins were challenged with arsenite (Figure 13).
Following arsenite treatment, a similar increase in PHF-1
immunoreactivity was observed for #lu proteins. Arsenite
also increased the phosphorylation of all proteins at the
AT270 epitope, but the increase was less for R406W. The
V337M/P301L/R406W (VPR) triplet mutant protein exhib-
ited an overall hypophosphorylation state in untreated cells
as revealed by its relatively greater mobility on SEFAGE.
The AT270 and PHF-6 epitopes, however, were more
reactive, indicative of more pronounced phosphorylation at

challenge elevated the phosphorylation level of several
specific sites, including Ser-396/Ser-404, Thr-181, Ser-202/
Thr-205, and Ser-262/Ser-356, to that of Ptdk-isolated
from AD brain. Furthermore, it also promoted the phospho-
rylation of many additional sites that could not be monitored
by the use of antibodies to phospho-specific epitopes (Figure
4), suggesting that arsenite exposure may closely recapitulate
the phosphorylation state found in P Hi.

Increasedau phosphorylation was not due to SAPK/Z
or ERK-1/2 activation, and these enzymes do not seem to
phosphorylatéau in vivo (Figure 1A and B). For example,
inhibition of constitutive or arsenite-induced ERK-1/2 activity
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(Figure 1B and 5B) did not affect the phosphorylation state rylation by cdk5, however, may be additive to that of the

of tau. These results underscore the need to be cautious withkinases activated by arsenite in promoting the hyperphos-
in vitro data, since in the latter settiitgu can be a substrate  phorylation oftauin neurons. It is also possible that arsenite

for ERKs 68, 69). Our data are consistent with reports may have an effect on cdk5 activity, but this remains to be
demonstrating that in vivo activation of ERKs resulted in evaluated. A caveat of using cells devoid of cdk5 is that
only a slight increase itiau phosphorylation without any  this system may not fully represent the phosphorylation state
detectable changes in phospho-dependent epitope immu-of tauin adult neurons. This system nevertheless allows the

noreactivity {0, 71). demonstration that extensit@u phosphorylation can occur
Although GSK-3 is a major kinase modulating the phos- in living cells without active cdk5.
phorylation of tau in vivo (61), as exemplified by the Inhibition of the major PPs that typically regulatau

reduction in the immunoreactivity of PHF-1 and AT270 by phosphorylation also does not seem to be a factor, and in
LiCl (Figure 1C) and kenpaullone (Figure 8A), it is not fact, the effects of arsenite are much greater than those seen
involved in the arsenite-induced phosphorylation tati. following the inhibition of PP-1 and -2A (Figure 8B). The
Neither LiCl nor kenpaullone inhibited the increased phos- kinase(s) involved in arsenite-induced phosphorylation re-
phorylation at sites detected by AT270, PHF-1, or PHF-6 mains elusive, but the inhibition by roscovitine of all
following arsenite treatment. The increase in AT8 phospho- phosphorylation sites specifically monitored with antibodies
epitope immunoreactivity due to arsenite was diminished by (Figures 8A and 10) suggests that it may be a single kinase
LiCl and kenpaullone, suggesting that GSK-3 and the or a single family of kinases. The ability to reconstittae
arsenite-induced kinase(s) may have an additive role in phosphorylation activity(ies) in cell extracts and its inhibition
modifying this epitope. with roscovitine further indicates that the effect of arsenite
Tau, which can be phosphorylated by SAPK-1s in vitro ontau phosphorylation is due to kinase activation. Further-
(8, 9), also does not appear to be a substrate for thesemore, it is likely that this activity may eventually be purified
enzymes in vivo (Figure 6), and SAPK-1s are not involved biochemically.
in the arsenite-induced phosphorylation. The involvement of  Jenkins and Johnso81, 92) had previously demonstrated
these enzymes was ascertained by overexpression of SAPKthat the arsenic-containing compound PAO could induce the
1y in the presence of arsenite (Figure 6). Overexpression of phosphorylation ofauin cultures cells at the 12E8 epitope.
SAPK-1y and activation by arsenite, as demonstrated by the Since arsenite and PAO may have similar effects on cells,
phosphorylation of its activation domain, only marginally the outcome of both agents dau phosphorylation was
increased AT270 and PHF-1 immunoreactivity (Figure 6), compared. PAO had a similar effect in increasitay
and no increase was observed for AT8 and PHF-6 (data notphosphorylation at all the sites monitored, albeit the increase
shown). Overexpression of active SAPIHy infecting with was more modest (Figure 10). The increase in phosphoryl-
SFV/SAPK-1y//SAPKK-1 also did not result inau phos- ation at Ser-262/Ser-356 tauin SH-SY5Y cells following
phorylation. These results, for the most part, are consistentPAO exposure has been attributed to an increase in MARK
with a recent study demonstrating thtat is a poor substrate  activity, since both the increased phosphorylation and
for SAPK-1y in vivo, although it also was shown that when increased MARK activity were inhibited by the kinase
overexpressed SAPKylmay modify the AT270 epitope inhibitor staurosporine9@). However, in CHO T40 cells
(89). treated with arsenite, no increase in MARK activity could
Likewise SAPK-2s are not involved in steady state or be detected by in-gel kinase assay (Figure 9A). This disparity
arsenite-induced phosphorylation taiu in CHO T40 cells could be due to differences in the signal transduction
(Figure 1A). Buee-Scherrer and GoedeB9)( recently pathways between each cell line, or differences in the ability
showed that SAPK-® can phosphorylate&auin COS 7 cells of arsenite or PAO to activate MARK. Nevertheless, this
under conditions of overexpression and osmotic stress. Otherresult and the lack of an inhibition by staurosporine (Figure
MAPKs, SAPK-4 and ERK-5, have previously been shown 11) indicate that MARK does not play a significant role in
not to phosphorylatdau in vivo (72); however, Buee- increasedau phosphorylation induced by arsenite in CHO
Scherrer and Goede9) demonstrated that, when overex- T40 cells. This notion is also consistent with MARK being
pressed, SAPK-4 may phosphorylase. SAPK-3 overex- a nonproline directed kinase that predominantly modifies Ser-
pression can result in an increase in phosphorylatiolwf  262/Ser-356 irtau (85), but not the proline-directed sites
(72, 89), but it is unlikely that SAPK-3 is involved itau that are also phosphorylated following arsenite exposure. The
phosphorylation in either CHO cells or in neurons, since it kinase(s) involved are likely to be members of the expanding
is predominantly expressed in skeletal musee, 2, 23). family of stress-inducible/proline-directed kinases. Interest-
Analysis of cells in interphase versus mitosis (Figure 7), ingly, under specific conditions some proline-directed kinases
as well as data from the protein kinase inhibitors (Figure can also phosphorylate non-proline-directed sites such as Ser-
8A), demonstrate that the activity involved in the arsenite- 262/Ser-356 irtau (94). Importantly, the arsenite-inducible
induced phosphorylation dfu is not a cyclin-dependent  kinase activity is expressed in several different cell lines,
kinase, including cdk5. Consistent with this notion, using including CHO cells, HEK 293 cells and the neuronal cell
an immunoprecipitation kinase ass&g) it was not possible  line Neuro 2A (Figure 12), suggesting that it may have a
to detect any cdk5 activity in untreated or arsenite-treated more general function.
CHO cells (data not shown). Expression of p35, the major The discovery of mutations in thiau gene has directly
activator of cdk5, was also below detectable levels in theselinked aberrations itauto neurodegenerative diseases. Some
cells (data not shown). It is thought that cdk5 is a major of these mutations affe¢hu mMRNA splicing, but missense
modifier of tau in vivo, but it is not required for arsenite- mutations can also cause disease [reviewed iB]réfh vitro
induced phosphorylation dgéu in cultured cells. Phospho-  reduction in microtubule binding and the impairment of the
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ability to promote microtubule assembly are the most We are not aware of any reports exploring a link between
commonly reported consequences of missense mutations, buarsenite exposure and Alzheimer’s disease or any late-onset
acceleration in the rate of fibrillization may also be important neurodegenerative diseases. The lack of epidemiological
(73). Furthermore, missense mutations may have long-rangestudies may be due to the notion that arsenite does not readily
effects on the phosphorylation tfuin vitro (67). The effect cross the blood-brain barrier, but recently it was shown that
of tau mutations on arsenite-induced phosphorylation was arsenite can accumulate in the brain where it affects func-
investigated in stably transfected CHO cells (Figure 13). tionally important parameters such as levels of neuro-
Arsenite results in increased modification of the PHF-1 and transmitters §0, 81). Furthermore, recently it has been
AT270 epitopes in wild-type and single mutaati proteins. demonstrated thaau phosphorylation is affected by physi-
The artificial triple mutant VPR exhibited increased immu- ological stresses. For example, in mice, starvation can induce
noreactivity of the PHF-1 epitope, and a significant increase tau hyperphosphorylation with a spatial distribution remi-

in overall phosphorylation was observed by a decrease inniscent oftau distribution in AD brain (i.e., hippocampus

gel mobility, but there was no increase in the phosphorylation cortex > cerebellum) 82). These results suggest that en-
of Ser-181 (i.e., AT270 phosphoepitope). Some mutant Vironmental and physiological stress, perhaps including
proteins had higher basal phosphorylation of Ser-231 thanamyloid plaque accumulation or other heavy metals, that may
wild-type tau, but arsenite did not increase the phosphoryl- have a similar impact as arsenite may have a prominent role
ation of Ser-231 (i.e., PHF-6 immunoreactivity) in any of in the etiology of AD. Further studies focused on delineating
the mutant proteins, while there was a pronounced increasdhe signal cascades and environmental factors involved could

for the wild-type protein. The R406W mutation had the lead to preventative and therapeutic strategies.

greatest impact in reducing the phosphorylation of Ser-231
under normal conditions as well as arsenite stress, and it alsda‘
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differences in phosphorylation patterns demonstrate that the
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