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Phosphorylation that Detaches Tau Protein from Microtubules (Ser262, Ser214)
Also Protects It against Aggregation into Alzheimer Paired Helical Filanhents
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Max-Planck-Unit for Structural Molecular Biology, Notkestrasse 85, D-22603 Hamburg, Germany
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ABSTRACT. One of the hallmarks of Alzheimer’s disease is the abnormal state of the microtubule-associated
protein tau in neurons. It is both highly phosphorylated and aggregated into paired helical filaments, and
it is commonly assumed that the hyperphosphorylation of tau causes its detachment from microtubules
and promotes its assembly into PHFs. We have studied the relationship between the phosphorylation of
tau by several kinases (MARK, PKA, MAPK, GSK3) and its assembly into PHFs. The proline-directed
kinases MAPK and GSK3 are known to phosphorylate most Ser-Pro or Thr-Pro motifs in the regions
flanking the repeat domain of tau: they induce the reaction with several antibodies diagnostic of Alzheimer
PHFs, but this type of phosphorylation has only a weak effect oftit@arotubule interactions and on

PHF assembly. By contrast, MARK and PKA phosphorylate several sites within the repeats (notably the
KXGS motifs including Ser262, Ser324, and Ser356, plus Ser320); in addition PKA phosphorylates some
sites in the flanking domains, notably Ser214. This type of phosphorylation strongly reduces tau’s affinity
for microtubules, and at the same time inhibits tau’s assembly into PHFs. Thus, contrary to expectations,
the phosphorylation that detaches tau from microtubules does not prime it for PHF assembly, but rather
inhibits it. Likewise, although the phosphorylation sites on Ser-Pro or Thr-Pro motifs are the most prominent
ones on Alzheimer PHFs (by antibody labeling), they are only weakly inhibitory to PHF assembly. This
implies that the hyperphosphorylation of tau in Alzheimer's disease is not directly responsible for the
pathological aggregation into PHFs; on the contrary, phosphorylation protects tau against aggregation.

The brains of patients suffering from Alzheimer’s disease is regulated by (physiological) phosphorylation. Tau phos-
are characterized by two types of abnormal protein deposits,phorylated at certain sites can detach from microtubules so
amyloid plaques, and neurofibrillary tangles (NFT). Both that they become more labile and dynamic. AD tau is
consist of fibers of aggregated protein, thg peptide in “hyperphosphorylated” at a number of sites and does not
the case of plagues, and tau protein in the case of the tangleshind to microtubules®, 8). This correlates with a loss of
neither of which is aggregated in its normal physiological microtubules and the breakdown of axonal fla®y. (At the
state {, 2). The clinical progression of the disease correlates same time the hyperphosphorylated tau is found aggregated
well with the neurofibrillary deposits; however, neuronal into PHFs, despite tau’s unusual solubility. To explain this,
damage already occurs before fully developed tangles area common hypothesis holds that hyperphosphorylation
observed 3, 4). There is thus considerable interest in changes tau’s properties in some way (e.g., its conformation)
understanding the early steps of tau aggregation. Tau proteinso that aggregation into PHFs is promoted.

is_a highly soluble protein that is normally attached to axonal | principle this assumption could be tested by phospho-
microtubules, the tracks for axonal transport of vesicles and rylating recombinant tau in vitro and observing its self-

organelles. Tau protein is mainly found in the axons of gssemply into PHFs. Filament assembly studies have been
neurons. It stabilizes microtubules and makes them rigid. g,ccessful with amyloid peptide in vitra@), but in the case
The microtubule binding region of tau lies in the C-terminal ¢ tau such studies were hampered in several ways: (a) Tau
halfZ incl_uding 'ghe 3or4a internal repeats. The basic and -5 pe phosphorylated by many kinases, at many sites, and
proline-rich regions flanking the repeats help to target tau iy different effects on microtubule stabilization. Preparing
to the microtubule, while the acidic N-terminus does not bind g fficient amounts of different kinases, phosphorylating tau
to the microtubule§, 6). The binding of tau to microtubules  ;, 4 homogeneous manner, and ascertaining the state of
phosphorylation can be a major problem. (b) The self-
TThe project was supported by the Deutsche Forschungsgemein-assembly of tau is exceedingly slow (days to weeks), and

schatt. the assembly products can be heterogeneous. In vitro, PHF
* Corresponding author. Tel+49-40-89982810. Fax:+49-40- )

89716822. E-mail: mand@mpasmb.desy.de. assembly can be promoted by several factors or conditions,
1 Abbreviations: AD, Alzheimer's disease; CaMK, €&, cal- for example, by using constructs containing only the repeats,

modulin-dependent I_(inase; cdk5, neuronal cdc2_-|ike kinase_; GSK-3, oxidation of sulfhydrils 11, 12), certain fatty acids1(3), or

glycogen synthase kinase-3; MAPK, mitogen activated protein kinase; gnionic cofactors such as heparin, RNA, or acidic peptides
MARK, microtubule affinity regulating kinase; NFT, neurofibrillary ’ T
tangles; PHF, paired helical filaments; PKA, protein kinase A, cCAMP- (14-18). However, the role of these factors in vivo and the

dependent kinase. relationship between phosphorylation and PHF aggregation
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remained elusive. tau23
Kinases affecting tau’s phosphorylation have been studied
mainly from two angles: their effect on tau-microtubule
interactions, and their effect on Alzheimer-like hyperphos-
phorylation. A number of monoclonal antibodies have been
generated which detect the AD-like state of tau, and many
of these have epitopes containing phosphorylated SP or TP
motifs (for reviews, see ref49—21). This points to an

175 181205212217 231
TPTPTPTP TP TP

SP SP SP
11 I

involvement of proline-directed kinases, for example, MAP SPSPSP 396404 422
kinase, GSK3, or cdk5. Although these kinases can phos- 199202 235

phorylate tau at many sites (thereby inducing a reaction with

Alzheimer diagnostic antibodies), their effect on microtubule AP25

interactions is only moderate. By contrast, other non-proline-

directed kinases can inhibit taunicrotubule binding strongly 175 181205212217 231

by phosphorylating certain sites, for example, S262 (by the APAPAPAPTP TP

kinase MARK) or S214 (by PKA)22—26). In this study

we have therefore chosen two kinases from each class, the
proline-directed kinases MAPK and GSK-3 versus the non-
proline-directed kinases MARK and PKA, and studied their (S214
effect on tau phosphorylation and PHF assembly. AP AP SP 306 404 422

Following the initial hypothesis, we had expected that one 199202 235

of the modes of phosphorylation would promote PHF
assembly. However, the results revealed the opposite: Phos-

phorylation never enhanced aggregation; on the contrary it K19
protected against it. Thus, the effects of tau phosphorylation
on microtubule interactions parallel the effects on PHF N T C

assembly, that is, the same phosphorylation that prevents

e hindi ; ; ; Ficure 1: Tau constructs and phosphorylation mutants. Top: Bar
tau’s binding to microtubules also protects it against PHF diagram of human Tau23, the smallest isoform (352 residues). The

assembly. second repeat (R2) and the two inserts near the N-terminus are
absent due to alternative splicing. The numbering of residues follows
MATERIALS AND METHODS that of Tau40, the largest isoform in the CNS (441 residues, ref

27). Some of the potential phosphorylation sites are indicated: the
Cloning and Preparation of Recombinant Tau Protein. 14 SP or TP motifs are targets of proline-directed kinases, the
Constructs of tau (Figure 1) were designed and expresse&xfsdggtifs ilnteaCfl fel?ceglt('ire tafgg;% Ofsl\éllAflfrgigK@ égilfde_lqz{
H inhi i H ana adaaitional targets o are , , . M1 e: e
n Esche_zrlchla COIBL.Zl(DE.B) strain as described). The construct AP25 isgderived from Tau23, but 10 of the 14 SP or TP
numbering qf t.he amino aglds used herg refers to the |sc_)formmotifs are mutated into Ala (A153, A175, A181, A199, A202,
tau40 containing 441 residueg7]. The isoform Tau23 is  A205, A212, A396, A404, A422) making them nonphosphorylat-
the shortest one in human CNS; compared to tau40 it lacksable, while 4 are retained (T111, T217, T231, S235). Bottom: The
the second repeat and the near-N-terminal inserts. Ki9construct K19 contains only the three repeats. There are no SP or
; ; : TP motifs but three KXGS motifs, one in each repeat (containing
contains only the repeats. AP25 is derived from Tau23, o o35 “s356) ‘and $320, all phosphorylatable by MARK or
except that 10 SP or TP motivs are changed into AP, leaving px o

only four such motifs at T111, T217, T231, and S235. The

expressed proteins were purified from bacterial extracts stajn intensity was calibrated against concentration series of
making use of the heat stability and following FPLC Mono  poyine serum albumin and Tau23. For quantification of
S (Pharmacia) chromatograph?2. The purity of the  protein amounts the gels were scanned using a HP ScanJet
proteins was analyzed by SB®AGE. 4C scanner. For quantification of radioactivity Image Plates
PHF Formation.Tau or tau constructs were incubated at were exposed and scanned with a Bas2000 Phosphoimager
concentrations of 80 or 10@M in 10 mM MOPS, pH 7.0,  (Raytest, Straubenhardt, Germany). Evaluation was done
and a cocktail of protease inhibitors at 3Z. As cofactors using the program TINA 2.0 (Raytest). Experiments were
of polymerization we used polyanions such as RNA, poly- usually evaluated as part of a time series to determine the
Glu, or heparin (20 or 2aM, see refl8). The incubation  increase in PHF formation (up to 14 days) and were
time varied betwee 1 h and 14 days. PHF formation was reproducible to within~10—20%.
checked by electron microscopy and Thioflavine S fluores-  Electron MicroscopyProtein solutions were diluted to
cence 18) and quantified by gel assay. about 5-10 uM protein and placed on 600-mesh carbon-
Quantification of PHF AssemblHFs were centrifuged  coated copper grids for 1 min and negatively stained with
with 10000@ for 1 h at 4°C. The PHF pellet was washed 2% uranyl acetate for 45 s. Specimens were examined in a
twice with 10 mM ammonium acetate. The resulting pellets Philips CM12 electron microscope at 100 kV.
and supernatants were dried and resuspended in sample Protein KinasesRecombinant MEK (MAP kinase activa-
buffer containing 5%8-mercaptoethanol. Pellets and super- tor) was prepared by K. Stamer, recombinant MAPK by S.
natants were boiled at 98C for 5 min to dissolve PHFs lllenberger, recombinant GSKs3by R. Godemann, and
and subjected to SDFAGE (10% or 15% acrylamide). recombinant MARK by G. Schmidt-Ulms. The cAMP-
Gels were stained with Coomassie brilliant blue R250. The dependent protein kinase catalytic subunit (PKA) was
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obtained from Promega (Madison, Wisconsin). F G g

Phosphorylation Reaction$he phosphorylation of tau by
MARK, PKA, MAP kinase, or GSK-B was carried out at
37°Cin 40 mM Hepes, pH 7.2, 3 mM Mgg&l5 mM EGTA, . LS
1 mM PMSF, 2 mM p-32P]ATP (106-200 Ci/mol, Amer- : m
sham), and a cocktail of protease inhibitors (leupeptin, o =N
aprotinin, pepstatin A at 19g/uL each and 1 mM PMSF). 2 —
Conditions were varied in order to achieve the phosphory- = b v
lation at certain types of sites; in most cases this includes Ficure 2: Electron micrographs of PHFs assembled in vitro from
the use of heparin which enhances the efficiency of phos- different tau constructs: (a) K19, (b) Tau23, goliAP25. Protein
phorylation and modifies the pattern as wel8( 29). concentrations were 100M. Assembly was done at 37C for

. . . . . several days in the presence of 28 heparin (4). Note that all
Phosphorylation reactions were carried out for various time ,ee proteins form filaments similar to Alzheimer PHFs (crossover

periods ¢-15 min to 16 h) and terminated by brief heating repeat about 80 nm, width @0 nm). Bar= 100 nm.

to 95°C. The extent of phosphorylation was assayed from

the radioactivity in SDS gels. The protein fraction used for TBS—Tween buffer. The blots were incubated foh at 37
PHF assembly assays was boiled in 0.5 M NaCl, 5 mM DTT, °C with 12E8 (1:5000), washed, and incubated with horse-
for 5 min. The heat-denatured kinase was pelleted by radish peroxidase conjugated secondary antibodyt fo at
centrifugation, and supernatants containing the heat-stableroom temperature. After washing, bound antibodies were

soluble tau were brought into 10 mM Ntdcetate using a  detected by the ECL System (Amersham, Braunschweig,
NAP-5 gel filtration column (Pharmacia) or a PC3.2/10 fast Germany).

desalting column (Smart System, Pharmacia) (this step served

to remove the DTT which otherwise would inhibit dimer- RESULTS

ization of tau and PHF assembly). The samples were then

lyophilized (Speedvac SC110, Bachhofer, Reutlingen) and (&) Assembly of Tau into PHFs Is Inhibited by Phospho-
resuspended in 10 mM MOPS, pH 7, and a cocktail of rylation with MARK and PKAThe tau constructs used in
protease inhibitors. Protein concentrations were determinedthis study were derived from the isoform Tau23, the smallest
by SDS gel assay (see above). Control experiments withoutin the human CNS (Figure 1). The choice was based on the
the b0|||ng step showed that b0|||ng per se had no influence fO”OWing rationale: Since the second repeat is absent in the
on the kinetics or appearance of PHFs. constructs they contain only a single cysteine, C322. This

Phosphorylation of Synthetic FilamentSynthetic fila- facilitates the formation of tau dimers by disulfide bridging,
ments were separated from unpolymerized protein by and hence the assembly of PHFs in vitro, because tau dimers
Centrifuga[ion (1 h, ]_OOOQD Filaments were |y0ph|||zed, act as the effective bU|Id|ng blOCk$1) The construct K19
resuspended in 10 mM NAC, and checked by electron was chosen because the core of Alzheimer PHFs is Iargely
microscopy. Phosphorylation reaction was done in phospho-made up of the repeats33), and because the repeats
rylation buffer without DTT but with heparin at filament —aggregate most efficiently into PHFs in vitraZ 16). By
concentrations between 0.25 angid/uL for 5—16 h at 37 contrast, the nonrepeat domains, especially the N-terminal
°C. The sample was centrifugedrfd h at 10000@ and projection domain, act as inhibitors of PHF assembly, so that
washed twice with 10 mM NEAC to separate filaments from ~ full-length tau hardly assembles at all, except in the presence
dissociated protein. The phosphate content was determinedf exogenous catalysts such as heparin, RNA, or poly-Glu
and the pellet was checked for filaments by electron (14—18). Third, the mutant AP25 was designed in order to
microscopy before 2D phosphopeptide analysis was done.€liminate most of the potential phosphorylation sites by

Phosphopeptide Mapp|ngF0”0W|ng phosphory|ati0n prOline'direCted kinases such as MAP kinase, GSK-3, or
reactions, the kinase was removed by boiling in 0.5 M NaCl, cdk5.

5 mM DTT and centrifugation. The heat-stable tau protein  The constructs shown in Figure 1 readily form PHFs when
was precipitated by 15% trichloroacetic acid. Cysteine they are allowed to dimerize and are stimulated to assemble
residues were oxidized by performic acid treatment, and the by polyanions (Figure 2). The extent of PHF assembly can
protein was digested overnight with trypsin (Promega, be assayed by a fluorescence asda), (or by quantitating
sequencing grade) using two additions of enzyme in a ratio the supernatant and pellet after centrifugation, as in this study
of 1:20 (w/w). Two-dimensional phosphopeptide mapping (see Methods). Since the “abnormal” phosphorylation of tau
by thin-layer electrophoresis/chromatography was performedis an early step in the neuritic patholog@2( 33), we

on thin-layer cellulose plates (Macherey & Nagel,rBu, anticipated that this phosphorylation would detach tau from
Germany) according to ref 30. microtubules and subsequently facilitate PHF assembly.

Identification of PhosphopeptideShe phosphopeptides  However, when Tau23 is phosphorylated by MARK or PKA,
were eluted and purified by rpHPLC as describ2d, 31). the extent of PHF assembly is strongly inhibited (Figure
Spots were identified by double runs with known peptides 3a,b). By contrast, proline-directed kinases (MAP kinase,
and analyzed using a 476A Liquid-Phase Protein SequenceliGSK-33) induce only a weak inhibition (Figure 4a). These
(Applied Biosystems) and MALDI-MS (matrix-assisted laser classes of kinases affect different phosphorylation sites, as
desorption ionization mass spectroscopy, Shimadzu MALDI shown by the phosphopeptide maps (Figures 3, 4; for analysis
). of peptides see ref?6, 31, and35). The major sites targeted

Immunoblots.The proteins were transferred to PVDF by MARK are the KXGS motifs in repeats R1 (S262), R3
membranes (Millipore, Eschborn, Germany), and residual (S324), and R4 (S356), plus S320 in repeat R3 (Figure 3c).
protein binding sites were blocked with 5% milk powder in PKA (stimulated with heparin) phosphorylates the same sites,
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h of such motifs (14 in Tau23), the phosphopeptide pattern is
F - . b7 more complex than that of MARK or PKA, but the important
e a & a _f' | PAGED | point is that even collectively these sites are not nearly as
WA A AT w/AR ® efficient in suppressing PHF assembly. This finding parallels
S o A 3 cays the effect of proline-directed kinases on tamicrotubule
L RPL R Y L i { PHFs interactions which is also weak2?). We conclude that
I phosphorylated SP or TP motifs have only a mild effect on
¥ tau—tubulin and taw-tau interactions, even though these
motifs dominate the abnormal phosphorylation of tau and
- | the reactions with Alzheimer-diagnostic antibodies.
i H days ¥m = |H (b) Phosphorylation of the Single-Site S214 by PKA
13 4 5 6 MARK PEA Ol Protects Tau Against PHF AssemidWARK and PKA show
C| Tanl3 MARK __I Tanls PKA d similar phosphorylatiqn sites within_ the repeat _QOmain
T (Figure 3c,d), suggesting that these sites are the critical ones
R THI%S416 B for PHF assembly. In addition PKA phosphorylates targets
e outside of the repeat domain, leaving the possibility that these
T e could also affect PHF assembly. The site at S214 is
E370 = 4 5n2 particularly interesting because it forms part of a unique

SRR

i 5w g epitope of the antibody AT100 specific for Alzheimer tau

T_’ T_. : (36, 37), is enhanced in mitotic cells, and is capable of
E | L3 detaching tau from microtubule24). We therefore asked

FiGure 3: Phosphorylation of Tau23 with MARK or PKA and  Whether this site would also have an effect on PHF assembly
effect on PHF assembly. (a) Top: SDS gel of Tau23 phosphorylated (Figure 5). The role of S214 can be studied selectively
Witht MlA(lRK (|ages6)1. 2), PKBAI (éantis %H?, azgddunp)hospgorylatecil because it is highly reactive with PKA so that short
control (lanes o, , assempled Into S ays), and separate H H H H
into pellet (P, lanes 1, 3, 5) and supernatant (S)l/.lp, lanes 2F,) 4, G)ﬂncgbatlonl times generat? 'only th!s ;lngle phosphc')ryllat.ed
Bottom: Autoradiography showing that the phosphorylated protein residue (Figure 5b). Surprisingly, this _smgle site also inhibits
remained largely in the supernatant (lanes 2, 4). (b) Extent of PHF PHF assembly almost completely (Figure 5a).
assembly (8 days) of unphosphorylated Tau23 (control, right), or ~ The experimental conditions allow us to address issues of

after phosphorylation with MARK (16 h, left) or PKA (16 h, center).  the assembly pathway: As shown earlier, the efficiency of

The assembly was determined by sedimentation of the polymer an ; ; ;
quantification by SDSPAGE (white bars) or autoradiography PHF formation strongly depends on tau dimers linked by a

(shaded bars) and given in relative units (total protein00%). disulfide bridge at C3221@). Phosphorylation at S214 might
Protein found in the pellet represents the amount of filaments. therefore inhibit either the initial dimerization or some later
Protein, which has not assembled into filaments, remains in the step. Figure 5¢ shows that the time course of dimerization
of ot protein, tht 5, the proten amout acsembled into faments > "aependent of phosphorylation at S214. This means that
plus the amo’unt of’protein which has not formed filaments. the |r!h|b_|t|0n of PHF assembly_occurs at a_stage after
Therefore quantification is independent from absolute protein dimerization, for example, nucleation or elongation of PHFs.
amounts subjected to the gel. Note the nearly complete inhibition In contrast, the phosphorylation of the KXGS motifs inhibits
of PHF assembly by phosphorylation. (c, d) 2D phosphopeptide already the dimerization of tau (Figure 5d), most noticeably
maps of Tau23 phosphorylated with MARK (c) or PKA (d). The \yhen S320 is phosphorylated as well.

phosphorylation conditions were the same as in Figure 3a. In (c) P - - S
the main phosphorylation sites induced by MARK are S262 and AS S214 lies in the flanking region rich in SP and TP

S356 (in the KXGS motifs of repeats R1 and R4) followed by $320; Mmotifs, we wanted to know whether neighboring sites had
there are no major sites outside the repeats. The total extent ofan effect as well. The most reactive target of Tau23 for MAP
phosphorylation was 2.6 mol of Pi/mol of Tau. In (d) the prominent kinase is S235 so that short incubation timed () lead to
sites phosphorylated by PKA are 5262, S320, and S356 in the gno, nhosphorylation at that site (Figure 6b). However, there
repeats (similar as with construct K19, see Figure 7c below); . ) S . ’
additional pronounced sites are S214 and T245. The total extent!S NO noticeable inhibition of PHF assembly (Figure 6a,c).
of phosphorylation is 3.9 mol of Pi/mol of Tau. Similarly, the mutant AP25 contains four SP or TP motifs
(T111, 1217, T231, S235), of which T217 is by far the most
and in addition T245, S409, and S416 (Figure 3d), but the reactive for GSK-B (Figure 6e). This site also has no
most pronounced initial PKA site is S214 in the P-domain inhibitory effect on PHF assembly (Figure 6d,f), in contrast
upstream of the repeats. Thus, a few critical sites in the to the adjacent PKA site S214.
repeats are already sufficient to prevent PHF assembly. Since (c) Phosphorylation of the Repeat Domain at KXGS Motifs
the phosphorylation of KXGS motifs also leads to the and at S320 Inhibits PHF Assemb§ince the repeat domain
dissociation of tau or other MAPs from microtubules (e.g., forms the backbone of PHFs in Alzheimer brains, we wanted
at S262, ref23, 31), we can conclude that the same type of to analyze its dependence on phosphorylation separately from
phosphorylation that dissociates tau from microtubules the projection and C-terminal domains. We therefore studied
protects tau from polymerizing into PHFs. construct K19 which contains the three repeats R1, R3, and
In contrast, the proline-directed kinases GSK-a&nd R4 only. K19 forms dimers, assembles into PHE$, (L6),
MAPK have only a weak effect on PHF assembly. As and is amenable to selective phosphorylation since it contains
expected from their substrate specificity, the sites are only a few potential sites (and no SP or TP motifs).
restricted to SP or TP motifs, most of which lie in the Phosphorylation of K19 with MARK or PKA inhibits PHF
domains flanking the repeats on either side (Figure 4b,c; for formation, but the effect is not as pronounced as with full-
details on the analysis see r@# 36). Because of the number length tau (Figure 7). The prominent sites in K19 are similar
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Ficure 4: Phosphorylation of Tau23 with GSK83r MAPK has only a minor effect on PHF assembly. (a) Extent of PHF assembly (5
days) of unphosphorylated Tau23 (control, right), or after phosphorylation with G&K&3h, left) or MAPK (16 h, center). The assembly
was determined by sedimentation of the polymer and quantification by-$FID&E (white bars) or autoradiography (shaded) and given in
relative units (total proteir- 100%). Note that there is only partial inhibition of PHF assembly by phosphorylation at SP or TP sites. (b,
¢) 2D phosphopeptide maps of Tau23 phosphorylated with G&KBor MAPK (c). The phosphorylation conditions were the same as in
Figure 4a. In (b) the phosphorylation by GSK-B distributed over 7 major and 4 minor sites, mostly in the regions flanking the repeats
(for details, see ref86, 26). The total extent of phosphorylation was 2.8 mol of Pi/mol of Tau. In (c) the phosphorylation by MAPK is

distributed over 6 major and 10 minor sites in the flanking regions. The total extent of phosphorylation is 4.7 mol of Pi/mol of Tau.
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Ficure 5: Phosphorylation of S214 by PKA blocks PHF assembly,
but not dimerization of Tau23, whereas phosphorylation in the
repeats inhibits dimerization and assembly. (a) Extent of PHF
assembly (5 days) of unphosphorylated Tau23 (control, right), or
after brief phosphorylation with PKA (15 min, left) so that only
S214 becomes phosphorylated (see b). SBAGE (white bars)
and autoradiography (shaded) of assembled PHFs. Note the stron
inhibition of PHF assembly by phosphorylation at S214. (b) 2D
phosphopeptide map of Tau23 phosphorylated with PKA for 15
min, showing only a single phosphopeptide containing S214. The
total extent of phosphorylation was 1.1 mol of Pi/mol of Tau. (c)
Dimerization of Tau23 by disulfide cross-linking at C322 after brief
(15 min) phosphorylation by PKA (open circles), or unphospho-
rylated control (filled circles). The two reaction curves are
superimposable, showing that the phosphorylation does not preven
dimerization, even though it inhibits a later step of PHF assembly
(see panel a). The initial level 6f15% dimers results from the
preceding lyophilization in the absence of DTT. For details on
dimerization, see ref 12. (d) Experiment similar to (c) but now after
extensive phosphorylation of Tau23 with PKA (16 h, 2M
heparin, open circles), or unphosphorylated control (filled circles).
The additional phosphorylation in the repeats inhibits dimerization
of tau by ~60%. For phosphopeptide map see Figure 3d.

10 12 14 16

as with Tau23 (Figure 7c,d). MARK phosphorylates the two
KIGS motifs in repeats R1 and R4 (S262 and S3560%
each, Figure 7b), followed by S324 in the KCGS maotif of
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Ficure 6: “Single-site” phosphorylation of S235 by MAPK or
T217 by GSK-3 does not inhibit PHF assembly. (a) Extent of
PHF assembly (5 days) of unphosphorylated Tau23 (control, right),
or after brief phosphorylation with MAPK (1 h, with 20M heparin,
left) so that S235 is the major phosphorylation site (see panel b).
SDS-PAGE (white bars) and autoradiography of assembled PHFs
shaded). There is only a weak inhibition of PHF assembly by
hosphorylation. (b) 2D phosphopeptide map of Tau23 phospho-
rylated with MAPK for 1 h, showing the major phosphorylation
site (80%) at S235 and minor ones at S202, S404, and doubly
phosphorylated S202/T205 (26). The total extent of phosphorylation
was 1.0 mol of Pi/mol of Tau. (c) Electron micrograph of PHFs
formed from Tau23 phosphorylated by MAP kinase, showing the
normal twisted appearance. Bar 100 nm. (d) Extent of PHF
assembly (5 days) of unphosphorylated AP25 (control, right), or
Lfter phosphorylation with GSK&(16 h with 20uM heparin,
center) so that T217 is the major phosphorylation site (see panel
e). SDS-PAGE (white bars) and autoradiography of assembled
PHFs (shaded). There is no inhibition of PHF assembly by
phosphorylation(e) 2D phosphopeptide map of AP25 phospho-
rylated with GSK-3 for 16 h, showing the major phosphorylation
site (95%) at T217. The total extent of phosphorylation was 0.8
mol of Pi/mol of Tau. (f) Electron micrograph of PHFs formed
from construct AP25 phosphorylated with GSK;3howing the
normal twisted appearance. Bar100 nm.

repeat R3{20%). In the case of PKA a further prominent
site is S320 (Figure 7d) which may account for the stronger
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Ficure 7: Inhibition of assembly of the repeat domain K19 into PHFs after phosphorylation with MARK or PKA. (a) Extent of PHF
assembly of contruct K19 after phosphorylation (16 huR0 heparin) by MARK (lanes 1, 2) or PKA (lanes 3, 4). Lanes 5 and 6 show

the unphosphorylated control. Pellets of assembled PHFs (P, lanes 1, 3, 5) and supernatants (Sup, lanes 2, 4, 6). (b, c) Phosphopeptide maps
of K19 phosphorylated with MARK or PKA. (b) The two most prominent phosphorylation sites generated by MARK are S262 and S356

(in the KXGS motifs of repeats no. 1 and 4), followed by S324 (KXGS maotif in repeat no. 3). (c) The main sites generated by PKA are
S262, S356, S324 (less pronounced), and S320 (not in a KXGS)nidi# total extent of phosphorylation was 1.0 and 1.5 mol of Pi/mol

of Tau for MARK and PKA, respectively(e, f, g) Time course of PHF assembly (0.5 h, 1 day, 5 days). White bars show extent of
polymerized K19 (pellet) as fraction of total protein, and shaded bars show fraction of total radioactivity in the pellet. Note the slower
assembly of phosphorylated K19 compared with control (bar on right) and the delayed incorporation of phosphorylated protein into PHFs,
most pronounced at early times (shaded bars), indicating that the initial stages of PHF assembly are particularly sensitive to phosphorylation.

inhibition of PHF assembly. This would be understandable of PHFs but not of the core3g, 39). This would also be
considering that S320 and S324 sandwich the C322 whichone explanation why antibodies against phosphorylated SP
is important for the dimerization of tau. In summary, three or TP motifs react with Alzheimer PHFs.

or four phosphorylation sites in the repeats can slow the gy contrast, Figure 8b illustrates a result that appears to
assembly of the repeat domain and almost completely blockpe counterintuitive: Even sites whose phosphorylation blocks
the assembly of full-length tau (cf. Figure 3). Although the ' the assembly of Tau23 into PHFs are accessible for phos-
initial rate of filament assembly is reduced after phospho- pnorylation after PHFs are formed. This includes the sites
rylation, particularly with PKA (Figure 7e,f,g), the final 5262 and S356 (targets of MARK or PKA) and S214 (PKA).
extent becomes comparable. This is confirmed by the fraction o gimilar result applies to the repeat domain K19 whose
of radioactive Piincorporated into the PHFs. At early times, post-assembly phosphorylation by MARK results in two
incorporation of phosphate is very low, implying that the prominent spots at S262 and S356 (Figure 8c). The post-
bulk of assembly occurs initially from unphosphorylated assembly phosphorylation has no noticeable effect on the
protein, but later the phosphorylated molecules becomeappearance of the PHFs (Figure 8d). The phosphorylation
incorporated as well (Figure 7e.f,g). _ of $262 and S365 can also be detected by immunoblotting
(d) Many Phosphorylation Sites Remain AccessiblerE  yith antibody 12E840), illustrating that the sites are indeed
after PHFs Hae Been FormedThus far we have shown  generated after polymerization of K19 (Figure 8e). The result
that a combination of certain phosphorylation sites, for s consistent with the mass spectroscopy data showing that
example, S214, S262, S320, S324, or S356, can protect tals214, S262, and others are prominent phosphorylation sites
against PHF aggregation; some of these also efficiently iy Alzheimer PHFs §), and that the epitope of the Alzhei-

the other hand, in PHFs from AD tissue some of these sites 36 37).

are highly phosphorylate®,(38). To resolve this contradic-

tion we asked whether PHFs, once formed, can still be piscuUssION

phosphorylated. Figure 8a shows the example of Tau23 first

assembled into PHFs and then phosphorylated with MAP  (a) “Hyperphosphorylation” Protects Tau against As-
kinase. The overall extent of phosphorylation is on$0% sembly into Paired Helical Filamentdggregated tau protein

of the unassembled protein, but even in the polymerized statein the form of PHFs is one of the hallmarks of Alzheimer’s
many SP or TP sites are still exposed and available for disease; it correlates with the progression of the disegse (
phosphorylation. This agrees with the fact that these sites4) and is considered to be detrimental to the neurons because
have little influence on PHF assembly (Figure 4), and that the protein becomes dislocated from the axonal into the
the proline-rich domain is largely part of the “fuzzy coat” somatodendritic compartment, obstructs intracellular traf-
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. In AD, tau is more highly phosphorylated than normal
Touli PHFs MAFK @ Fauli PHFs FRA b adult tau 8 vs ~2 Pi/molecule, ref48), there are more
FPRR phosphorylation sites], and phosphorylation precedes PHF

TI15%

s T - aggregation33). The AD-like phosphorylation is particularly

- A : evident on SP or TP motifs in the domains flanking the
" E1l4 . repeats. These are phosphorylated by proline-directed kinases
= TIE ™ 3 £ (e.g., MAP kinase, GSK3 cdk5) and are recognized by a
L 3. L number of antibodies which are therefore useful as diagnostic
. . reagents Z1). In addition, AD tau shows enhanced phos-
phorylation at sites targetted by other kinases, for example,
S262 in the first repeat (phosphorylated most efficiently by
i i MARK, but also by PKA) or S214 (a target of PKA). The
i ) origin of the enhanced phosphorylation is a matter of debate;
s i~ it could be due to an over-activity of kinases or an under-
I R activity of phosphatased9). In either case the initial cause
E ! o could be a misregulation of some signal transduction cascade,
L ", l‘ e possibly triggered by a toxic challenge, which affects the
¥ . Ioiiam interplay between cellular kinases and phosphatases.
Tau is one of the most soluble proteins knovi®,(51),
12 3 € and therefore its aggregation in AD is particularly enigmatic.
In vitro studies have shown that the repeat domain can be
.. induced to form PHFs, albeit with low efficiencyl). By
contrast, PHF assembly from full-length tau requires stimula-
tion with polyanionic factors such as heparin, RNA, or poly-
& £ _g Glu (14—16). This argues that the regions outside the repeats
& 2 are inhibitory for PHF assembly, consistent with the observa-
¥ tion that the core of PHFs contains mainly the repeat domain,
Immunohlot 12E8 while the other domains contribute to the “fuzzy coat” which

FiGURE 8: Accessibility of phosphorylation sites after assembly can be cleaved off by proteased2(52).

of PHFs. (a) 2D phosphopeptide map of Tau23 first assembled into ; i ;

PHFs (5 days, 2@M heparin), then phosphorylated with MAPK h leﬁn t.hese f(la)atures of P.HZS In f‘ﬁ a Wlfdely agcepted
(16 h, 20uM heparin). Note that many SP or TP motifs are still ypothesis can be summarized as follows (for review, S_ee
accessible, especially those in the proline-rich domain preceding ref €.9.42): Due to some challenge (e.g., stress, amyloid
the repeats (T153, T175, T212, S235). (b) Phosphopeptide map ofpeptide, etc.), the balance of kinases and phosphatases could

Tau23 first assembled into PHFs (5 days, 2@ heparin), then  he perturbed in neurons, causing an elevated phosphorylation

phosphorylated with PKA (16 h, 20M heparin). The sites S214, : ; ot
T245, S262, and S356 are phosphorylated, whereas the sites 3328f.tau. This would then Igad to the dissociation of tau _from
and S324 are not visible. Note that a fraction of the sites that would Microtubules so that microtubules become destabilized,

be inhibitory for tau’s assembly into PHFs can still be phospho- axonal traffic would become impaired, and axons decay. The
rylated after PHF assembly is completed, that is, 3362, S356, andhyperphosphorylated tau could in turn aggregate into PHFs.
S214. The extent of phosphate incorporatiomi80% of that —  The pasic assumption of the hypothesis is therefore that the

expected for phosphorylation of unpolymerized Tau. (c) Phospho- . .
peptide map of K19 first assembled into PHFs (2 days), then Phosphorylation of tau would promote PHF aggregation.

phosphorylated with MARK (5 h, 28M heparin). S262 and S356 ~ Some consequences are listed below:
are still prominent phosphorylation sites, but S320 is not (compare (1) If tau were to be released from microtubules by

Figure 7c¢). (d) Electron micrograph of PHFs assembled from K19 b I oh horvlati duri d - 4
and then phosphorylated with MARK, showing the typical twisted ~20Nnormal”™ phosphorylation during neurodegeneration, it

appearance of PHFs. Bar 100 nm. (e) Immunoblot of K19 with ~ should be phosphorylated at sites that decrease the affinity.
antibody 12E8 recognizing phosphorylated S262 and S356 (40): The best candidates are S262 or S214 (targets of MARK or

center, unphosphorylated K19; right, K19 phosphorylated with pA) because both have a pronounced effect on tau’s affinity
MARK without assembly; and left, K19 first assembled into PHFs, . . . . .
then post-phosphorylated with MARK. to microtubules §3). This expectation is compatible with

the observations because phosphorylated S262 and S214 are

ficking, and no longer binds and stabilizes microtubules, the €lévated in AD tau &), and indeed phospho-S214 is
tracks for axonal transport (for reviews see re8s42, 43). recognized by one of the most specific antibodies against
Tau is abnormally elevated in the cerebrospinal fluid of AD-tau (AT-100, ref36).

Alzheimer patients and thus provides a potential tool for early ~ (2) The “abnormal” phosphorylation of tau in degenerating
diagnosis 44). Tau is necessary for neurite outgrowth and neurons should promote tau’s aggregation into PHFs. This
maintenance, and suppression of tau synthesis causes retra¢s clearly contrary to the observations described here.

tion and decay of neurites reminiscent of the decay in AD  (3) Specifically, the “abnormal” phosphorylation of tau
(45, 46). On the other hand tau serves as a regulator of should preferentially promote the interaction between the
intracellular traffic in neurons and in particular affects repeat domains because they form the backbone of PHF
kinesin-dependent transport along microtubukd.(These assembly in vivo and in vitro. Again this is contrary to the
observations provide the justification for studying the mo- observations since the phosphorylation in the repeats inhibits
lecular and cell biological functions of tau protein. PHF assembly.

E1% FHFs MARR C
iR LT

- ‘ i ...




3556 Biochemistry, Vol. 38, No. 12, 1999 Schneider et al.
(4) Since most sites considered to be diagnostic for SPL, ' S

“abnormal” phosphorylation are in SP or TP motifs in the Q Kinases 028 o

domains flanking the repeats, proline-directed phosphoryla- —:_ + S wa

tion should strongly promote PHF assembly. This is also S osohatased

not observed since the SP or TP motifs have a weak P

influence, on both taumicrotubule interactions and PHF W e Kinases/

assembly. ’ Phosphatases

(b) Structural Constraints and Modes of Phosphorylation. E

How does the phosphorylation of tau exert its effect on tau’s

interactions? From a structural point of view this question * Oxidation

is difficult to address at present because the structure of tau )

is not known, and because tau is a highly flexible molecule Dimer

capable of adopting many conformatiobd); From a kinetic *

point of view we know that the assembly into PHFs must PHFs

pa§s ,throth several Staggs’ (1) .dimeriz.ation invqlving FiIcURe 9: Model of the effects of phosphorylation on tau

oxidation of Cys 322, (2) interactions with polyanions microtubule interactions and PHF assembly. The phosphorylation

(presumably resulting in some conformational change), and state of tau is controlled by the balance between the various kinases

(3) aggregation of dimers into filaments. We can therefore (MAPK, GSK-33, PKA, MARK...) and phosphatases (PP-2a, PP-

ask which of these levels is influenced by phosphorylation. 2P-.-)- Sites phosphorylated by proline-directed kinases (SP or TP

Broadly speaking we can distinguish phosphorylation sites :qna\tlr;eornelglons flanking the repeats, symbolized by open circles)
y a moderate effect on tamicrotubule interactions and

with strong or weak effects. The “strong” class includes the |eave tau mostly attached to microtubules (top left). MARK and
KXGS motifs and neighboring residues in the repeats PKA detach tau from microtubules (top middle), mainly by

(notably S262, $S320, S324, S356) and S214 in the N-terminalPhosphorylating KXGS motifs and neighboring sites in the repeats
flanking region. The “weak” sites are the SP or TP motifs and S214 upstream of the repeats (filled circles and dlgmon_ds).
. - . “ o - The assembly of tau into PHFs is affected in the same way: proline-
in the flanking regions. The “strong” site 5214 surprisingly gjrected kinases have only a weak inhibitory effect and allow PHF
does not perturb the initial dimerization (Figure 5c) and assembly to proceed (reaction pathway center to bottom), and
therefore must affect a later step in PHF assembly. On theMARK and PKA are strongly inhibitory (top right).
other hand the “strong” sites in the KXGS motifs of the
repeats clearly inhibit the dimerization of tau (Figure 5d). assembly. On the contrary, our results argue that these sites
The sites S320 and S324 in the third repeat are especiallyhave a weak inhibitory effect on PHF assembly; they can
interesting because they surround the C322 which forms thebe phosphorylated either before or after assembly, and their
disulfide bridge between two monomers leading to dimer- high extent of phosphorylation in AD tau could merely reflect
ization of tau. We note that PKA phosphorylates S320 much the altered balance of kinases and phosphatases in degenerat-
better than MARK (at least in the repeat construct K19, ing neurons 19). Proline-directed kinases could be over-
Figure 7c,d); this could be the reason PKA inhibits the activated, and phosphatases could be suppressed or sterically
formation of PHFs better than MARK (Figure 7e,f,g). (Note blocked from attacking phosphorylation sites in the PHFs
that, in the absence of heparin, MARK phosphorylates the (note that Alzheimer PHFs cannot be dephosphorylated by
KXGS motifs of the repeats much more efficiently than PKA, phosphatases unless they are solubilized by denaturing
especially S26235, 55). agents; see refS6, 60). On the other hand, the elevated
The repeat domain forms the core of the PR, (52), phosphorylation of S214 and S262 in PHFs from AD brain
and therefore one may expect that the phosphorylation of (8, 40) might appear contradictory since we show here that
this domain has an influence on PHF assembly, as observedthese sites are strongly inhibitory for PHF assembly. This is
However, it is not obvious why a more distant residue such resolved when we consider the post-assembly phosphoryla-
as S214 should have such a large influence, especially whertion of PHFs. The phosphopeptide patterns reveal a number
considering the disordered and flexible nature of tad).( ~ of SP or TP sites, as well as S214, S262, and S356 (Figure
A possible explanation is that tau adopts a conformation by 8). Apparently these sites are to some extenB8(%)
which the N-terminal flanking domain is folded over the accessible for phosphorylation in the PHF structure, inde-
repeat domain, putting S214 in a position where its phos- pendently of their inhibitory effect on PHF formation.
phorylation can block the addition of further subunits to PHFs Another possibility is that, in AD, proteolytic fragments of
(note that the dimerization of tau itself is not blocked, see tau representing the repeat domain are generated which can
Figure 5c). Supporting evidence for possible folded confor- nucleate PHFs and whose assembly is less sensitive to
mations of tau comes from the reactivity of tau antibodies phosphorylation (similar to K19, Figure 7, cf. rgp).
(e.g., SMI-34, Alz-50, TG-3; ref§6—58) or related studies The reactions are summarized in the diagram of Figure 9.
(e.g., ref59), and this may explain why S214 forms part of Tau is shown with two types of phosphorylation sites, one
a folded Alzheimer-specific epitope (antibody AT-100; refs with black symbols (“strong” sites regulating tau’s interac-
36, 37). The strong effect on PHF assembly is specific for tions, i.e., KXGS motifs and S214), and the other with open
S214 since other residues close to this site do not show itsymbols (SP or TP sites having little effect on interactions
(e.g., S217 or S235; Figure 6). with microtubules, but important as targets of most diagnostic
One of the puzzles posed by the results is the observationPHF antibodies). Tau that is not phosphorylated at “strong”
that PHFs from AD brains are highly phosphorylated. The sites can attach to microtubules and stabilize them (Figure
extensive phosphorylation at SP or TP motifs has been taken9, top left), but it can also aggregate into PHFs (bottom).
as evidence that this type of phosphorylation promotes PHF Tau phosphorylated at the strong sites cannot interact with
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microtubules (top middle), and it also resists incorporation
into PHFs (top right). On the other hand, binding of tau to
microtubules or assembly into PHFs is only weakly affected
by the phosphorylation at SP or TP sites (open symbols).
This means that we have to abandon the view that the
“hyperphosphorylation” of tau observed in Alzheimer's
disease primes tau for assembly into PHFs. On the contrary,
phosphorylation (especially at “strong” sites) protects tau

9.

10.
11.

12.
13.

14

against assembly into PHFs. Therefore the excess phospho-~"

rylation of tau from Alzheimer PHFs must be seen in a
different context: It is the consequence of PHF assembly
rather than the cause of it. This phosphorylation could occur
by tilting the balance between kinases and phosphatases
toward phosphorylation, or by sterically preventing phos-
phatases from attacking PHF tau once it is assembled. This
would be consistent with the observation that the enzymes
regulating the “Alzheimer-like” phosphorylation are active
in physiological conditions as well, and that their balance
can be shifted as a result of stress, energy deprivation, or
degeneration 49, 61, 62). It is interesting to note that
phosphorylation of tau also stabilizes it against proteolytic
degradation§&3, 64). This emphasizes the principle that the
cell protects tau from malfunctioning by phosphorylating it.
In summary, the data force us to abandon one of the key
assumptions relating the functions of tau to the PHF
aggregation in AD. In hindsight, and from a physiological
perspective, the “protection” of tau by phosphorylation is
actually reasonable. If the cell needs to regulate the associa-
tion between tau and microtubules by phosphorylation it
would be counterproductive to detach tau from microtubules
in a form that would favor some irreversible aggregation.
On the contrary, the free tau should be in a form that keeps
it ready for reattaching to microtubules, once it is dephos-
phorylated again. In this sense the “protective” phosphory-
lation (at S262, S214, or related sites) serves a dual role.
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