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The Alzheimer-like phosphorylation of tau protein reduces microtubule 
binding and involves Ser-Pro and Thr-Pro motifs 
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Tau protein can be transformed into an Alzheimer-like state by pho~phorylation with a kinase activity from brain [Biernat et al, (1992) EMBO 
J, 11, 1593-1597], Here we show that the phosphorylation at Set-Pro motifs strongly decreases tau's affinity for mierotubul~s. The major reduction 
occurs during the first of the three main stages of phosphorylation, The data explain the lower stability of microtubules resulting from the 

pathological tau phosphorylation, 
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1. INTRODUCTION 

Nearofibrillary tangles constitute one of the charac- 
teristics of Alzheimer's disease. They are correlated with 
the presence and severity of  dementia, and their distri- 
bution permits a neuropathological distinction between 
preclinical and clinical cases [4]. Their main components 
are the paired helical filaments (PHFs) which consist of  
the microtubule-associated protein tau [11,25]. Tau pro- 
teins are a group of developmentally regulated nervous 
system proteins that promote mierotubule assembly and 
stability [7]; they are generated from a single gene by 
alternative mRNA splicing [11,12,17,24]. In human 
brain this generates a total of  six related isoforms. They 
differ from each other by the presence of three or four 
microtubule-binding domains located in the C-terminal 
half and by the presence or absence o f  29 or 58 amino 
acid insertions located near the N terminus [12]. 

When run on SDS gels the PHFs produce several 
modified tau bands as their major components 
[14,23,25]. These bands show a reduced gel mobility and 
consist of  abnormally phosphorylated tau. The use of 
anfi-tau antibodies whose staining of  neurofibrilla~ 
tangles and PHF tau bands is phosphorylation-depend- 
ent has indicated the existence of several sites that may 
be abnormally phosphorylated [5,15,21,32]. 

It has been conjectured that the aberrant phosphory- 
lation of tau leads to its dissociation from microtubules 
and to its aggregation into PHFs and that the ensuing 
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destabilization of mierotubules causes the degeneration 
of the affected nerve cells (reviewed in [13,22]). We have 
recently found a protein kinase activity in adult pig 
brain which induces a PHF-like state in normal or re- 
combinant tau proteins, as judged by a reduced gel 
mobility and the reaction with PHF tau-specifie anti- 
bodies [3,26]. In this report we describe how the kinase 
reduces the tau-microtubule interaction. The most con- 
spicuous effect is that the stoichiometry oftau to tubulin 
decreases 3-fold or more. The phosphorylation occurs 
mainly at Set-Pro or Thr-Pro motifs. 

2. MATERIALS AND METHODS 

The methods for tau preparation, phosphorylation, and analysis of 
phosphorylation sites have been described previously. Briefly° recom- 
binant human tau proteins (derived from tile eDNA clones of Goedcrt 
et el., [12]) were expressed in E. coliand prepared as described [16.30]. 
Point mutants were made by PCR, and phosphorylation by the brain 
kinas¢ was done following [3]. The protein was dialyzed against reas- 
sembly buffer (RB, 100 mM Na-PiPES pH 6.9. I mM EGTA, ! mM 
GTP, 1 mM MeSOn, 1 mM DTT) and used for binding studies (r~.~e 
below). Radioactive labeling was done with [y.'~P]ATP (NEN Du 
Pont) at 10 mCi/ml, radioactive t~ptic peptides were generated, iso- 
lated by HPLC, and sequenced as described [3,30], For details on 
sequencing methods see [8,29]. 

2.1. Binding studie# 
Tubalin purifi~t by MAP-depleting steps and phosphoeellulos¢ 

chromatography [28] was incubated at 370C in the presence of ImM 
GTP and 20/zM taxol. After 10 min tau protein was added in different 
concentrations and incubated for another 10 rain. The suspensions 
were centrifuged for 35 rain at 43,t.~0 x g at 37"C. The resulting pellets 
were resuspended in CB buffer (50 mM PIPE.S pH 6,9, 1 mM EGTA, 
0.2 mM MgCl:, 5 mM DTT, 500 mM NaCI). In the case ofhtaa23 
and htau34 the pellets and supernatants were boiled for 10 rain and 
recentrifuged for 10 rain at 43,000 x g at 4°C (this step serv~l to 
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remove the tubulin component which otherwise would overlap with 
these tau isoforms on SDS gels). PelLets and supernatants (containing 
the bound and the free tau, respectively) were subjected to SDS PAGE 
(gradient 7-15% acrylamlde) and stained with Coomassie brilliant 
blue R250. The gels were scanned at 400 dpi on an Epson GT 6000 
scanner and evaluated on a PC 386AT usin~ the program GelScan (G. 
Spieker. Aachen). The protein concentration on the gel was always 
within the linear range (up to 1.5 optical density units). The intensities 
were transformed to concentrations using calibration curves and used 
in the binding equation 

Ta%o..a = n[Mtl[Tauf~==]/{/~ + [Tau,.~,~]}, 

from which the dissociation constant K, and the number n of binding 
sites per dimer were obtained by curve fitting. [Mt] is the concentration 
of tubulin dimers polymerized in microtubules (usually 30/.~M). SDS- 
PAGE was done with gradients of 4--20% or 7-15%. 

3. R E S U L T S  

A characterist ic feature of  the kinase activity is that  
it shifts the Mr o f  all tau isof~rms in three distinct stages 
(see Fig. l a  for the ease o f  htau23). During the first 2 
h o f  phosphory la t ion  the protein is converted f rom a 
Mro = 48 k D a  protein to a slower species, with an M ,  
o f  abou t  52 kDa.  Upon  comple t ion  of  this first stage, 
a second one sets in which is finished around 6-10 h 
(M~., = 54 kDa).  The  third stage takes abou t  24 h (M~ 
= 56 kDa) ,  after  which no more  shift is observed.  

The  au to r ad iog ram  (Fig. lb) confirms the progres-  
sive incorpora t ion  of  phosphate .  By quanti tat ion of  the 
bands  we found that  after  24 h there is a m a x i m u m  o f  
5-6  phospha tes  (6-7 in the case o f  htau34, see below). 
This  end point  is not limited by ATP; it could be due 
to a decay of  the kinase activity, or  to a sa turat ion o f  
the phosphory la tab le  sites. The extent o f  phosphory la -  
t ion depends on the level o f  okada ic  acid (OA), a phos-  
phatase  inhibi tor  [2]. 1 nM OA has no effect, implying 
tha t  PPase-2A does not operate  on tau. However ,  10 
,aM OA induces clear differences (Fig. I b, compare  evdn 
and  odd lanes); without  it the phosphoryla t ion  is ~ 1 - 2  
P~ less than  the maximum.  This implies that  PPase-1 is 
responsible for the difference (since PPase-2B/cal- 
cineurin was inhibited by 5 m M  E G T A  in both  experi- 
ments).  Wi thou t  E G T A  there is only minor phosphory l -  
a t ion o f  Ser-Pro motifs,  and prel iminary results show 
that  this is due to de~hosphoryla t ion by calcineurin 
(unpublished).  

Dur ing  the initial stage each. band of  the tau doublet  
incorpora tes  phospha te  (e.g. a t  a level of  abou t  one P~ 
per  molecule in the presence o f  OA at 30 rain, see Fig. 
1 b, lane 4). This  means  that  there must be two distinct 
types o f  phosphory la t ion  sites, one that  is responsible 
for  the shift  (the 'shift  site', upper  band), and one tha t  
has  no effect on the M~ (lower band). The lower band 
gradual ly  disappears ,  and at two hours each tau mole-  
cule contains  abou t  2 P~. The upper  band thus contains  
t au  molecules in which the 'shift  site' is phosphory la ted  
whereas the lower band contains only molecules where 
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Fig. 1. Time course ofphospho~lation of bacterially expressed human 
isoform htau23 with the brain kinase activity and corresponding au- 
toradiogram. (a) SDS-PAGE of htuu23 after incubation with the ki. 
nas¢ activity between 0 and 24 h, as indicate, The unphosphorylated 
protein is a single band of M~o -- 48 kDa (lane 1). Lanes 3-14 show 
that phosphorylation leads to stepwise shifts to higher Mr witl~ well 
defined intermediate stas~s. The even lanes (numbered 4, 6, etc. below 
Fig. lb) are observed in the presence of 10pM okadaic acid (labeled 
'+' below Fig. la). The odd lanes (3, 5, etc., labeled ' - ' )  are without 
okadaic acid. The first sta~c takes about 2 h (shift to a new M, = 52 
kDa), the second is finished around 10 h (Mr,. = 54 kDa), the third is 
finished around time 24 h (M¢~ = ~6 kDa); no further shift is observed 
during the subsequent 24 h. Lane 2 shows a mutant where Ser-404 was 
replaced by Asp; note that the M, shift is similar to the top band of 
lane 3. The M~ shiRs corresponding to the main stages of phosphoryl- 
ation are shown on the right. (b) Autoradiogram of(a). The quantita- 
tion of the phosphate incorporated 0nol P~/mol protein) in this exper- 
iment was as follows (-OA/÷OA): 30 rain (0.5/1.0), 60 rain (0.7/1.4), 
! 20 rain (1.0/2.0), 10 h (2.0/3.0), 24 h (3,~4.0). The final values in this 
experiment are lower than the maximum of 5-6 found with htau23. 

the shift site is not phosphorylated. The effect of OA is 
seen mainly in the lower band, indicating that the phos- 
phatase operates mainly on the non.shift site(s). These 
considerations apply to the first stage of phosphoryla- 
tion; during the second and third stages there are further 
shifts (substages), but a detailed analysis is not possible 
because of the overlap of bands. 

In order to clarify the relationship between phospho- 
rylation and microtubule binding we determined the 
phosphorylated residues. The 3:P-phosphorylated pro- 
tein was digested with trypsin (Fig. 2a),, the main radi- 
oactive peptides (Fig. 2b) were separated by HPLC 
(Fig. 2c), and the phosphorylated residues were deter- 
mined by gas phase sequencing (for methods see [29]). 
The sites phosphorylated at stage 3 are summarized in 
Table I. They include serines 46, 199,202, 235, 396,404, 
422 (Fig. 3). These serines are conserved among all 
human tau isoforms, except Ser-46 which lies in the first 
N-terminal insert and is absent in htau23 and htau24. 
All of these serines are followed by prolines, and all 
Ser-Pro motifs were phosphorylated. Several of these 
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Fig. 2, Separation and identification of tryptic phosphopeptides on first HPLC gradient. The example shows a sample of 20 nmol of htaa34 
phosphorylated for 24 h with brain extract. (a) Peptide profile of gradient, measured by absorbance at 214 nm, Roman numerals (arrows) indicate 
the radioactive peaks, s¢~ (b), (b) Radioactivity profile of the gradient, obtained by measuring the individual fractions (0,5 ml) in Cercnkov mode 
in a liquid scintillation counter, The dotted line shows the acctonitrile gradient. (¢) Examples of the final parii'ieation of radioactive peptides on 
the second HPLC gradient for subsequent ~equencing, Top, peak 1 from first HPLC column, with radioactive fraction 1.21 and 1-29. Bottom. l:eak 

IV, radioactive fi'action IV-48. See Table I for sequence of peptides. 

serines form part of phosphorylation sensitive epitopes 
of'antibodies that distinguish between normal and PHF 
tau [3,25,26]. The sites are clustered around residue 200 
(just before the internal repeats) and around residue 400 
(after the repeats). Thus most sites are in the assembly 
domain (Set-199-Leu-441) and flank the repeat region. 
In addition to the sites described above the fully 
phosphorylated protein also contained some other sites 
such as serines 262 and 356, and two threonines, 181 
and 212, both followed by prolines. However, Set-416, 
the target of the CaM kinase we determined previously 
[30] was not phosphorylated. 

Next we investigated whether the phosphorylation by 
the kinase activity had an influence on the binding of 
tau to microtubules. This was done by quantifying how 

1111 21~ 
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Fig, 3. Bar diagram of htau40, .~howing the location of the 7 Scr-Pro 
motifs phosphotTlatcd by tile kinase activity, The box~ labeled t-4 
arc the internal repeats involved in microtubule binding; the second 
is absent in some isoforms (e.g, htau23). The two shaded box~ near 
the N terminus are inserts absent in htau23 and htau24 so that these 

molecules have only 6 Ser-Pro motifs. 

Table I 

Sequences of phosphorylated peptides 

Peak, Fraction Peptide Phosphorylated amino acid 

1-21 231 TPPKSpPSSAK Ser-235 
1-29 19$ SGYSS~I'qSSpPGT... Ser-199 and -202 
!1-32 195 SGYSSpPGSoPG.,. S¢r-199 and -202 
I1-34 396 SPYVSGDTS~PR Ser-404 
Ill-21 231 TPPKS~,PSSAK Ser-235 
111-34 260 IGS~TENLK Ser-262 
IV-48 25 DQGGYTMHQDQEGDTDAGLKES~PLQ,,. Set-.46 
V1-35 175 TPPAPKTpPPSSGEPPK Thr-I81 
V1-46 384 AKTDHGAEIVY KS~PVVSG DT,.. Ser-396 
VII-51 384 AKTDHGAEIVYKS~PVVSGDTSoPR Ser.396 and .404 
VIII-47 384 AKTDHGAEIVYKSpPVVSGD,.. Ser-396 
IX-54 354 IGSpLDNITHVPGGGNK Ser-356 
X-46 210 SRTpPSLPTPPTREPK Thr-212 
XII-83 407 HLSNVSSTGSI DMVDSpPQLATL,,. S¢r.422 

201 
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Fig, 4, Binding of tau isoforms to microtubules before and after phosphorylation, (a) SDS gel of a binding experiment, illustrated for the case of 
the tan isoform htau40 (whose band is clearly separated from that of tubulin (T) so that both components can be shown simultaneously, without 
having to remove tubulin by a boiling step, see section 2, The top line indicates pellets (P) or supernatants (S), with or without phosphorylation 
for 24 h (+ or -P~), Lanes 1-4, 20 pM tau protein (total concentration), phosphorylated (lanes 1, 2) or not (lanes 3, 4). The comparison of lanes 
1 and 2 shows that most of the phosphorylated protein is free (S), while only a small fraction is bound to the microtubules (P), Lanes 3 and 4 show 
that in the unphosphorylated state about half of the protein is bound, the other half free (note also that the phosphorylated protein bands, lanes 
I, 2, are higher in the gel than the unphosphorylated ones, lanes 3, 4, similar to Fig. 1). Lanes 5-8, similar experiment with 15 pM htau40, Lanes 
9, 10 show the case of 10 pM phosphorylated protein, Lanes 11-15 are tbr density calibration with known amounts of h~aa40 (15, 10, 7.5, 5, and 
2,5/.tM, respectively), (b) Binding curves of htau23 and (c) htau34 to microtubules before (circles) and after 24 h phosphorylation (triangles); these 
curves were derived from SDS gels similar to that of Fig, 4a, Polymerized tubulin is 30 pM. Fitted dissociation constants Kj and stoichiometries 
are as indicated, In each case the most dramatic effect is on the number of binding sites which decrease about three-fold upon pbosphorylation, 
from around 0.5 (i,e, one tau for every two tubulin dimers) clown to about 0.16 (one tan for six tubulin directs), Note that the binding of 

unphosphorylated 4-repeat isolbms (such as htau34) is particularly high (K~ around 1-2 pM). 

m u c h  t au  a t tached to taxol-stabil ized micro tubules  
(Fig.  4a). Wi th  fully phosphory la t ed  prote in  (stage 3, 24 
h) we  observed  a d rama t i c  decrease in b ind ing  capac i ty  
o f  h tau23  (Fig, 4b), f r o m  a b o u t  one tau per  two tubul in  
d imers  to one  tau per six tubul in  dimers. In  o ther  words ,  
it appea r s  tha t  unphospho ry l a t ed  tau  packs  densely 
o n t o  a micro tubule  surface,  whereas fully phos-  

202 

phory la ted  t au  behaves as if it cove red  the mic ro tubu le  
surface less densely  and  occupied  m o r e  space.  Fig. 4e 
shows the  same  exper iment  with h tau34,  T h e  results are 
similar, i.e, there is a threefold r educ t i on  in b ind ing  
capaci ty .  W e  also note  that  tau  i so fo rms  with fou r  re- 
peats° suck as htau34,  bind to  mic ro tubu les  par t icular ly  
tightly in the  unphospho ry l a tgd  state (Kd == 1-2/ . tM).  
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Fig. 5. (a) Binding of htau34 to microtubulcs, before (circles) and after phosphorylation for 90 rain (stase I, triansles). The reduction in bindins 
capacity is very similar to that after 24 h phosphorylation (compare Fig. 4e). (b) Binding of htau23 (Ser..404~Ala) to mi¢rotubulcs, before (circles) 
and after 90 rain ph¢,sphorylation (trian~zles). The unpho~phorylated protein has similar binding ¢haracteristi¢~ as its parent molecule (Fig. 4b); 

the phosphorylatcd protein shows a reduction in binding capacity, but the effect is not as pronounced as with the parent protein. 

Since the major M~ shift occurs during the initial two 
hours we investigated which residues become phos- 
phorylated during this first stage, and how this affects 
inicrotubule binding. As mentioned above (Fig. I), 
there are about two phosphates incorporated during 
this period, one of which causes the shift rl'om M~o to 
M~. Fig. 5a illustrates the binding of htau34 to microtu- 
bnles after 90 min of phosphorylation. The striking re- 
sult is that the limited phosphorylation decreases the 
affinity as efficiently as the Full phosphorylation. 

The analysis of tryptic peptides after 90 rain (stage 1) 
showed four major peaks of radioactivity, with phos- 
phates on serines 202, 235, 404, and 262. The first three 
are Set.Pro sites that are not in the repeat region, but 
rather flank that region in nearly symmetric positions 
(Fig. 3). The t'ourth (Ser-262) is a non-Ser-Pro site in the 
first repeat. We made several point mutants to find out 
which site(s) were responsible for the initial Mr shift, 
When serine 404 was turned into alanine the Mr shift 

during the first stage disappeared (Fig. 6a), whereas it 
remained visible when serines 199, 202, 235, or 396 were 
mutated. This means that the phosphorylation of serine 
404 accounts for the one P~ present in the upper band 
of the first shift in Fig. la. The additional ~=1 Pi present 
after 2 h is distributed among serines 202, 235, and 262. 

These results suggest that the Mr oftau is particularly 
sensitive to certain phosphorylation sites downstream 
of the repeat region. We compared the gel shifts ob- 
tained by phosphorylating Ser-416 (the CaM kinase 
site) and the Ser-404 site (Fig. 6b, lanes 1-3). Note that 
phosphorylated Set-404 has a larger effect than Ser-416; 
in both cases it is remarkable that a single phosphate 
induces the pronounced effect. A similar shift can be 
obtained by replacing Ser-404 with Asp (Fig. Is, lane 
2). At later stages the incorporation of more phosphates 
shifts the Mr even higher, up to the final value at 24 h 
(Fig. 6b, lanes 4, 5). 

Whereas the results on the 'shift site' Set-404 of tea 

b ,~, C3 ~", tO ( ~  

ht23 S404 . - .A  6 8  !,~i!!!~:!:!~.~ ~ 
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FiB. 6. Effects of point mutations of htau23 o n  M r shift. (a) SDS gel of  htau23 and the point mutant Ser-404~Ala, before and after 90 rain 
phosphorylation. Lanes 1 and 2, htau23 before and after phosphorylation. Lanes 3 and 4, htau23/Ser-404~Ala mutant before and after phospho- 
rylation. Lanes 5-8, autoradiograrn of lanes !-4. Note that both proteins are phosphorylated, but only htau23 shows the Mr shift. (b) SDS £cl 
shifts oftau in different states of phosphorylation. Molecular weight markers are given on the left. Lane 1, htau23, unphosphorylatcd; lane 2, htaa23, 
phosphorylatcd with Ca:'.calmodulin.dcpendcnt kinase II (phosphorylating Set-416 in htau40 numbcrins, [30l). Only part of the proteia is 
phosphorylatcd so that the unshifted and shifted protein give rise to two bands; lanes 3-5, htau23 phosphorylated with kinas¢ activity from brain 
extract for 1, 6, and 24 h, respectively. In lane 3 (stage 1 phosphorylation) only part of the protein is shifted up, similar to lane 2, but note the 
larger spacing between the bands. Lane 4 corresponds to stage 2 which actually comprises several substage~ (3--4 bands are visible). Lane 5 shows 

the final stage 3 with the largest shift. 
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are clear cut, the factors responsible for the reduction 
in microtubule binding are more complex. The Ser- 
404--->Ala mutant binds to microtubules similarly as the 
parent htau23; after 90 min of phosphorylation the sto. 
ichiometry decreases about 2-fold, i.e. less than the fac. 
tor of  3 observed with the parent molecule (Fig. 5b). If 
Ser-404 were the only residue whose phosphorylation 
was responsible for the loss of microtubule binding we 
would not expect any decrease in the mutant.  The fact 
that a decrease is observed means that additional fac- 
tors play a role; these are presumably related to the 
incorporation of more than one P~ at one or more of  the 
other sites before or at the beginning of the repeat re- 
gion (e.g. Ser-202, $er-235, Ser-262). However, these 
residues cannot by themselves be responsible for the full 
decrease of affinity either. In fact, point mutations at 
positions $er-202 or $er-235 show a similar effect as 
that of  $er-404, i.e. only a partial reduction of binding. 
One possible explanation is that different phosphoryla- 
tion sites interact in a cooperative manner and generate 
a new conformation. 

4. DISCUSSION 

The death of neurons in Alzheimer's disease may be 
due to several causes. Two possible factors may be sug- 
gested on the basis of the PHF pathology. One is the 
clogging of the somatodendritic compartment  by the 
insoluble PHFs, the other is the destabilization of  mi- 
erotubules resulting from abnormal tau phosphoryla- 
tion. We have recently identified a protein kinase activ- 
ity in brain and a phosphorylation state of tau protein 
that resembles the state in Alzheimer PHFs in two ways: 
It has a reduced mobility in SDS gels, and it is recog- 
nized by PHF-specific antibodies [3,26]. It therefore be- 
came important to determine whether this state of  tau 
also had a reduced interaction with microtubules. I,a 
this report we show that this is indeed the ease. 

Each stage of phosphory!ation leads to an upward M,. 
shift of tau  (Fig, 1). A threefold reduction in the binding 
of tau to microtubules occurs during the first stage (Fig. 
4). By contrast, the reactivity of  tan with the PHF tau- 
specific antibodies sets in only during the second stage. 
The kinase activity is dominated by a Ser-Pro-direeted 
kinase (mainly MAP kinase [33]). At 24 h all Ser-Pro 
sites of tau have become phosphorylated (6 or 7, de- 
pending on the isoform). Two phosphates are incorpo- 
rated during the first stage, and the one that accounts 
for the clear shift in M, is at Sor-404 (Fig. 6). The other 
sites phosphorylated during the first stage are Set-202, 
Ser-235, and Ser-262 (one of  the non-Ser-Pro sites); they 
account for the second phosphate incorporated. These 
residues are distinct from two phosphorylation sites de- 
scribed previously. Ser-396, at the center of  a Lys-Sor- 
Pro motif located after the tandem repeat region, is 
abnormally phosphorylated in PHF tau [25]; under the 
present assay conditions this site is only phosphorylated 

during stages 2 and 3 and can thus not be responsible 
by itself for the first Mr shift or the reduction in micro- 
tubule binding. We had previously identified Ser-416 as 
the only residue phosphorylated by CaM kinase in re- 
combinant tan [30]; this site was not phosphorylated 
under the conditions used here. Moreover, phosphoryl- 
ation of  this site does not result in PHF tau-like im- 
munoreactivity with the SMI antibodies or in a reduc- 
tion in microtabule binding. The single CaMK site does 
lead to a clear gel shift~ but its magnitude is somewhat 
less than that caused by phosphorylation at Set-404 
(Fig. 6b), Note that the mutation Ser-404.--+Asp loads to 
a similar shift as phosphorylati~n at Sor-404. This 
means that the introduction of  negative charges in the 
region of  residue 400 tends to yield a shift in Mr, but on 
the other hand the occurrence of a shift does not neces- 
sarily imply a PHF-like phosphorylation (as is some- 
times assumed). 

The recombinant tau proteins bind to microtubules 
with dissociation constants of a few ,aM, and with stoi- 
chiometries around 0.5, i.e. one tau molecule for about 
two tubulin dimers in a microtubule (Fig. 4). The Kd 
values are comparable with those seen by others if one 
makes some allowance for the differences in protein 
type and preparation [6,7,9], but the stoichiomotries are 
remarkably high compared to those of  tau from brain 
tissue (around 0.2 or less, see [7,18]. When recombinant 
tau is phosphorylated by the kinase activity the affinity 
for microtubules decreases, consistent with observa- 
tions on brain tau [27]. However, the most  conspicuous 
effect is that on the binding capacity which markedly 
decreases upon phosphorylation (3-fold or more), down 
to values typical of brain tau. This suggests that phos.  
phorylation affects primarily the conformation of tau 
such that it occupies a larger area on the microtubule 
surface; the same effect may be related to the altered 
mobility on SDS gels. It is noteworthy that the phos* 
phorylation sites are clustered in areas flanking the re- 
peat region, i.e. in the middle of the molecule and in the 
C-terminal tail (Fig. 3). While the strength of the micro- 
tubule binding is mainly determined by the repeats, each 
of the flanking regions co,atributes a moderate addi- 
tional increase in affinity (-1.5 keal/mole, [6]), suggest- 
ing that  the fine-tuning of tau's assembly onto microtu- 
bales is achieved via phosphorylation of the weakly 
binding flanking regions. 

Those data are a direct demonstration that the Alz. 
heimor.like phosphorylation of tau leads to a reduction 
in microtubule binding. In the cell this would lead to a 
destabilization of microtubules and hence to a loss in 
axonal transport, since microtubules provide the tracks 
for vesicle traffic driven by motor  proteins. This might 
constitute a major cause for the degeneration of  nerve 
cells. 
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