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Abstract. In a previous report we have shown that 
microtubule-associated protein tau can be induced to 
form paracrystals (Lichtenberg, B., E.-M. Mandelkow, 
T. Hagestedt, and E. Mandelkow. 1988. Nature 
[Lond.]. 334:359-362). A striking feature was the 
high degree of elasticity of the molecules. We now re- 
port that this property is related to the state of phos- 

phorylation. When tau is dephosphorylated by alkaline 
phosphatase, it becomes shorter and more elastic; 
when it is phosphorylated by Ca++/calmodulin-depen - 
dent kinase, it becomes longer and stiffer. This may 
provide a model for the control of structural properties 
of tau-like molecules by phosphorylation. 

T 
AU is one of the microtubule-associated proteins 
(MAPs)' in mammalian brain (Weingarten et al., 
1975). When isolated from brain tissue it is a mixture 

of several polypeptides of apparent molecule mass values be- 
tween 50 and 70 kD. The sequence oftau protein from mouse 
containing 364 amino acid residues has been reported (Lee 
et al., 1988a). A highly homologous human form oftau has 
been found in the neurofibrillary tangles of Alzheimer's dis- 
ease (Goedert et al., 1988). The COOH-terminal part oftau 
contains three internal repeats and seems to be responsible 
for the binding to microtubules (Aizawa et al., 1988). This 
part is also homologous to the COOH-terminal region of 
microtubule-associated protein 2 (MAP2), another brain 
MAP (Lewis et all., 1988), suggesting that it might serve as 
a microtubule-binding domain for a family of proteins. 

Tau is heat stable and soluble in perchloric acid (Cleveland 
et al., 1977; Lindwall and Cole, 1984b); this forms the basis 
for the isolation procedure (see Materials and Methods). 
Cole and co-workers showed that the apparent heterogeneity 
oftau can be reduced by controlling the state of phosphoryla- 
tion (Lindwall and Cole, 1984b; Baudier and Cole, 1987a). 
Tan treated by alkaline phosphatase shows four main iso- 
forms on SDS gels, termed taul--4. All of them can be phos- 
phorylated by several kinases. In particular, the Ca++/cal- 
modulin-dependent kinase (CaMK) induces a conformational 
change that results in an upward shift of the bands in the gel. 
Thus, when the protein is isolated in a mixed state of phos- 
phorylation the number of observed bands is greater than 
four. The change in electrophoretic mobility is a convenient 
assay to monitor phosphorylation by CaMK; it is not observed 

1. Abbreviations used in this paper: CaMK, Ca++/calmodulin-dependent 
protein kinase; MAP, microtubule-associated protein; MAP2, microtubule- 
associated protein 2. 

after phosphorylation with other kinases such as protein ki- 
nase C. 

Structural information on tau or other MAPs is limited so 
far. Hydrodynamic data (Cleveland et al., 1977) and metal 
shadowing (Hirokawa et al., 1988) suggest a rod-like shape. 
In our attempts to crystallize tau we have recently obtained 
paracrystals suitable for electron microscopy and image pro- 
cessing (Lichtenberg et al., 1988). They show distinct trans- 
verse banding and polarity, indicating that the protein 
subunits are aligned with the same orientations. A striking 
feature is that tau is highly elastic, in contrast to other 
paracrystalline proteins. The protein can stretch or contract 
by >300%, with a range of axial repeats between 22 and 68 
nm. In this earlier study, the reasons for the heterogeneity 
in spacings were unclear. However, we noted that paracrys- 
tals of tau that appeared more highly phosphorylated also 
had a tendency towards longer spacings. This observation 
was the starting point for the present study. We have now pre- 
pared tau protein in different states of phosphorylation and 
analyzed the paracrystals obtained from it. The results show 
that phosphorylated tau becomes long and stiff. This pro- 
vides a framework for discussing possible roles of tau in liv- 
ing cells and its regulation by phosphorylation. 

Materials and Methods 

Microtubule protein from porcine brain was prepared by a modified temper- 
ature cycle method (Mandelkow et al., 1985) and boiled for 15 rain (Fellous 
et al., 1977), followed by a clearing spin. The supernatant containing MAP2 
and tau was then applied to a Pharmacia Fine Chemicals (Uppsala, Swe- 
den) FPLC Mono-S column and eluted with a NaCI gradient (buffer: 20 
mM Pipes, pH 6.9, 0.05-1.0 M NaCI, 2 mM DTT, 1 mM EGTA, 1 mM 
MgSO4). The elution profile shows three main peaks (Fig. 1 a). SDS- 
PAGE of peak I shows the usual four to six bands oftau protein in the range 
of 50-70 kD, depending on phosphorylation (Fig. 1 b). Peaks 2 and 3 con- 
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lain mostly MAP2 and a small contamination from tau (Fig. 1 b). The tau 
present in peak 2 was separated from the non-tau proteins (mainly MAP2) 
by precipitation in 2.5% perchloric acid (Lindwall and Cole, 1984/7). The 
tau-containing supernatant was dialyzed against 0.1 M Pipes, pH 6.9, and 
concentrated by precipitation in 45% ammonium sulfate. 

Tau was dephosphorylated by incubation with alkaline phosphatase (80 
U/nil, from calf intestine; Boehringer Mannheim GmbH, Mannheim, FRG) 
in 50 mM Tris-HCl, pH 8.2, 50 mM NaCi, 1 mM MgCI2, 2 mM PMSF 
for 5 h at 37°C. The reaction was stopped by precipitating the enzyme with 
2.5% perchloric acid, followed by dialysis against 0.1 M Pipes, pH 6.9. 

Dephosphorylated tau was rephosphorylated by incubation with CaMK 
(0.01 U from rabbit muscle, kindly provided by D. S61ing, G6ttingen, FRG; 
or prepared from porcine brain following Woodgett et al., 1983) in 50 mM 
Tris-HCI, pH 7.2, 10 #g/ml calmodulin, 5 mM MgCI2, 0.15 mM CaCI2, 
0.1 mM ATE for 1 h at 37°C. The reaction was stopped by boiling for 5 
min. Tau protein was radioactively labeled using ~'-[32p]ATP (Amersham 
Buchler GmbH, Braunschweig, FRG; 1 mCi/rnl, 5,000 Ci/mmol), with 1 
#Ci in 0.1 mM ATE Tau protein labeled with 32p was detected by autoradi- 
ography from destained dried gels, using Eastman Kodak Co. (Rochester, 
NY) X-Omat AR-5 film (exposure time 1 wk at room temperature). 

SDS gel electrophoresis was done following the method of Laemmli 
(1970), with a gradient of 4-20 % or 7-15 %. lmmunoblotting was done by 
transferring the proteins to Immobilon membrane (Millipore Corp., Bed- 
ford, MA; see Matsudaira, 1987) and incubating with the monoclonal anti- 
body (TAUI, kindly provided by Dr. A. Matus, Friedrich Miescber Insti- 
tute, Basel, Switzerland, and Dr. L. Binder, University of Alabama, Bir- 
mingham, AL; see Binder et al., 1985). Nonspecific binding was blocked 
by 1% bovine serum albumin. The bound antibody was detected by a perox- 
idase-conjugated second antibody (anti-mouse IgG). 

Paracrystals were grown by grid dialysis (Van Bruggen et al., 1986) in 
different conditions, using copper grids coated with collodion/carbon. Well 
ordered paracrystals were obtained in 10-50 mM Na-acetate buffer, pH 
5.4-7.0, 50 mM Tris-HCI, pH 6.5-9.0, 0-50 mM MgCI2, 0-5% ammonium 
sulfate, or 2-3 M urea. Staining was done with 1-2% uranyl acetate, ammo- 
nium molybdate, or other stains. The specimens were examined on a Philips 
Electronic Instruments, Inc. (Mahwah, NJ) CM12 microscope at magnifi- 
cation 35,000--45,000. 

Results 

Isolation of Tau in Different States of Phosphorylation 
The first step in the purification of MAPs consists of the 
preparation of microtubule protein by three cycles of assem- 
bly and disassembly, using either ATP or GTP as a cofactor. 
Microtubule assembly requires GTE but ATP can be used 
because of a copurifying nucleoside diphosphate kinase 
which converts ATP to GTP (Jacobs and Huitorel, 1979). An 
additional effect of ATP is that microtubule proteins become 
increasingly phosphorylated by copurifying protein kinases 
(Jameson et al., 1980). One consequence is that the interac- 
tion between microtubules and MAPs is reduced and mi- 
crotubules become less stable (Lindwall and Cole, 1984a). 

The second step in the preparation of MAP2 and tau makes 
use of the fact that these two proteins are heat stable so that 
the other proteins can be precipitated by boiling (Fellous et 
al., 1977). The phosphorylation of MAP2 and tau thus ob- 
tained depends on whether ATP or GTP was used in the 
preceding assembly cycles, but in general the proteins are in 
a mixed state of phosphorylation. In our previous study 
(Lichtenberg et al., 1988) we had used this mixture, sepa- 
rated MAP2 and tau by ion-exchange chromatography, and 
grew paracrystals whose repeat turned out to be quite vari- 
able. The aim of the present study was to elucidate the reason 
for the variability, and we therefore sought for ways to obtain 
paracrystals in defined states of phosphorylation. 

Fig. 1 a shows the elution profile of the boiled MAP2/tau 
mixture after passage through a cation-exchange column 
(Mono S). There are three major peaks at roughly 0.2, 0.3, 

and 1 M NaC1. SDS-PAGE shows that the first contains 
mostly tau, the second and third mostly MAP2. Up to six 
bands oftau can be discerned. As shown by Baudier and Cole 
(1987a) there are four major tau isoforms, but their position 
on the gel is shifted up upon phosphorylation by CaMK. 
Thus, when tau is in a mixed state of phosphorylation one 
observes more than four bands, as is the case here. The state 
of phosphorylation does not appreciably affect the elution 
profile oftau (i.e., peak 1 in Fig. 1 a). By contrast, the phos- 
phorylation of MAP2 cannot simply be assessed from the 
SDS gels, but it can be correlated with the elution profile. 
Phosphorylatexl MAP2 elutes at lower ionic strength (coin- 
ciding roughly with peak 2 of Fig. 1 a), while dephosphory- 
lated MAP2 elutes mainly at the position of peak 3 (data not 
shown), 

In our earlier crystallization experiments, we had used not 
only protein from the first peak (tau), but also from the sec- 
ond peak, hoping to obtain paracrystals of MAP2. Well or- 
dered paracrystals were indeed obtained (Fig. 3), but sur- 
prisingly their structure appeared indistinguishable from 
that of tau paracrystals. They always had near-maximal 
repeats (>60 nm), and when stained with ammonium molyb- 
date showed the characteristic longitudinal striations (see fol- 
lowing section). Considering the much larger size of MAF2, 
this coincidence seemed hard to accept. It turns out that the 
second peak contains a minor contamination of tau (clearly 
identified in the blots of Fig. 2 c, lane 2) with decreased dec_ 
trophoretic mobility, suggesting that this tau was phosphor- 
ylated. Indeed it is this fraction which forms the paracrystals 
in spite of the excess of MAP2, as shown by the following 
experiments. 

The mixture of MAPs was dephosphorylated using alka- 
line phosphatase and run over a Mono S column, resulting 
in a shift of the elution peak 2 (containing MAP2) to the posi- 
tion of peak 3 of Fig. 1 a, whereas tau remained roughly in 
the 0.2 M salt fraction (Fig. 1 a, peak/).  This means that 
a clean separation of tau and MAP2 on the Mono S column 
is best achieved in the dephosphorylated state. On SDS- 
PAGE the dephosphorylated tau protein showed only four 
bands and at somewhat lower positions, the second and 
fourth (tau2 and tau4) being more pronounced than the first 
and third (taul and tau3; compare Fig. 2 a, lanes 1 and 2). 
This protein was rephosphorylated using CaMK, leading to 
an upward shift of the four isoforms, with the same relative 
density distribution (Fig. 2 a, lane 3). The autoradiograph 
shows that phosphate has been incorporated into all four iso- 
forms (Fig. 2 a, lane 4 and 5). Thus, with regard to phos- 
phorylation and dephosphorylation our tau protein behaves 
as described by Baudier and Cole (1987a). This confirms that 
the tau protein used for the earlier crystallization experi- 
ments contained a mixture of more or less phosphorylated 
isoforms (as in Fig. 2 a, lane /). The properties of the 
paracrystals obtained from defined states of phosphorylation 
(as in Fig. 2 a, lanes 2 and 3) will be described in the next 
section. It should be kept in mind, however, that the test of 
phosphorylation by the shift in SDS gels detects only the type 
of phosphorylation which can be mimicked by CaMK; the 
cycled microtubule protein probably contains other kinases 
as well (e.g., cAMP-dependent kinase, protein kinase C, or 
others; see Vallee, 1980; Baudier and Cole, 1987b) which 
do not change the gel pattern yet might have an effect on the 
structure. This would explain why the range of variation in 
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Figure 1. Preparation of tau 
protein obtained from micro- 
tubule protein cycled in the 
presence of Na-GTP (see Ma- 
terials and Methods). (a) Elu- 
tion profile from a Mono S 
FPLC column. Dotted line, salt 
gradient (0.05-1.0 M NaC1). 
Solid line, OD2s0. The elution 
profile shows three peaks (from 
left to right): (1) tau protein; 
(2) MAP2, largely phosphor- 
ylated (but with a contamina- 
tion of tau, see Fig. 2); (3) 
MAP2, largely dephosphory- 
lated. (b) SDS gels (4-20%) 
of the fractions defined in a. 
Fractions 12-15 are from peak 
1 and show tau protein com- 
posed mainly of two major 
and two minor isoforms in a 
mixed state of phosphoryla- 
tion. Fractions 25-37are from 
peak 2, containing mostly 
MAP2 and a minor contami- 
nation of tau (see also Fig. 2 
c, lane 2). Fractions 38 and 
39 are from peak 3, mostly 
MAP2. Thrice-cycled micro- 
tubule protein is shown in lane 
1 for comparison. 

the paracrystals with defined states of phosphorylation is less 
than what we had observed previously. 

The fact that peak 2 of Fig. 1 a (mainly MAP2) contained 
a small fraction of tau suggested that this protein was also in 
a different state of phosphorylation from that of the main tau 
peak 1 (compare Fig. 2 b, lanes 1 and 2). To demonstrate 
this directly, the protein of the second peak was treated with 
perchloric acid which precipitates MAP2 and leaves tau in 
solution (Lindwall and Cole, 1984b). As shown in Fig. 2 b, 
lane 3, this tau is largely phosphorylated (upward shift in the 
gel). Western blots with TAU1 antibody (Binder et al., 1985) 
identified all bands as tau (Fig. 2 c). Paracrystals grown from 
this protein (Fig. 3) had long repeats and otherwise a similar 
appearance to those of the main tau peak, confirming that the 
paracrystals from the MAP2 peak (Fig. 1 a, peak 2) indeed 
formed from the tau contamination. This highlights the strong 
tendency of tau molecules to adhere to one another even 
when there is a vast excess of other proteins. 

Structure of Tau Paracrystals 

Fig. 3 shows two paracrystals of tau treated with different 
stains, 2 % ammonium molybdate (Fig. 3 a) or 2 % uranyl 
acetate (Fig. 3 b). They show periodic transverse striations 
with repeats of 66-67 nm. One observes two bright striations 
per repeat, termed bands 0 and 2, separated by 28 nm; i.e., 
roughly 40% of the repeat. Up to five other weak striations 
can be discerned, termed la, lb, 3, 4, and 5 (for details com- 
pare Fig. 6 b below). The striations are best seen in uranyl 
acetate stain (Fig. 3 b) and are largely buried in ammonium 
molybdate (Fig. 3 a). In the latter stain only band 4 can be 
discerned by eye routinely. Its position between the bright 
striations is slightly asymmetric; it is closer to band 2 than 
to band 0. This provides an intrinsic marker of polarity 
(defined to be positive in the direction from band 0 to 2, 4, 
and the next 0). In Fig. 3 the minus end is at the bottom, the 
plus end is at the top. We will denote the region containing 
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groups (Steven and Navia, 1982) this suggests that this stain 
represents largely the charge distribution, even when used as 
a negative stain. 

In addition to the transverse striations, those ammonium 
molybdate paracrystals which have large spacings also show 
longitudinal striations, visible most clearly in the region 

Figure 2. Phosphorylation oftau proteins. (a) SDS gel oftau protein 
isolated as in Fig. I a (peak 1). Lane 1, tau protein from the Mono 
S column without further treatment (i.e., in a mixed state of phos- 
phorylation). Five to six bands can be discerned. Lane 2, tau elated 
from the column and then treated with alkaline phosphatase for 5 h 
and then purified by perchloric acid in order to remove the enzyme. 
There are four distinct bands (from bottom to top, tau/-4, following 
the nomenclature of Baudier and Cole (1987a) with Mr of 54, 58, 
61, and 64 kD, respectively). Tan2 and tau4 are more prominent 
than tau/and tau3. Lane 3, the tau protein was first dephosphory- 
lated (as in lane 3) and then rephosphorylated by CaMK. The four 
tau bands are shifted upwards, equivalent to an apparent increase 
of '~4 kD. Lane 4, SDS gel of tan protein dephosphorylated and 
then rephosphorylated by CaMK using 3,-[32p]ATP. Lane 5, auto- 
radiogram of the SDS gel of lane 4. (b) SDS gel of tan protein iso- 
lated as in Fig. 1 a. Lane 1, dephosphorylated tau from peak 1, simi- 
lar to a, lane 2. Lane 2, MAP2 and the minor fraction of tau from 
peak 2 without further treatment. Comparison with lane 1 shows 
that most of this tau is phosphorylated. The MAP2 eluting in this 
peak is probably also largely phosphorylated. Lane 3, the protein 
of lane 2 was precipitated with perchloric acid in order to remove 
the non-tau components, tau was concentrated and then electropho- 
resed. The positions of the tau bands are similar to lane 2 (i.e., 
largely phosphorylated). (c) Immunoblot of the gel in b with the 
TAUI monoclonal antibody (Binder et al., 1985), identifying tau 
both in the phosphorylated and in the dephosphorylated state. 

bands 0, la, lb, and 2 as 0>>2,  and the region including 
bands 2-5  and the next band 0 as 2>>0. 

A clear distinction between the paracrystals of Fig. 3 is 
that with ammonium molybdate the region 2>>0  is stained 
much more darkly than the region 0>>2 ,  in contrast to ura- 
nyl acetate where the stain has a more even distribution. The 
differences in staining are most pronounced when the 
paracrystals have near-maximal repeats, and they tendto even 
out with shorter spacings. The effect is likely to be related 
to the structure oftau (see Discussion). Positive staining with 
uranyl acetate (i.e., staining followed by extensive rinsing) 
produces a pattern nearly indistinguishable from negative 
staining. Since uranyl acetate has a high affinity for charged 

Figure 3. Electron micrographs of tau paracrystals observed with 
different staining procedures. These paracrystals were grown from 
a preparation of MAP2 containing traces of tau (see Fig. 2 b, lane 
2). The paracrystal was negatively stained with 2% ammonium 
molybdate (a) or with 2 % uranyl acetate (b). The periodicities are 
66-67 run, close to the maximum repeat value observed (68 run). 
This is typical of phosphorylated tan. In a, the region between the 
bright hands 0 (small arrows) and 2 is light and the region from 2 
to 0 is dark (these regions are termed 0 >>2 and 2>>0, respec- 
tively). In b, the staining difference between these two regions is 
less pronounced, and the specimen shows a more detailed banding 
pattern. In the dark region of a one observes longitudinal striations 
which are typical of the ammonium molybdate staining of para- 
crystals with large spacings. Polarity is from bottom to top (/urge 
¢~rrow.,,'). 
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Figure 4. Paracrystals of tau protein in defined 
states of phosphorylation, stained with 2 % am- 
monium molybdate (a) or uranyl acetate (b). 
(a) This paracrystal was obtained after dephos- 
phorylation, similar to Fig. 2 a, lane 2. The 
periodicity is 53 nm. (b) This paracrystal was 
obtained from tau protein after dephosphoryla- 
tion and rephosphorylation with CaMK (simi- 
lar to Fig. 2 a, lane 3). The periodicity is 67 
nm. Large arrows indicate polarity. 

2>>0 (Fig. 3 a, see also Fig. 5 a). Their lateral spacing is 
irregular. The finest visible fibrils have spacings down to 3-6 
nm, but they also tend to group together into wider bundles 
spaced/>10 nm apart. 

The repeats in Fig. 3 are near the maximum value of 68 
nm. The paracrystals were obtained from the second protein 
peak of the Mono S column which is largely phosphorylated 
(Fig. 2 c, lane 2), and the paracrystals obtained from it have 
near-maximal repeats. These results prompted us to check 
if phosphorylation had any influence on the structure of the 
paracrystals. Tau protein was therefore dephosphorylated by 
alkaline phosphatase and paracrystals were grown. There 
was a marked reduction of periodicity (55 nm and less). Fig. 
4 a shows a typical example of 53-ran periodicity. When tau 
was first dephosphorylated and then rephosphorylated with 
CaMK the repeats of the paracrystals increase again to near- 
maximal values (Fig. 4 b, 67-nm repeat). 

Apart from the effect on periodicities we noted that phos- 
phorylation also influences the apparent flexibility of the 
pamcrystals. This property can be deduced from regions 
where paracrystals are bent over (Fig. 5). With phos- 
phorylated specimens (having long repeats) the order around 
the bends is lost, as if the interaction between the tau mole- 
cules was broken (Fig. 5 a, 66-nm repeat). By contrast, de- 
phosphorylated samples with shorter repeats bend in an 
ordered fashion, reminiscent of an accordion. A striking ex- 
ample is the massive aggregate, >6/zm in diameter, of coiled- 
up paracrystals in Fig. 5 b. A detail is shown in Fig. 5 c; the 
repeat in the straight sections is "~50 nm, in the bend region 
it depends on the radius of curvature; i.e., it is 54 mn on the 
outside but only 22 nm on the inside. In other words, phos- 
phorylated samples become not only long but also stiff, de- 
phosphorylated ones are shorter and elastic. 

The structural resolution of well-ordered paracrystals ex- 
tends to m5-6 ran, as judged from the optical or computed 
diffraction patterns (Fig. 6 a). Up to 15 orders of the repeat 
have been observed. Images of selected specimens were den- 
sitometered and computer processed to obtain the density 

distribution. Fig. 6 b is a high magnification view of a 
paracrystal, printed on the same length scale as the recon- 
structed densities of Fig. 6 c. They show the average density 
variations along the long axis of two particles. The x-axis was 
scaled to the same repeat in order to make the particles com- 
parable. As shown previously, with this scaling the peak po- 
sitions from particles with very different periodicities can be 
nearly superimposed. This accordion effect arises from the 
elasticity of tau and distinguishes it from other paracrystal- 
line structures. After image processing, the seven density 
peaks per repeat can be seen not only with uranyl ace- 
tate-stained specimens (Fig. 6 b, bottom trace), but also with 
ammonium molybdate (Fig. 6 b, top, and Fig. 5 a). As men- 
tioned above, peak 4 is the highest one in the region 2>>0, 
and it is offset towards peak 2. Thus the polarity is from left 
to right in Fig. 6 b. Note also the low mean density in region 
2>>0 of Fig. 6 b (top, ammonium molybdate stain) which 
corresponds to the dark regions in Figs. 3 a or 5 a. 

We next turn to the question of the molecular length of tau 
protein. This is given by the repeat distance (which can be 
measured accurately) plus the overlap between successive 
sets of molecules (which is not known a priori). There are 
several arguments suggesting that the overlap largely coin- 
cides with region 0>>2. Firstly, this region contains more 
protein than the region 2>>0, judging from the stain distri- 
bution (Fig. 3). Secondly, the paracrystals appear to bulge 
outwards between bands 0 and 2, consistent with a greater 
number of adjacent molecules. Thirdly, in those cases where 
the striations can be followed to the very end of a paracrystal 
they appear to terminate either near a band 0 or a band 2; 
these correspond to the minus and plus ends, respectively, 
according to our definition of polarity. This is particularly 
clear at the minus end, terminating with band 0, an example 
of which is given in Fig. 7. These arguments imply that a tau 
molecule begins roughly at a band 0 and ends at the band 
2 following the next band 0. In other words, the region 0>>2 
represents the overlap between successive sets of tan mole- 
cules, whereas 2>>0 is a nonoverlap region (as indica~l by 
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Figure 6 Image reconstruction of paracrystals. (a) Optical diffrac- 
tion pattern of a paracrystal stained with ammonium molybdate. 
Reflections up to the llth order are visible, up to 15 orders can be 
discerned in the computed Fourier transform. (b) Magnified view 
of a paracrystal aligned and scaled with the image reconstruction 
below. (c) Image reconstruction of paracrystals. Top, average phos- 
phorylated specimen stained with ammonium molybdate. Bottom, 
dephosphorylated specimen stained with uranyl acetate. The recon- 
structions have been scaled to the same periodicity in order to facili- 
tate the comparison. The positions of the protein peaks are similar 
but there are differences due to staining. Note the asymmetric posi- 
tion of peak 4 which serves as a marker for polarity ( -  end, left; 
+ end, right). 

Figure 5. Paracrystal flexibility. (a) Paracrystal (phosphorylated, 
stained with 2 % ammonium molybdate) bends over several times. 
The order around the bends is lost, indicating that the interaction 
between the molecules is broken. The periodicity is 66 rim. b shows 
a large deposit of seemingly disordered filaments of dephosphory- 
lated protein, but the blowup in c reveals that it consists of well- 
ordered paracrystals (stain 2% ammonium molybdate). The bend 
region is reminiscent of an accordion; i.e., the order is preserved. 
The periodicity outside the bend region is ,,,50 rim, within the bend 
it varies between 22 (inside) and 54 nm (outside). As a rule, ordered 
bending occurs only with particles whose periodicity is clearly 
lower than the maximum of 68 nm, indicating that these are the 
more flexible ones. 

the bars in Fig. 7). Since the region 0>>2  amounts to 
,o30--40% of  the repeat, the length of tau  would be "ol.3 to 
1.4 times the repeat. For the fully extended state (repeat = 
68 nm) this implies a maximal length of  ,o90-95 nm. Con- 
versely, the smallest observed repeat of  22 nm would cor- 
respond to a length of  "o30 nm. Since the bands 3-5 are in 
a nonoverlap region, they represent intrinsic properties of  
tau. Moreover, the terminal regions of  paracrystals where 
there is no overlap show bands 0 and 2 as well; band 1 is also 
visible faintly in some cases (Fig. 7). This implies that these 
densities are also structural features of  tau itself and not 
merely the result of  overlap. 

A model of  the packing oftau molecules in the paracrystals 
deduced from these data is diagrammed in Fig. 8 a. The 
polarity is from left to right (Fig. 8 a, arrow), the paracrystal 
starts near a band 0 ( -  end) and ends near a band 2 (+  end). 
The major densities are shown as filled boxes, the overlap 
is in region 0>>2.  The assignment of  the open boxes in the 
overlap region is not certain; they could be genuine densities 
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of the molecules at their plus ends, but the striations would 
also be accounted for by the filled densities at the minus ends 
of the molecules. The long axis of the paracrystal points in 
the direction of the x-axis. The observed transverse striations 
would be the result of many tan molecules aligned in register. 
Below the diagram is a schematic representation of the den- 
sity along the paracrystal; note the higher density in region 
0>>2 and the asymmetric position of band 4. The difference 
between this model and the previous one is that the overlap 
region is now defined in more detail; i.e., one tau molecule 
extends from one band 0 beyond the next one to the subse- 
quent band 2. This increases the total length by 30--40%, 
giving a maximal extension in the 90-95-nm range. 

Discussion 

Influence of  Phosphorylation on Length 
and Elasticity o f  Tau 

One of the main results of our previous study was that tau 
was highly elastic, as seen by the more than threefold varia- 
tion in the repeat of the paracrystals. This makes tau distinct 
from all other known proteins that form paracrystals. We 
have now tried to identify the source of this elasticity and 
conclude that it is, at least in part, related to the state of phos- 
phorylation. Phosphorylated tau has a nearly maximal exten- 
sion and is comparatively stiff. Dephosphorylated tau be- 
comes shorter and more flexible. 

Initially our starting material was tau protein phos- 
phorylated to a variable degree by endogenous kinases pres- 
ent in microtubule protein (Sloboda et al., 1975; Vallee, 
1980). This phosphorylation is more extensive when the pro- 
tein is prepared in the presence of ATP instead of GTP, pre- 
sumably because the kinases require ATE One result of 
phosphorylation is that MAPs bind to microtubules less 
tightly, stabilize them less efficiently (Jameson et al., 1980; 
Murthy and Flavin, 1983; Burns et al., 1984; Lindwall and 
Cole, 1984a), and lead to a more dynamic behavior, as 
judged by microtubule oscillations (Mandelkow et al., 
1988). 

The sequence of tau (Lee et al., 1988a) shows acidic 
NH2- and COOH-terminal tails and a basic interior. Tau 
binds to the acidic COOH terminus of tubulin (Littauer et 
al., 1986) so that from charge complementarity one would 
expect the COOH-terminal part of tau to interact with tubu- 

Figure 7. End region of a para- 
crystal stained with ammonium 
molybdate. The two bright bands 
correspond to bands 0 and 2. 
The polarity can be deduced 
from band 4 which is closer to 
band 2 than to band 0. The para- 
crystal starts roughly at band 0 
so that this band defines the be- 
ginning of tau molecules. Note 
that the regions between bands 
0 and 2 (overlap regions) are 
generally brighter than the ad- 
jacent regions 2>>0 (nonover- 
lap regions), except for the ter- 
minal region 0>>2 where there 
is no overlap. Overlap is indi- 
cated by black bars. 

lin; this is in fact borne out by studies on a microtubule- 
binding fragment of tau (Aizawa et al., 1988). It seems, 
therefore, reasonable to assume that the phosphorylation of 
tau that affects its interaction with microtubules should take 
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Figure 8. (a) Model of the structure oftau molecules and their pack- 
ing in the paracrystal. The filled blocks represent high protein den- 
sity (bands in the paraerystals), the springs indicate the elasticity 
of the molecule. The distinction between structural and elastic ele- 
ments is exaggerated for clarity. (a) One set of tau molecules, 
aligned in register, begins roughly at band 0, extends beyond the 
next band 0 (beginning of the next set of molecules), and ends 
roughly at the following band 2. The blocks near the plus ends of 
the molecules have been left open since it is not clear if they cor- 
respond to separate densities. (b) Model of the tau molecule in 
different states of extension. Top, extended molecule (maximal re- 
peat, 68 nm; maximal length, '~95 nm). Bottom, contracted tau 
molecule. Because of elasticity, the overall length can change with- 
out changing the relative positions of the densities. 
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place in the COOH-terminal half; it could work by reducing 
the charge-charge interactions. 

This is a static view of the situation and does not take into 
account the possible role of tau's elasticity. One might specu- 
late that this property is important for the elasticity of the 
cytoplasm. Microtubules have to be stabilized (presumably 
by tau and other MAPs) and are probably cross-linked to 
other structures, but this must not interfere with the transport 
of material along them (e.g., by translocator proteins). The 
stabilizing and/or cross-linking proteins would have to be 
flexible, a condition that is apparently met by tau protein. 
Thus, if phosphorylation regulates tau's elasticity one would 
expect to find it on the domain projecting away from microtu- 
bules rather than on the microtubule-binding domain. Elec- 
tron microscopy evidence suggests that the distinction be- 
tween such domains may be real (Hirokawa et al., 1988). 
Conceptually one should therefore distinguish between phos- 
phorylation affecting microtubule assembly (located on the 
microtubule-binding domain) and phosphorylation affecting 
elasticity and interactions with other structures (located on 
a projection domain). In practice, the two effects appear to 
be closely related, at least in the case of phosphorylation by 
the CaMK since this affects both microtubule assembly 
(Lindwall and Cole, 1984a) and elasticity (as shown here). 

The site(s) of phosphorylation are not known at present, 
but there is some evidence that they might be in the COOH- 
terminal part of tan. Phosphorylation by a kinase which acts 
similarly to CaMK (in terms of reducing the electrophoretic 
mobility) acts on an epitope which tau shares with the paired 
helical filaments of Alzheimer's disease (Ishiguro et al., 
1988), and the common region is in the COOH-terminal 
third of tau (Kondo et al., 1988). It is noteworthy that this 
part contains the sequence lys-ser-pro (residues 295-297), 
a sequence that is phosphorylated in neurofilaments and 
binds antibodies which cross-react between neurofilaments, 
MAP2, tau, and Alzheimer's tangles (Kosik et al., 1986; Lee 
et al., 1988b). Such an epitope occurs just downstream from 
the internal repeats of tan which form part of the potential 
microtubule-binding domain (compare Lee et al., 1988a; 
and Aizawa et al., 1988). 

Structural Features of Tau 

The key features of the structure of tau are summarized in 
Fig. 8 b, showing the molecule in different states of extension 
but similar substructure. There are at least two major densi- 
ties (0 and 2), three intermediate ones (3, 4, 5), and two mi- 
nor ones (la, lb). A striking feature of the paracrystals is the 
difference in contrast obtained with different stains. Bands 0 
and 2 always stand out brightly (Fig. 3, a and b). However, 
with ammonium molybdate the difference between regions 
0>>2 and 2>>0 is much more pronounced than with uranyl 
acetate, particularly in the case of paracrystals with long 
repeats where the protein is phosphorylated. Moreover, 
there is little difference between negative and positive stain- 
ing by uranyl acetate. This stain has a strong affinity for 
charged groups (positive and negative) so that even the im- 
ages of negatively stained structures contain an appreciable 
contribution from positive staining (compare studies with im- 
munoglobulins, Steven and Navia, 1982; or collagen, Tzaph- 
lidou et al., 1982). Since tau has a high content of charged 
residues we assume that the images of uranyl acetate-stained 
paracrystals largely reflect the charge distribution. In princi- 

pie this should allow us to relate the staining to the amino 
acid sequence. In practice this is not yet possible because, 
unlike the case of collagen, we cannot assume that the struc- 
ture corresponds linearly to the sequence. Since tan contains 
(at least) 364 residues (Lee et al., 198ga) the maximum 
length for the extended chain would be ,,o140 urn, 50% more 
than the observed maximum length. Tau has very little sec- 
ondary structure (Cleveland et al., 1977) so that realistic 
predictions of the chain folding cannot be made at present. 
Studies using monoclonal antibodies with known epitopes 
are underway to determine the folding of tau in the para- 
crystals. This should yield constraints which would help us 
to relate the sequence with the stain distribution. 
In contrast to uranyl acetate, ammonium molybdate is re- 

garded as a more faithful negative stain. This would mean 
that bands 0 and 2 have not only the highest charge but also 
the highest mass. Moreover the brightness of 0>>2 supports 
this as the overlap region. Region 2>>0 accumulates more 
stain because there is less protein in the nonoverlapping part. 
In addition, it seems that the molecules are more loosely 
packed, allowing stain to penetrate more deeply. This would 
explain the contrasty appearance of the fibrils in this region 
(Fig. 3 a), each of which probably represents a projection 
of several tau molecules. Judging by the thinnest observed 
fibrils, a tau molecule would be ~3--4 nm wide. The ratio 
of length to width would agree well with the hydrodynamic 
axial ratio of 20 determined by Cleveland et al. (1977). 

Hirokawa ctal. (1988) studied single tau molecules by 
metal shadowing. They observed a wide length distribution 
with a mean of 56 urn, of which 18 um are considered to 
project away from the microtubule wall. In view of tau's 
elasticity, the variation in length is not surprising; the mean 
length corresponds to a state of intermediate contraction. 
The relationship between the assembly or projection do- 
mains and the paracrystallinc structure of tau is not clear at 
present. We hope that this can be answered by experiments 
in which paracrystals are labeled with tubulin. 

A number of authors have shown recently that tau is one 
of the components of the neurofibrillary tangles of Alzheim- 
er's disease (e.g., Goedcrt et al., 1988). This raises the pos- 
sibility that the interaction between the Alzheimer paired 
helical filaments is related to the interaction between tau 
molecules in the paracrystals. Image reconstruction of the 
paired helical filaments shows an axial subunit repeat of 3 nm 
and a cross-over repeat of the strands of 78 nm (Crowther and 
Wischik, 1985). By contrast, no helical structure is evident 
in the tau paracrystals, and the above repeats are also not ob- 
served. Thus, no obvious relationship between the two struc- 
tures is recognizable at present. 

Why Is Tau Elastic? 

The short answer is that we do not know. The evidence for 
tau's elasticity is derived from structural changes, as de- 
scribed above and in more detail in our previous report 
(Lichtenberg et al., 1988). In this regard tau paracrystals be- 
have very differently from other known paracrystals. How- 
ever, the underlying physical principles are not understood. 
By way of comparison, a well known example of an elastic 
protein is that of elastin which has been studied for many 
years, and the usual explanation given in many textbooks is 
that of more or less randomly coiled molecules connected by 
specific cross-links. However, other views have also been 
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held (e.g., liquid drop elastomer; Weis-Fogh and Andersen, 
1970), including that of a regular secondary structure stabi- 
lized by hydrophobic interactions (Urry, 1988). The se- 
quence of elastin is known (Raju and Anwar, 1987); it resem- 
bles that of tau in that it has a high content of proline and 
glycine. However, its overall character is different because 
elastin is highly hydrophobic while tau is hydrophilic. 
Moreover, tau is not a random coil but a rod-like particle. 
It can stretch up to 2/3 of a maximally extended chain so that 
there is little room for coiling. It seems therefore unlikely 
that the theories put forward to explain the elasticity of 
elastin could hold for tan as well. 
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