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Abstract. Recent evidence from several laboratories 
shows that the paired helical filaments of Alzheimer's 
disease brains consist mainly of the protein tau in an 
abnormally phosphorylated form, but the mode of as- 
sembly is not understood. Here we use EM to study 
several constructs derived from human brain tau and 
expressed in Escherichia coli. All constructs or tau 
isoforms are rodlike molecules with a high tendency 
to dimerize in an antiparallel fashion, as shown by an- 
tibody labeling and chemical crosslinking. The length 
of the rods is largely determined by the region of in- 

ternal repeats that is also responsible for microtubule 
binding. One unit length of the repeat domain (three 
or four repeats) is around 22-25 nm, comparable to 
the cross-section of Alzheimer PHF cores. 

Constructs corresponding roughly to the repeat re- 
gion of tau can form synthetic paired helical filanlents 
resembling those from Alzheimer brain tissue. A simi- 
lar self-assembly occurs with the chemically cross- 
linked dimers. In both cases there is no need for phos- 
phorylation of the protein. 

T 
HE function of microtubules depends largely on their 
associated proteins (MAPs) t whose expression, dis- 
tribution, and posttranslational modification is tissue 

specific and developmentally regulated (for review see 
Wiche et al., 1990; Tucker, !990). Tau protein, a group of 
medium-sized MAPs, is prominent in neurons, particularly 
in axons, and one of its roles is thought to be the stabilization 
of rnicrotubule arrays (Drubin and Kirschner, 1986). It has 
recently attracted attention because of its potential signifi- 
cance in Alzheimer's disease since tau is a main component 
of the Alzheimer-paired helical filaments (PHFs; for re- 
view see Kosik, 1990; Goedert et al., 1991). To understand 
tau's function in normal and pathological conditions it would 
therefore be necessary to investigate its structure and self- 
assembly. 

The primary structure is known: tan is a mixture of iso- 
forms arising from alternative splicing; in human brain there 
are six variants with 352-441 residues (l.a~e et al., 1988; 
Himmler et al., 1989; Goedert et al., 1988, 1989). Tan pro- 
tein purified from brain has very little secondary structure 
(as judged by CD spectroscopy), and a sedimentation con- 
stant of 2.6 S, pointing to a highly asymmetric shape (Cleve- 
land et al., 1977), in agreement with electron microscopic 
data (Hirokawa et ai., 1988). The COOH-terminal half con- 
tains three or four internal repeats which are involved in 

Correstx~ndence should be addressed to E. Mandelkow. 

1. Abbreviations used in this paper: CD, circular dichroism; FPLC, fast 
protein (peptide) liquid chromatography; MBS, m-maleimidobenzoyl-N- 
hydroxysuecinimide ester; MAP, microtubule-assoeiated protein; NTP, 
nucleoside 5'-triphosphate; PCR, polymerase chain reaction; PDM, N,N t- 
p-phenylene-dimaleimide; PHF, paired helical filaments. 

microtubule binding and promoting their assembly (hence 
"assembly domain"). This domain can be phosphorylated by 
several protein kinases (Steiner et al., 1990; Drewes et al., 
1992), a point that may be significant in view of the abnormal 
phosphorylation of Alzheimer tan (Grundke-Iqbal et al., 
1986; Baudier and Cole, 1987; Biernat et al., 1992; 
Lichtenberg-Kraag et al., 1992). Moreover, the repeat re- 
gion also lies in the core of Alzheimer-paired helical illa- 
ments (Goedert et al., 1988; Kondo et al., 1988; Ksiezak- 
Reding and Yen, 1991; Jakes et al., 1991). 

These observations set the scene for the questions we want 
to answer: what is the shape and structure of the different tan 
isoforms? How do tan molecules associate with one another? 
In particular, is there a special interaction involving the re- 
peat region which could explain the formation of paired heli- 
cal filaments? 

Previous work had already shown that tau has a tendency 
to self-associate into fibers (Montejo de Garcini and Avila, 
1987; Lichtenberg-Kraag and Mandelkow, 1990). These 
studies were done with mixtures of tau from brain, and in 
mixed states of phosphorylation. We have now tried to cir- 
cumvent the problem of heterogeneity by using recombinant 
tau expressed in Escherichia coli, as well as constructs ob- 
tained by directed mutagenesis. The results show that the 
length of tau is largely determined by the assembly domain, 
that the repeats form roughly a "unit" of length, and that 
monomers tend to dimerize in an antiparallel fashion. "lhu 
constructs consisting only of the repeat region can form 
paired helical filaments in vitro, starting from both mono- 
meric or dimeric subunits, and without being phosphory- 
lated. 
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Materials and Methods 

Cloning and Expression of Tau Constructs 
Plasmid preparations and cloning procedures were performed according to 
Samtnvok et al. (1989). PCR amplifications were carried out using Taq 
polymerase as specified by the rnanufaemrer (Perkin Elmer Cetus, Haywa~, 
CA) and a DNA TRIO-Thermoblock (Biometra, G-6ttingen, Germany). 

Tau cDNA clones and their constructs were subcloned into the expres- 
sion vector pNG2 (a derivative of pET-3b, Studier et al., 1990, modified 
in our laboratory by removal of PstI, HindIR, NheI, and ECORV restriction 
sites for convenient engineering of the tau clones), or in expression vector 
pET-3a. FOr the expression we used the BL21 (DE3) E. coli system (Smdier 
et al., 1990). All residue numbers refer to the sequence of htau40, the 
largest of the human isoforms (441 residues; Goedert et al., 1989). For the 
isolation of the constructs we made use of the heat stability of the protein; 
they were separated by fast protein (peptide) liquid chromatography (FPLC) 
Mono S chromatography (Pharmacia Fine Chemicals, piscataway, NJ) (for 
details see Hagestedt et al., 1989). 

Construction of T8R-1 
This is a tau derivative containing eight repeats. It was constructed on the 
basis of the bovine tan4 isoform (Himmler ct aL, 1989). Two plasmids, 
pETNde43-12 (containing the btau4 gene) and pET-K0 (containing K0 
which consists mainly of the four repeats plus leading and trailing sequences 
from the vector; Steiner et al,, 1990) were used for the construction of 
TSR-I. The NdeI-RsaI DNA fragment from btau4 was connected with 
"filled in" XmaI-BamHI fragment of K0 leading to a chimeric molecule 
consisting of 553 amino acids. The TSR-1 gene encodes Metl-Va1393 con- 
nccted through the artificially introduced Set residue with the Gly248- 
Tyr394 tan fragment, followed by a 23-residne tail from the bacteriophage 
T7 sequence (htau40 numbering). 

Construction of T7R-2 and T8R-2 
TTR-2 is a tau derivative containing seven repeats, TSR-2 contains eight 
repeats. Both molecules were constructed on the basis of the human htau23 
and htau24 isoforms (Goedert et ai., 1988). For the engineering of the 
T7R-2 and TSR-2 molecules, PCR repeat cassettes AI (encoding four 
repeats), A2 (encoding the whole carboxy part of the tau24 molecule in- 
cluding the four repeat sequence and the tan sequence behind them) and A3 
(encoding three repeats) were prepared. The TSR-2 molecule was generated 
by combination of AI and A2 with NdeI-PstI DNA fragment isolated from 
htau24. This tau derivative consists of 511 amino acids, the first 311 NH2- 
terminal residues of htan24 (Metl-Lys369, containing four repeats), fol- 
lowed by Gly-Thr link, then by 198 residues of the COOH terminus of 
htau24 (Gln244-Leu441, four more repeats). The T7R-2 gene was gener- 
ated similarly to TSR-2 but the A3 cassette was used instead of AI. The 
TTR-2 protein consists of 480 amino acids, the first 280 NH2-terminal 
residues of htau23 (Metl-Lys369, including three repeats), followed by 
Gly-Thr link, then by 198 residues of the carboxy-terminal part of htau24 
(Gln244-Leu441, containing four repeats, htau40 numbering). 

Construction of Kll and 102 
They were constructed by combination of fragments derived from the 
htau23 and htau24 genes. KI 1 is a tan derivative containing four repeats 
and consists of 152 amino acids (Q244-Y394 plus start methionine). K12 
is a tau derivative containing three repeats and consists of 121 amino acids 
(Q244-Y394 plus start methionine, but without the second repeat V275- 
S305, htau40 numbering). 

Chemical Cross-linking 
Construct K12 (2-5 mg/ml) in 40 mM Hepes, pH 7.5, was incubated with 
0.5 mM DTT for 30 rain at 37~ and then reacted for 30 min at room tem- 
perature with 0.7 mM PDM (Sigma Chemical Co., St. Louis, MO) or 1.5 
mM MBS (Pierce Chemical Co., Rockford, IL) added from freshly pre- 
pared stock solutions in DMSO. The reactions were quenched by addition 
with 5 mM DTT or 5 mM DTT and 5 mM ethanolamine, respectively. 

Gel l~itrotion 
The covalently cross-linked dimers were separated from the monomers by 
gel filtration on a Superose 12 FPLC column (Pharmacia Fine Chemicals) 

equilibrated and elnted with 50 mM Tris-HCl, pH 7.6, containing 0.5 M 
NaSCN, 0.5 M LiCI, and 2 mM DTT operated at a flow rate of 0.3 ml/min. 
Column fractions were analyzed by SDS-PAGE, pooled, and concentrated 
by centrifugation through centricon 3 microconcentrators (Amicon Corp., 
Danvers, MA). The column was calibrated with the proteins from the low 
molecular weight gel filtration calibration kit (Pharmacia Fine Chemicals). 
Effective hydrated Stokes radii (r) of the calibration proteins were taken 
from the kit's instruction manual and partition coefficients (a) were deter- 
mined from the elution volumes and fitted to an equation of the form a = 
- A  log r + B, yielding the Stokes radii for the tan construct monomers 
and dimers. The axial ratios were calculated following Perrin (for methods 
see Cantor and Schimmel, 1980). 

Glycerol Spray Experiments 
Spraying was done following Tyler and Branton (1980). The samples were 
diluted 1:10 in spraying buffer (50 mM ammonium acetate, pH 8.0, 150 mM 
NaCI, 1 mM MgCI2, 0.1 mM EGTA), made up to 70% glycerol and 
sprayed onto freshly cleaved mica. The sprayed samples were vacuum dried 
for 2 h, shadowed with platinum/carbon (•1.5 nm thick, shadowing angle 
4 ~ using a BAE 080T shadowing unit (Balzers Union, Bulzers, Liechten- 
stein), followed by 20-30 um carbon. Finally the replicas were floated off 
on doubly distilled water and picked up with 600-mesh copper grids. 

Antibody Labeling 
Samples were mixed with a roughly fivefold excess of antibody (Map 2--4, 
kindly provided by Drs. J. Dingus and R. VaUee, Worcester Foundation, 
Shrewsbury, MA) (see Dingus et al., 1991) and incubated for 1-1.5 h at 
room temperature. Afterwards the samples were diluted 1:10 in spraying 
buffer and treated following the normal glycerol spray procedure. 

Formation of Synthetic PHFs 
Solutions of tan constructs or chemically cross-linked dimers were dialyzed 
against various buffers (e.g., ,'-,50-500 mM MES, Tris-HCI, Tris-maleate, 
pH values 5-9, 5-30 mM MgC12, CaC12, AlCl3) for 12-24 h at 4~ The 
solution was briefly centrifuged (Heraeus Biofuge A, I rain, 10,000 g). The 
pellet was stored for several days at 4~ and then processed for negative 
stain EM (2 % uranyl acetate or I% p h o s ~ c  acid). Alternatively 
the solution was used for grid dialysis on gold grids following Van Bruggen 
et al. (1986). PHFs were observed only in certain conditions and with cer- 
tain tau constructs (pH 5-5.5, KI1 or KI2 and K12 dimers, see Results). 

Electron Microscopy 
The specimens were examined on a Philips CM12 microscope (Philips 
Electronic Instruments, Inc., Mahwah, NJ) at 35-60,000 magnification. 
Electron micrographs were taken on electron image film SO-163 (Eastman 
Kodak Co., Rochester, NY). Magnification calibration was performed 
using negatively stained catalase crystals. 

Miscellaneous Procedures 
SDS-PAGE was done following Laemmli (1970), with a gradient of 4-20%. 
Analytical ultracentrifugation (model E; Beckman Instruments Inc., Paio 
Alto, CA) and CD spectroscopy (Jobin-Yvon Dichrograph R. J. Mark HI 
Instruments S.A., Munich, Germany) was kindly made available by Drs. 
A. pingoud and C. Urbanke, Hannovcr. 

Results 

Conformation and Dimerization of Tau Constructs 
Fig. 1 illustrates the types of constructs used in this study. 
We started out with the isoforms occurring in human brain, 
ranging from htau23 (the smallest isoform, 352 residues) to 
htau40 (the largest, 441 residues; see Goedert et al., 1989). 
They differ mainly by the number of internal repeats in the 
COOH-terminal domain (three or four) and the number of 
inserts near the NH2 terminus (zero, one, or two). The in- 
ternal repeats are involved in micrombule binding and in the 
formation of paired helical filaments. We therefore focused 
our attention on those constructs which would presumably 
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Figure L Diagram oftau isoforms and constructs used in this study. 
(18R-1) 553 residues, molecular weight 57,743. It has two inserts 
near the NH2-terminus (29 residues each, hatched), a repeat do- 
main of four repeats (numbered 1-4) which is duplicated with a 
small spacer in between. (TSR-2) 511 residues, molecular weight 
53,459; it lacks the NH2-terminal inserts, but has the four repeats 
duplicated without spacer. (TTR-2) 480 residues, molecular weight 
50,212; similar to TSR-2, but without the second repeat sequence 
inthe first repeat domain. (Htau40) 441 residues, molecular weight 
45,850 (Guedert et al., 1989), with two NH2-terminal inserts and 
a repeat domain containing four repeats. (Htau23) 352 residues, 
molecular weight 36,760, the smallest of the human tau isoforms, 
without the NH2-terminai repeats and only three repeats. (K/l) 
152 residues, molecular weight 16,326 a repeat domain with four 
repeats plus a short tail. (K/2) 121 residues, molecular weight 
13,079, a repeat domain with three repeats plus a short tail. 

yield information on the structure of the repeat region. We 
used three types of molecules, (a) tau isoforms occurring in 
brain, such as htau23 or htau40, (b) engineered constructs 
with an increased number of repeats, e.g., seven or eight (T7, 
TS), and (c) constructs containing essentially the repeats 
only (e.g., Kll ,  K12). 

The SDS gels of Fig. 2 illustrate some of these proteins. 
Most tan constructs have relative molecular weights larger 
than expected from their actual mass (Fig. 2 a). A notable 
feature is the tendency to form dimers and oligomers. This 
is particularly pronounced with some constructs, for exam- 
ple K12 (Fig. 2 b). The formation of dimers can already be 
observed by letting the protein stand for some time (Fig. 2 
b, lane 2), presumably because the dimers become fixed by 
a disulfide bridge; this can be prevented by IYI'T (lane/). To 
test this, we used the cross-linker PDM which predomi- 
nantly links eysteines. This generates essentially the same 
products as in the absence of DTT (lane 3). Finally, dimers 
and higher oligomers can also be generated by MBS which 
links eysteines and lysines 0ane 4). The cross-linked species 
can be separated by chromatography on a Superose 12 
column (Fig. 2 c), allowing us to study a homogeneous 
population of dimers. The elution profile (Fig. 2 d) yields 
Stokes radii of 2.5 nm for the monomer of K12, and 3.0 am 
for the dimer. Given the molecular weights of 13 and 26 kD 
this yields axial ratios of 10 and 8, consistent with the rod- 
like shape observed by EM (the equivalent lengths of prolate 
ellipsoids would be 6.8 and 8.5 am which underestimates the 
actual lengths, see below). 

Other tau species show similar crosslinking results, but 
they are somewhat more complex for the following reason: 
tau has cysteines only in repeats 2 and 3 (residues Cys291 
and Cys322). Repeat 2 is absent from some isoforms, for ex- 
ample htau23 or construct K12, leaving only the lone 
Cys322. With Cys-Cys cross-linkers such as PDM, these 
molecules can only form dimers, but no higher aggregates 
(Fig. 2 b, lane 3). By contrast, bivalent molecules with two 
cysteines (such as htan40, Kll) can form intramolecular 
cross-links, dimers, and higher oligomers. This diversity is 
similar to what we find after cross-linking of K12 with MBS 
(Fig. 2 b, lane 4) because tau contains many lysines. 

The conformation of several tan constructs in solution was 
probed by analytical ultracentrifugation and CD spec- 
troscopy. For example, htau40 had a sedimentation constant 
of 2.6 S, similar to the results of Cleveland et al. (1977) on 
the mixture of tau from brain. For a globular particle of the 
mass of htau40 (45.8 kD) one would expect ~4.2 S; the 
lower observed value indicates an elongated structure with 
a hydrodynamic axial ratio of ~15. The CD spectra of htau40 
and construct K12 (Fig. 2 e) were indistinguishable; they 
showed very little secondary structure, again in agreement 
with Cleveland et al. (1977). This means that both the NH2- 
terminal and COOH-terminal domains of tau lack internal 
regularity such as or-helix or E-sheet. 

Synthetic Paired Helical Filaments 

Tan isolated from brain tissue can self assemble into fibrous 
structures, observed by several authors (e.g., Montejo de 
Garcini and Avila, 1987; Lichtenberg-Kraag and Mandel- 
kow, 1990). This property became particularly interesting in 
view of the fact that tan is one of the main components of 
the neurofibrillary tangles of Alzheimer's disease. In the 
earlier studies the relationship of the filaments formed in 
vitro to the Alzbeimer PHFs remained ambiguous, espe- 
cially since the protein was heterogeneous. We therefore 
wanted to check if recombinant tau constructs were capable 
of self-assembly. This was tested in a variety of conditions 
of pH, salt, buffer type, etc. Of the constructs tested only Kll  
and KI2 yielded filaments resembling PHFs. The optimal 
conditions were 0.3-0.5 M Tris-HC1 and pH 5.0-5.5, and no 
other salts added. The results obtained with construct K12 
are illustrated in Fig. 3. In the pH range of 5.0-5.5 there was 
extensive formation of filaments. Their length was variable, 
but typically in the range 200-1,000 nm. Most appeared 
rather smooth, others showed a regular variation of width, 
with axial periodicities around 70-75 am (arrowheads). 
The minimum diameter was about 8 am and the maximum 
around 15 am. We also observed short rodlike particles, 
,'~80-150-nm long, which appeared to represent just one or 
two crossover periods of the filaments (Fig. 3 c, middle). It 
was not possible to discern reliably any axial fine structure 
that might indicate an arrangement of protein subunits. This 
was therefore either below the resolution limit of negative 
stain, and/or due to lack of contrast. In general the filaments 
tended to be bundled up in dusters, as if they had a high 
affinity for one another (Fig. 3 a). Similar PHF-like fila- 
ments were also obtained with K12 dimers cross-linked with 
PDM (Fig. 4). This suggests that the dimer might be an inter- 
mediate stage in filament assembly. 

Many of these features are similar to those of paired helical 
filaments isolated from Alzheimer disease brains, shown for 
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Figure 2. SDS-PAGE (4-20%) and gel chromatography of tau constructs and crosslinked products. A and C were run in reducing conditions 
(3 mM DTT in sample buffer), B in non-reducing conditions (except lane I with 3 mM DTT in sample buffer). (A) Constructs TSR-1, 
Htau23 and K12. Molecular weight markers are given on the left. (B) Construct K12 and crosslinked products. Crosslinking occurs spon- 
taneously in the absence of DTT, it can be prevented by DTT, or induced by addition of PDM or MBS. Aggregation products are labeled 
on the right (monomers, dimers, trimers, tetramers, etc.). (C) Silver stained SDS gel ofa Superose 12 gel filtration run of K12 cross-linked 
by PDM. The dimers (top band) elute before the monomers. Fractions 16 and 17 were used for EM. (D) Elution profile of Superose 12 
gel filtration of construct KI 2 monomers and dimers cross-linked with PDM. The elution positions of calibration proteins are plotted against 
their effective hydrated Stokes radii on a logarithmic scale (right axis). (E) CD spectrum of construct K12 (8 mg/ml in 40 mM Hepes, 
pH 7.2, path length 0.01 mm). There is no significant cx-helical or B-sheet structure. Simlar spectra are obtained with other constructs 
as well as with full length tan. 

comparison in Fig. 5 (of. Crowther and Wischik, 1985). 
Their appearance depends somewhat on the isolation proce- 
dure. Fig. 5 a shows "insoluble" filaments prepared from 
neurofibrillary tangles after Wischik et al. (1985). These 
filaments are long, straight, and have a homogeneous ultra- 
structure characterized by the distinct ,x,75-nm repeat. By 
contrast, when the filaments are "solubilized" by sarkosyl 
following Greenberg and Davies 0990) they are shorter and 
less homogeneous (Fig. 5 b). In particular this preparation 
includes very short particles (equivalent to about one to two 
crossover periods), and smooth filaments that do not have the 
twisted appearance (reminiscent of straight filaments, see 
Crowther, 1991; Goedert et al., 1992). There is a striking 
similarity between the synthetic PHFs based on the repeat 

domain (e.g., Kll,  K12, K12 dimers, Figs. 3 and 4) with the 
soluble PHFs from Alzheimer brains (Fig. 5 b), judged by 
three different criteria: (a) The filaments are shorter than the 
insoluble PHFs of Fig. 5 a; (b) they are less homogeneous 
in their periodicity, and some lack the twisted appearance.al- 
together (straight filaments); and (c) they include very short 
rodlike particles, down to the length of one crossover period. 

Thus far we have observed synthetic PHF-like fibers only 
with constructs such as K12 and KI1 containing essentially 
the repeat domain (three or four repeats, Fig. 1), but not with 
larger tan isoforms. These data are all consistent with the 
assumption that the repeat domain is the basic unit that is 
capable of self-assembling into PHFs very similar to those 
of Alzheimer neurofibriUary tangles. This also agrees with 
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Figure 3. Synthetic paired helical filaments from construct K12. (A) A tangle of synthetic PHFs from K12 (crossover period of =70-75 
nm indicated by arrowheads). The construct was expressed and purified by the methods described previously (Steiner et al., 1990). It 
was dialyzed against 0.5 M Tfis-HCI, with pH values between 5.0 and 5.5. The solution was negatively stained with 2% uranyl acetate. 
(B and C) Single fibers of synthetic paired helical filaments made from construct KI2. Note the crossover repeats (arrowheads) and the 
rodlike particles of lengths '~100 nm (C, middle). Bar, 100 nm. 
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Figure 4. Synthetic paired helical filaments from K12 dimers crosslinked with PDM and negatively stained with 1% phosphotungstic acid 
(micrographs provided by M. Kniel, Max-Planck-Unit, Hamburg, Germany). Bar, 100 run. 

experiments in several laboratories showing that the pronase- 
resistant core of Alzheimer PHFs contains the repeat region 
(Goedert et al., 1988; Kondo et al., 1988; Ksiezak-Reding 
and Yen, 1991; Jakes et al., 1991). We also note that the 
filament-forming constructs were not phosphorylated so that 
this does not play a role in self-assembly here (in contrast 
to the genuine Alzheimer PHFs, see Discussion). 

Electron Microscopy of Tau Monomers and Dimers 

The results on the synthetic PHFs suggested that the repeat 

region had a special role in the interaction between tau mole- 
cules. We therefore tried to define their structure in more de- 
tail by comparing different constructs in the electron micro- 
scope. The method of choice is metal shadowing at a very 
shallow angle, combined with glycerol spraying; this helps 
to make the particles visible which otherwise would not be 
seen because of their low contrast. 

Molecules of htau23 (352 residues, Fig. 6 a) are rodlike 
and have a mean length of 35 + 7 nm (lengths summarized 
in Table I and Fig. 7). This value is less than that reported 

l~gure 5, Paired helical filaments from Alzheimer brain (micrngraphs provided by Dr. Lichtenberg-Krang, Max-Planck-Unit). (4) PHFs 
from neurofibrillary tangles prepared after Wischik et al. (1985), stained with 1% phosphotungistic acid. This preparation contains homoge- 
neous long filaments which still retain their pronase sensitive "fuzzy coat7 The cross-over repeat is 75-80 nm, the width varies between 
a minimum of '~10 nm and a maximum of 22 am. (B) PHFs prepared after Greenberg and Davies (1990). This preparation results in 
soluble filaments of shorter length than in A and is more heterogeneous. (1) Paired helical filament with a 72-rim repeat and a width varying 
between 8 and 18 nm; (2) straight filament of 8-rim width; (3) twisted filament with a particularly wide diameter (up to 25 nm); (4) straight 
filament with a wide diameter (18 nm); (5) twisted rodlike particle ,~80-nm long, equivalent to about one cross-over period. In many 
cases the particles appear to have broken apart across the filament, e.g., the two rods labeled 4, the twisted filament of 3 and the short 
stub to the right of it, or the two straight rods above particle (3). Bar, 100 rim. 
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Figure 6. Electron micrographs 
of tan isoform htau23 and con- 
struct TSR-1 prepared by glycerol 
spraying and metal shadowing. 
(a) Monomers of htau23, (b) 
dimers of htau23, (c) monomers 
of T8R-I, (d) folded forms of 
TSR-1 (hairpin folds showing in- 
tramolecular antiparallel associa- 
tion), and (e) dimers of TSR-1. 
For lengths see Table I and Fig. 
7. Interpretative diagrams are 
shown on the right. Bar, 50 nm. 

by Hirokawa et al. (1988), but this might be due to differ- 
ences in the experimental approach (freezing vs. glycerol 
spraying; a mixture of all isoforms vs. the smallest isoform). 
The apparent width of the metal shadowed htau23 molecules 
is about 3-5 rim, and the contrast is low-much less than 
that of control samples (single and double stranded DNA, 
ovbelical proteins; for details see Wtlle et al., 1992a). Care- 
ful inspection of the micrographs reveals a population of par- 
ticles with enhanced contrast, somewhat larger diameter 
(5-7 rim), sometimes split into two parts, and lengths similar 
to or slightly more than the monomer (around 40 run). These 
particles are interpreted as (nearly) juxtaposed monomers 
forming dimers (Fig. 6 b), consistent with the results on 
cross-linked dimers and antibody decoration shown later. 

Clearly longer particles are obtained with the construct 
TSR-1 which average 58 + 15 nm, 23 nm more than htau23 
(Figs. 6 c, and 7, a and b). This construct contains eight 
repeats (a duplication of the four basic ones, Fig. 1), that is 

five repeats more than htau23, plus the two 29-mer inserts 
near the NH2 terminus. TSR-2 has a similar length (61 + 
17 rim), even though it lacks the NH2-terminal inserts (not 
shown). Construct T7R-2 also has a similar length of 60 :i: 
16 nm, even though it has only seven repeats (3 + 4) and 
no NH2-terminal inserts. At first sight these results appear 
puzzling: On the one hand, larger constructs become longer, 
but on the other hand certain parts of the sequence do not 
affect the length. Anticipating the results below, the con- 
tradiction can be explained by a unifying hypothesis: The 
length of the tau constructs is determined mainly by the re- 
peat region; by comparison, the NH2-termina[ domain and 
the COOH-terminal tail are only of minor influence. The re- 
peat region itself must be considered as a unit, roughly 
20-25-nm long, whose length is approximately indepen- 
dent of the second repeat. The hypothesis implies that the 
N-terminal inserts have only a minor influence on the length. 
It predicts that constructs with three or four repeats have 
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Table L Summary of Lengths of Various Tau Constructs 

Construct Length SD Number 

(nm) (nm) 

htau23 35 7 232 
T8R-1 58 15 304 
T8R-2 61 17 75 
T'/R-2 60 16 73 
K11 26 5 32 
Kl l  dimer 32 6 24 
K12 25 4 27 
K12 dimer 30 4 25 
KI2 PDM dimer 29 6 79 
K12 MBS dimer 34 6 85 

roughly the same length (see T7R vs. TSR, or examples be- 
low), and that the addition of one repeat domain adds ,020- 
25-nm to the length (as in htau23 vs. T7R or TSR). 

T8R and other constructs also form particles folded into 
a hairpin (Fig. 6 d), as if the two "units" (of four repeats each 
in this case) could interact; this is suggestive of an an- 
tiparallel arrangement, supporting the antibody data de- 
scribed later. We also observe T8R particles whose width 
and contrast indicate dimers, similar to htau23 (Fig. 6 e). 

We now turn to K11 and K12, the repeat domain constructs 
that form the PHF-like fibers described above (Fig. 8). As 
in the previous cases the particles are rodlike. Using the 
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Figure 7. Length histograms of tau constructs and dimers. 

criteria of thickness or contrast and the comparison with the 
dimers, we find for Kll  a population of low contrast 
monomers with a mean length of 26 + 5 nm (Fig. 8 a), and 
a population of more contrasty dimers, about 32 + 6 nm 
(Fig. 8 b). This means that the two molecules must be juxta- 
posed for most of their length. For K12 we find monomers 
of length 25 + 4 nm, (Fig. 8 d), and dimers of about 30 + 
4 nm (Fig. 8 e). Note that the monomers have "070-75 % of 
the length of htau23, although they contain only a third of 
the residues (Fig. 7, c and e). With both constructs we find 
longer particles which we interpret as dimers associated into 
tetramers (Fig. 8, c and f ) .  

Thus far the classification into monomers and dimers was 
judged by relating the width and contrast of the particles to 
model structures. However, it is possible to isolate the cova- 
lently cross-linked dimers by gel chromatography and study 
them directly by EM and other methods. As an example we 
show dimers of K12 cross-linked by PDM via the single 
Cys322 (Fig. 9 a). In the electron microscope their contrast 
is similar to the dimers described above; but more impor- 
tantly, they are only slightly longer than the monomers (29 
+ 6 nm, Figs. 9 a, and 7, e and g). This means that the PDM 
dimers are formed by two molecules lying next to one an- 
other and nearly in register. The dimers of K12 induced by 
MBS (34 5:6 rim) are also similar, except that they tend to 
be somewhat longer (by ,05 nm) than those obtained with 
PDM, probably because a greater variety of Cys-Lys bonds 
are possible (Figs. 9 b and 7 h). 

Taken together, the results obtained with Kll  and KI2 (and 
other constructs containing essentially the repeat domain) 
are consistent with the hypothesis that the repeat domain 
forms a folding unit of rather uniform length, independently 
of whether it contains three or four repeats. 

Finally we note that for all constructs tested the glycerol 
spray experiments show a certain tendency to form fibrous 
structures. In most cases they are rather uniform in diameter, 
they show no obvious relationship to paired helical filaments 
and may result from a distinct pathway of self-assembly. 
These fibers will not be dealt with here, but examples have 
been shown previously for tan by Lichtenberg-Kraag and 
Mandelkow (1990) and similar ones for MAP2 by grille et 
ai. (1992a,b). 

Antiparallel Alignment of Dimers 
It is clear from the above data that tau and its constructs tend 
to align laterally into dimers. This raised the question of 
polarity: are the particles parallel or antiparallel? First indi- 
cations came from the hairpin fold observed with the 8-repeat 
constructs (e.g., Fig. 6 d), suggesting antiparallel orienta- 
tions of the two halves. Direct evidence for this was obtained 
by labeling with the mAb 2-4 whose epitope is on the last 
repeat and therefore close to the COOH terminus in terms 
of the sequence (Dingus et ai., 1991). Fig. 10 a (/eft) shows 
particles of htau23 with one antibody molecule bound. The 
antibodies bind at or near one end, showing that one of the 
physical ends of the rod coincides roughly with the COOH 
terminus. The lengths of the rod portions shown are similar 
to that of unlabeled htau23; in terms of apparent width they 
could be monomers or dimers. In the same fields one also 
finds doubly labeled particles (Fig. 10 a, right). The antibod- 
ies bind at opposite ends, proving that the two subunits of a 
dimer have opposite polarities. 
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Figure 8. Electron micrographs of con- 
structs Kll and K12. (A) Monomers of 
Kll. (B) dimers of Kll. (C) tetramers 
of Kll formed by longitudinal association 
of two directs. (D) Monomers of K12, (E) 
dimers of K12. and (F) tetramers of K12. 
Bar, 50 rim, 

The same features are found with construct K12: rodlike 
stubs with an antibody at one end (Fig. 10 b, left); dumb- 
bells, i.e., antiparallel dimers (Fig. 10 b, middle). Finally, 
there are particles with two antibodies and two stubs, with 
a kink in the middle (pairs of "cherries; Fig. 10 b, righO. 
Each of the arms has roughly the length of a unit stub so that 
the particles appear equivalent to the tetramers of Fig. 8 c 
and f. The interaction between the dimers at the center ap- 
pears to prevent the binding of an antibody which could 
otherwise be expected there. 

PDM dimers of construct K12 (formed by Cys322-Cys322 
cross-links) are shown in Fig. 10 c. Particles with one anti- 
body label are on the left, doubly labeled ones in the middle, 
showing that the chemically cross-linked dimer consists of 
antiparallel monomer. A presumptive tetramer is on the 
right. Essentially the same data are obtained with MBS 
cross-linked dimers (Cys322 to nearby Lys, Fig. 10 d). 

D i s c u s s i o n  

The Structure o f  Tau Monomers  and Dimers 

Our aim is to understand the structure of the MAP tan, the 
relationship between tau structure and microtubule-binding 
properties, and the self-assembly of tau that occurs in Alz- 
heimer-paired helical filaments. Before discussing specific 
results it is useful to summarize a few general aspects. The 
sequence of all tau isoforms is rather hydrophilic, with little 
predicted secondary structure, as noted by Lee et al. (1988). 
This is consistent with the CD spectrum of tau from brain 
(Cleveland et al., 1977), and we have confirmed this for in- 
dividual tau isoforms and constructs (e.g., Fig. 2 e). This 
means that we cannot invoke regular folding patterns such 
as o~-heiix or/3-sheet to build models of tall. The sedimenta- 
tion constant of one tau isoform (htau40, 2.6 S) is similar to 
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Figure 9. (,4) K12 dimers crosslinked by 
PDM (i.e., Cys322 to Cys322); (B) K12 
dimers cmsslinked by MBS (i.e., Cys- 
322 to nearby Lys). Bar, 50 nm. 

that determined by Cleveland et al. (1977) for the tau mixture 
from brain, confirming that tau must be highly asymmetric 
even in solution (high axial ratios, el., Fig. 2 d) .  

These data are consistent with EM. In fact, single tau mol- 
ecules are remarkably difficult to visualize. They are practi- 
cally invisible in thin sections of  microtubules or in negative 
stain (Amos, 1977; Herzog and Weber, 1978; Kim et al., 
1979). They can be visualized by metal  shadowing, but only 
when very low angles are used (Zingsheim et al., 1979; 
Hirokawa et al., 1988); in this regard tau is similar to MAP2 

(Voter and Erickson, 1982; Gottlieb and Murphy, 1985; 
Wille et al., 1992a,b). These data suggest that tau is un- 
usually thin, We have compared the apparent thickness oftau 
with that of other specimens of known structure, such as sin- 
gle or double stranded DNA or coiled coil a-helical proteins 
(WiUe et al,, 1992a). We find that tau is more difficult to 
visualize than these control specimens, suggesting that it has 
a very low mass per unit length. This is borne out by rough 
calculations: a rod-like virus such as TMV has 131 kD/nm, 
a coiled coil a-helical protein (e.g., tropomyosin) has ,'ol.5 

Figure 10. Antibody labeling 
of htau23, K12, and cross- 
linked products thereof. (a) 
Htan23 dimers with an anti- 
body at one end (left) and with 
an antibody at each end (right) 
demonstrating the antiparallel 
dimerization of Htau23; (b) 
Kl2 dimers with an antibody 
at one end (left), with antibod- 
ies at both ends (middle) and 
presumable tetramers with 
antibodies at the free ends 
(right) indicating that this 
type of association blocks the 
epitope; (c) KI2 dimers cross- 
linked with PDM, with an an- 
tibody at one end (/eft), with 
antibodies at each end (m/d- 
die) and a tetramer with anti- 
bodies at the free ends (right); 
(d) K12 dimers crosslinked by 
MBS with an antibody at one 
end (left), with antibodies at 
each end (middle) and a tet- 
tamer with antibodies at the 
free ends (right). Bar, 50 nm. 
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kD/nm, and B-DNA has ,',,1.8 kD/nm. By comparison, 
htau23 has only 1.1 kDtnm. This value is so low that much 
of tau might simply have the structure of a fairly extended 
polypeptide chain, stabilized perhaps by a few salt bridges. 
This in turn would be consistent with other properties such 
as the resistance to boiling. Not surprisingly, the protein 
would also not have enough contrast for negative stain EM. 

We have compared a variety oftau isoforms and constructs 
that differ in their NH2-terminal domains, number of re- 
peats, and COOH-terminal tail. Roughly speaking, the re- 
suits can be summarized as follows. The overall length de- 
pends largely on the region of repeats, whereas the 
NH2-terminal domain plus COOH-terminal tail have a 
smaller contribution. We estimate that the repeat region con- 
tributes ~ nm to the overall length, while the regions 
outside the repeats amount to ~5-10 nm. Thus, K12 is ',,25- 
nm long, htau23 ,,035 nm. It is interesting to note that even 
MAP2, in spite of its more than five times larger mass, is 
only 2.5 times longer than tan (Gottlieb and Murphy, 1985; 
W'dle et al., 1992a). 

A notable feature is that constructs differing in only one 
of the repeats (no. 2) have similar lengths (e.g., K11 and K12, 
T7R, and TSR, see Fig. 1 and Table I). This suggests that 
repeat no. 2 is neutral with respect to the overall length. It 
also means that the repeat region can be regarded as a unit 
of length. We do not know at present what mode of folding 
accounts for this property, but we note several constraints for 
possible models: firstly, the antibody binding site (at the end 
of the last repeat, Dingus et al., 1991) must be near an end 
of the rod. Secondly, since dimers are antiparallel and have 
a similar length as monomers, the cysteine in repeat 3 must 
be roughly centered in the molecule. In this position it could 
form a disulfide bond either with repeat 2 (if presen0, or 
with a neighboring molecule. In fact, titrations of the SH 
groups indicate that constructs with four repeats (and thus 
two internal Cys) have mostly intrachain disulfide bonds, 
whereas constructs with only three repeats contain disulfide 
bonds only in the aggregated state (dimers and higher, un- 
published data). 

One problem in the structure analysis of tan is that the pro- 
tein is heterogeneous when isolated from brain tissue; it con- 
tains several isoforms, each of which can be in different 
states of phosphorylafion which in turn affects its structural 
properties (Hagestedt et al., 1989). In particular the protein 
tends to associate into fiber-like aggregates of various extent 
and order which we have studied in the past, but these studies 
have not revealed the structure of single tan isoforms. This 
prompted us to investigate recombinant tan protein because 
it allowed us to avoid the heterogeneity and phosphorylation 
of the protein. The lengths we observe for the Tau isoforms 
are generally less than the 56 nm reported by Hirokawa et 
al. (1988). We find this value only with contructs having 
artificially duplicated repeat domains (see Table I). It is 
difficult to trace the origin of the discrepancy because these 
authors used a different method of sample preparation and 
the heterogeneous protein from brain, but it is conceivable 
that oligomerization plays a role. A similar argument proba- 
bly holds for the lengths of tau subunits in fibrous structures 
described in our previous studies (Hagestedt et al., 1989). 

Synthetic Paired Helical l~laments and Relationship 
with Alzheimer PHFs 
A particularly intriguing aspect of this work is the finding 

that constructs Kll  and K12 are capable of forming synthetic 
paired helical filaments. They resemble the natural ones 
found in Alzheimer neurofibriUary tangles in most respects, 
such as periodicity, diameter, and the appearance of a pair 
of twisted filaments. In the case of Alzheimer PHFs one dis- 
tinguishes a fuzzy coat which can be removed by pronase, 
and the pronase-resistant core. The latter contains the repeat 
region of tan while the NH2-terminal domain and the 
COOH-terminal tail can be digested away (Goedert et al., 
1988; Ksiezak-Reding et al., 1991; Jakes et al., 1991). Thus 
the core of Alzheimer PHFs shares important assembly 
properties with the constructs that form the paired helical 
filaments in vitro (compare Figs. 3-5). More specifically, 
there is a striking sinailarity between the filaments in vitro 
and the "soluble" PHF preparation (prepared after Green- 
berg and Davies, 1990). This includes the presence of 
straight filaments (see Crowther, 1991) and short rodlike par- 
ticles (see Goedert et al., 1992). The straight filaments prob- 
ably represent a slightly different pathway of selfassembly 
(leading to polymorphism), whereas short particles may re- 
suit from breakage of longer filaments. 

So far we have obtained the PHF-like filaments only in cer- 
tain conditions, e.g., acidic pH (5.0-5.5), and only with con- 
structs that consist essentially of the repeat domain (e.g., 
Kll,  K12). Full-length tan, such as htau23, did not form 
PHF-like filaments under similar or other conditions. More- 
over, it is known that Alzheimer PHFs are made of abnormally 
phosphorylated tau (Grundke-Iqbal et al., 1986) whereas 
there is no phosphorylation in our in vitro experiments. Our 
current assumption is that the abnormal phosphorylation in- 
duces a conformation of tau which is conducive to PHF for- 
marion and perhaps causes dissociation from rnicrotubules 
as well. One may therefore speculate that normal tan has 
regulatory sequences outside the repeats which normally 
prevent aggregation into PHFs but whose phosphorylation 
leads to an Alzheimer-like conformation, whereas K12 can 
assume that conformation by itself without involving other 
parts of the tan sequence. Consistent with this, all of the 
phosphorylation sites of tan reported so far lie outside the 
repeat region and are not present in Kll  or KI2 (Ser 416, 
Steiner et al., 1990; Ser 396, Lee et al., 1991; Ser 199 and 
202, Biernat et al., 1992; numbering ofhtau40). In this con- 
text it is interesting to note that monomers as well as dimers 
of K12 bind to microtubules with similar affinities (unpub- 
lished data), so that the microtubule-binding capability is not 
destroyed by dimerization. 

PHF-like filaments can be assembled not only from mono- 
mers of the repeat constructs, but also from chemically 
crosslinked dimers. This raises the possibility that the for- 
marion of an antiparallel dimer might precede the incorpora- 
tion into filaments, i.e.: 

repeat domain: monomer --* dimer --- PHE 

This in turn would suggest that the core of Alzheimer PHFs 
might consist of antiparallel dimers of repeat domains. On 
the other hand, full length tan allows the formation of 
dimers, but normally not of PHFs, so that the second step 
would be interrupted: 

normal tan: monomer ~ dimer -~ ?. 

Phosphorylation might regulate one or both of these steps 
and open up the pathological pathway of PHF assembly. 
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