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Abstract

We have used X-ray fiber diffraction to probe the structure of fibers of tau and tau fragments. Fibers of fragments from
the microtubule binding domain had a crossb-structure that closely resembles that reported both for neurofibrillary
tangles found in Alzheimer’s disease brain and for fibrous lesions from other protein folding diseases. In contrast, fibers
of full-length tau had a different, more complex structure. Despite major differences at the molecular level, all fiber types
exhibited very similar morphology by electron microscopy. These results have a number of implications for under-
standing the etiology of Alzheimer’s and other tauopathic diseases. The morphology of the peptide fibers suggests that
the region in tau corresponding to the peptides plays a critical role in the nucleation of fiber assembly. The dramatically
different structure of the full length tau fibers suggests that some region in tau has enough inherent structure to interfere
with the formation of crossb-fibers. Additionally, the similar appearance by electron microscopy of fibrils with varying
molecular structure suggests that different molecular arrangements may exist in other samples of fibers formed from tau.
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Tau, discovered as copurifying with tubulin~Weingarten et al.,
1975!, is abundant in nerve cell axons where it establishes cell
polarity ~Caceres & Kosik, 1990! and stabilizes microtubule dy-
namics~Binder et al., 1985; Drechsel et al., 1992; Panda et al.,
1995; Black et al., 1996!. It remains soluble when boiled~Fellous
et al., 1976; Cleveland et al., 1977a! or exposed to acid~Lindwall
& Cole, 1984!, treatments that precipitate most proteins. In marked
contrast, tau in neurofibrillary tangles~NFTs! forms a highly in-
soluble aggregate that is a hallmark pathology of Alzheimer’s dis-
ease~Brion et al., 1985; Grundke-Iqbal et al., 1986; Kosik et al.,
1986; Wood et al., 1986; Goedert et al., 1988; Wischik et al.,
1988a!. NFTs are composed of paired helical filaments~PHFs!.

Similar PHFs, also composed of tau, are found in other neurolog-
ical disorders~Feany & Dickson, 1996; Trojanowski & Lee, 1998!,
including cases where there is a direct genetic link between tau
mutations and disease~Hutton et al., 1998; Spillantini et al., 1998!.

Alzheimer’s disease PHFs visualized by electron microscopy
usually have a twisted, right-handed morphology with a helical
repeat of about 80 nm and a width of 12–20 nm, although the exact
morphology depends on preparation methods~Crowther & Wis-
chik, 1985; Wischik et al., 1985; Ruben et al., 1992; Feany &
Dickson, 1996!. Fibers produced in vitro are similar~Crowther
et al., 1992, 1994; Goedert et al., 1996a!. Tau fibers formed in
other neurodegenerative diseases are also similar, although each
has distinct characteristics~Feany & Dickson, 1996!.

There are six tau isoforms generated by differential splicing. Tau
can have either three or four 18 amino acid microtubule binding
repeats separated from one another by inter-repeat regions of 13 or
14 amino acids~Fig. 1! ~Goedert et al., 1988; Lee et al., 1988!.
Each of these two C-terminal splicing variants can have any of
three N-terminal splicing variations~Kosik et al., 1989!. PHFs
exhibit a protease resistant core~Wischik et al., 1988a, 1988b!.
The core is composed primarily of the microtubule binding re-
peats, but encompasses only three repeats~Jakes et al., 1991; Green-
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berg et al., 1992; Ksiezak-Reding et al., 1995; Goedert et al.,
1996a!, although all six isoforms have been recovered from dis-
persed PHFs~reviewed in Goedert et al., 1996b!.

A key to treatment and prevention of tauopathic diseases lies in
understanding PHF structure. Although fibers rarely form crystals,
fiber diffraction allows us to explore molecular structure to a lim-
ited extent. We have collected diffraction patterns of fibers grown
from the microtubule binding domain of tau, from each of two
peptides corresponding to small fragments from within the micro-
tubule binding domain, and also from fibers formed from the long-
est tau isoform, 4R tau. Fibers of the binding domain and the two
peptides exhibit a crossb-diffraction pattern. In contrast, fibers of
4R tau have a significantly different diffraction pattern. Our results
support the notion that PHFs are crossb-fibrils and suggest that
small regions from the microtubule binding domain are sufficient
to form fibrils with the properties of PHFs. Nevertheless, at least
one tau isoform can form significantly different fibers. These data
raise the possibility that not all fibers formed from tau or tau
peptides have the same molecular structure. Further, our results are
consistent with a model where sequences outside of the micro-
tubule binding region have structural influences upon the micro-
tubule binding domain~Goode et al., 1997!, with this influence
carrying over to affect the nature of the fibers formed from tau.

Results

Diffraction patterns of tau and tau peptide fibers

To understand the formation of tau fibers in neurodegenerative
diseases, we compared the physical properties of full-length tau to
tau fragments that are known to be present within the PHF core
~Kondo et al., 1988; Brion et al., 1991a; Ksiezak-Reding & Yen,
1991; Novak et al., 1993! as well as to retain microtubule binding
activity ~Ennulat et al., 1989; Lee et al., 1989; Butner & Kirschner,
1991; Goode & Feinstein, 1994; Gustke et al., 1994!. We have
grown fibers in vitro of the longest isoform of rat central nervous
system tau, 4R tau, which contains all three developmentally reg-
ulated exons. We have also grown fibers of the domain spanning
amino acids 215–358, which contains tau’s entire microtubule bind-
ing repeat region, and we have grown fibers of two small peptides
from the repeat region~Fig. 1!. The smallest peptide corresponds
to amino acids 265–272~KVQIINKK !, the “interrepeat” region
between repeats 1 and 2. 265–272 is removed by splicing in three

repeat~3R! tau, but is the region that contributes the most to
microtubule binding in 4R tau~Goode & Feinstein, 1994!. The
larger peptide extends from amino acids 247–272~VRSKIGSTEN
LKHQPGGGKVQIINKK !. It includes the first repeat and inter-
repeat region.

We grew all fibers by vapor diffusion. In three cases, the largest
fiber aggregates obtained were approximately 0.53 0.253 0.25 mm
~Fig. 2!. These macroscopic fibers were birefringent but nonextin-
guishing, with parallel striations visible under polarized light run-
ning parallel to the long axis of the object. The only fiber of
tau247–272that was large enough for diffraction analysis has a spiral
morphology. The only large fiber of the microtubule binding do-
main, tau215–358, was 0.8 mm in diameter and had a slightly dif-
ferent gross morphology than the other fibers. It was macroscopically
twisted so that it appeared nearly spherical, as if it were rolled up
like a ball of yarn. All the fibers exhibited many of the physical
characteristics of protein crystals, including shattering when crushed.
Drops often also contained a large number of smaller aggregates
still visible by light microscopy whose fibrous nature was obvious
~Fig. 2A!. The largest fibers were mounted in glass capillaries
bathed in a vapor of mother liquor and used for fiber diffraction
analysis.

Figure 3A shows the diffraction pattern for the tau265–272. Al-
though only eight amino acids long, this peptide retains the ability
to assemble microtubules, unlike peptides of the same composition
but of scrambled sequence~Goode & Feinstein, 1994!. A strong
reflection on the meridian at 4.7 Å is diagnostic for a crossb-fibril
~Pauling & Corey, 1951! ~for an excellent review, see Dickerson,
1964!. Crossb-fibers are made up ofb-sheets packed with the
direction of theb-strands perpendicular to the fiber axis. The
tau265–272pattern has the 4.7 Å meridional reflection split into four
very strong reflections representing distances from 4.56 to 4.79 Å.
These reflections can be indexed as layer lines 48–51, giving a
calculated repeat of 232 Å~Table 1!. This repeat is slightly more
than twice the length calculated for a number of other types of
amyloid fibrils ~Blake & Serpell, 1996; Sunde et al., 1997!. The
structural difference, however, can be interpreted as a slight change
in pitch. Other amyloid fibrils have been modeled as a continuous
beta sheet having 24b-strands in a 115.5 Å repeat distance. Each
b-strand is twisted by 158 to complete one turn in the 115.5 Å
distance. The tau265–272 peptide fibril would simply have to be
underwound by slightly more than 0.38 per b-strand~each strand
twisted by about 14.698! to fit the same model, leading to an

Fig. 1. Schematic diagram showing the structural features of tau known from its primary sequence. Six splicing isoforms are generated
by the variable presence of two N-terminal exons and one C-terminal exon. Tubulin binding repeat sequences are shown as shaded
boxes. Isoforms that contain the variable C-terminal exon~exon 10! are called 4R taus; isoforms lacking this exon are 3R taus. Fibers
suitable for X-ray diffraction were obtained from two peptides whose sequences are indicated, from the entire region containing the
four microtubule binding repeats, and also from full length 4R tau containing all three variable exons.
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approximate repeat of 49 strands. Tau265–272 fibers have a large
number of equatorial reflections corresponding to radial electron
density ~Table 2!. Conspicuously absent is a strong reflection at
10 Å, which has been interpreted as arising from the packing of
b-sheets against each other. Unlike the well-studied fibers formed
by silk ~Marsh et al., 1955!, the side chain sizes on the peptide
cover a broad range. Because no single low-angle reflection on the
equator is unusually strong, the intersheet distance apparently has
a range of packings that are all accommodated in the gross struc-
ture of the fiber. Tau265–272fibers do exhibit a weak reflection at
both 10.6 and 10.7 Å. Crossb-fibers formed from a variety of
other amyloidogenic proteins also lack a strong reflection at 10 Å
~Sunde et al., 1997!. The best fit found for indexing the equatorial
reflections~Table 2! gives a “unit cell” dimension of 148 Å, sug-
gesting an upper limit for the total diameter of a superhelically
wound fibril. This width for a unit fibril is in agreement with the
width ~12–15 nm@120–150 Å#! seen for the narrowest fibers in
these samples by electron microscopy~see below!.

Tau247–272 formed macroscopically twisted fibers with a cork-
screw-like morphology~not shown!. Due to their morphology, the
tau247–272fiber diffraction pattern was cylindrically averaged per-
pendicular to the fiber axis. The most prominent feature, however,
was a single sharp circular transform at 4.7 Å, suggesting that
these fibers also have a crossb-morphology. Tau247–272fibers ex-
hibited no other reflections of comparable intensity and showed
none of the transforms that are prominent in the pattern of 4R tau

~see below!. Tau215–358fibers formed a macroscopic mass that was
nearly spherical and exhibited a circular pattern of birefringence.
Their fiber diffraction pattern also showed circular disorder, with
a broad maximum between 4.78 and 4.65 Å as its only feature
~Fig. 3B!. Longer X-ray exposure did not reveal any additional
reflections.

Figure 3C shows the diffraction pattern obtained for 4R tau
fibers. These fibers exhibit some semicrystalline features. There
are a number of lattice transforms convoluted with the fiber pat-
tern, at least some of which can be accounted for in a crude model
of the fiber~see below!. Although these spots could also arise from
a contaminating salt, the fibers were grown in a low salt solution
and were never allowed to dry. The fiber pattern also has a large

Fig. 2. Examples of macroscopic tau fibers in situ in the hanging drops of vapor diffusion experiments.A: Fibers of the tau265–272. This
drop contained both large fibers suitable for X-ray diffraction and a large number of smaller, but still macroscopic fibers.B: Fibers of
full-length 4R tau. The fibers from this clump were separated to yield several individual fibers large enough for X-ray diffraction. Under
polarized light each fiber showed striations running parallel to the long axis of the object.

Table 1. Meridional reflections for tau265–272

Index
Spacing

~Å!
Calculated repeat

~Å!a

48 4.79 230.1
49 4.73 231.8
50 4.65 232.7
51 4.56 232.5

aThe mean repeat distance is 231.8 Å.

Table 2. Equatorial reflections for tau265–272

Index
Resolution observed

~Å!a
Resolution calculated

~Å!
d calc
~Å!b

6 24.8, 24.2, 24.50 24.67 147.00
8 18.7, 18.2, 18.45 18.51 147.60

13 11.3, 11.1, 11.20 11.39 145.60
14 10.7, 10.6, 10.65 10.57 149.10
16 9.3, 9.2, 9.25 9.25 148.00
17 8.80, 8.74, 8.77 8.71 149.09
18 8.10, —, 8.10 8.22 145.80
19 7.87, 7.78, 7.83 7.79 146.68
20 7.50, 7.42, 7.46 7.40 149.20
21 7.00, 6.90, 6.95 7.05 145.95
23 6.50, 6.40, 6.45 6.44 148.35
24 6.20, 6.10, 6.15 6.17 147.60
26 5.75, 5.70, 5.73 5.69 148.85
27 5.60, 5.60, 5.60 5.48 151.20
29 5.15, 5.10, 5.13 5.10 148.63

Average packing distance 148.04

aObserved resolution for the left and right sides of the pattern and their
average.

bCalculated “unit cell” or packing distance between centers of fibrils.
Calculations and indexing were done as described by Burge~1963!.
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number of off-meridional reflections. Although knowing the dif-
fraction pattern to higher resolution might resolve the matter, these
reflections could arise from the coexistence of a mosaic of differ-
ent helical packings. This combination of semicrystalline order
with mosaicity of packing makes the assignment of layer lines
difficult. Strong reflections on the equator are at 3.78 and 7.54 Å.
There is no arc on the meridian at 4.7 Å. One of the off meridional
reflections is a very strong transform at 4.26 Å tilted 368 away
from the meridian. At the same angle relative to the meridian is a
faint 4.7 Å transform.

The 4R tau fiber pattern is too complex to allow inference of the
general features of the structure~s! it represents. It is possible,
however, to exclude some types of fiber structures and to guess at
some possible components of the fiber composition. Because there
is no reflection on the meridian at 4.7 Å,b-strands perpendicular

to the fiber axis are not a prominent feature, and this diffraction
pattern cannot be fit to a crossb-fiber model.

The reflection at 4.26 Å can be interpreted as a sign ofb-structure
aligned neither perpendicular nor parallel to the fiber axis. Starting
from the parallel conformation, ab-sheet tilted around the fiber
axis by 278 and around the axis of the incident X-ray beam by 368
would give such a reflection because the interstrand distance would
be seen in projection in the fiber pattern. Rotation of the sheet
about the fiber axis will periodically bring the full 4.7 Å spacing
into a diffracting position, yielding the weak 4.7 Å transform at the
same angle from the meridian as the 4.26 Å arc. Strong equatorial
reflections could represent major pseudo-repeat distances within
the tiltedb-sheet. Alternately, strong reflections on the equator at
7.5 and 3.25 Å could indicate close packing of ana-helical com-
ponent along the fiber axis.

Fig. 3. X-ray fiber diffraction patterns obtained from~A! tau265–272,
~B! tau215–358, and~C! 4R tau. The diffraction pattern from tau247–272fibers
was nearly identical to that of tau215–358. Prominent reflections are marked
with their calculated resolution. Fibers were mounted in glass capillaries
and diffraction was recorded on image plates using a rotating copper anode
X-ray source. The sample to detector distance was different in each case,
accounting for the varying apparent size of the beam stop and distance of
the reflections from the center of the pattern.
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Appearance of fibers by electron microscopy

We removed the mother liquor surrounding the macroscopic fibers
and investigated its contents by electron microscopy~Fig. 4!. Both
of the peptides and full-length 4R tau formed filaments that re-
semble the filaments seen in brain tissue from Alzheimer’s disease
and other dementias. The mother liquor from tau215–358fibers be-
came opaque when dried on electron microscope grids and could
not be investigated. Thick bundles of fibers were common in the
three samples examined, as would be expected because macro-
scopic bundles were removed from the same drops. These bundles
ranged widely in size from 25 nm to several hundred nm in diam-
eter. They all appeared to be assembled from smaller fibers. The
smallest fibers seen, presumably single fibers, were 12–15 nm
@120–150 Å# wide, a width similar to filaments seen in various
neurodegenerative diseases. This was true for all three fiber types,
although unit fibers were very rare for tau247–272. Unit fibers are
marked with arrows in Figure 4. It is noteworthy that the unit
fibers were all similar in width and appearance despite the 50-fold
difference in size between 4R tau and tau265–272.

Unit fibers of all three fiber types bear a resemblance to the tau
filaments found in Alzheimer’s disease and in tauopathies. They
show a longitudinally striped ribbon, with two pale stripes flanked
by shadowed areas in the middle and at the edges, giving the
appearance of paired fibers. In all cases, however, the typical he-
lical pitch found in Alzheimer’s disease PHFs is absent. The single
and aggregate fibers of tau265–272consistently appear to have neatly
parallel stripes while the stripes on 4R tau and tau247–272are less
perfectly aligned. Tau265–272fibers were generally quite straight;
fibers of the other two peptides were generally curved rather than
straight. Thus, the fibers of tau265–272 seem more stiff and less
prone to twisting and bending than the fibers from the larger mol-
ecules. Tau265–272fibers were consistently slightly darker than the
other fiber types, indicating either a denser structure or increased
binding of the uranyl acetate stain. The morphologies of the dif-
ferent fibers are otherwise similar by electron microscopy.

The greatest difference between the fibers we have grown and
PHFs seen in Alzheimer’s disease brain is the lack of apparent
helical character. In previous reports of PHF-like fibers grown in
vitro from tau ~Montejo de Garcini et al., 1988; Crowther et al.,
1994! or tau fragments~Crowther et al., 1992; Schweers et al.,
1995; Pérez et al., 1996; Yanagawa et al., 1998; von Bergen
et al., 2000!, the fibers have been visualized by electron micros-
copy. These fibers may or may not be helical, but generally re-
semble the unit fibers that we have observed. Large fiber bundles
similar to those reported here have been grown in the presence of
heparin~Pérez et al., 1996!. The helical character of fibers is easily
changed by details of preparation and handling. For instance, treat-
ment of PHFs with NaOH causes them to lose their helicity~Wis-
chik et al., 1985!. Heparinase treatment also disrupts the helical
character of PHFs~Arrasate et al., 1997!, whereas heparin pro-
motes formation of helical filaments in three repeat tau~Goedert
et al., 1996a!. By contrast, four repeat tau treated with heparin
forms straight filaments~Goedert et al., 1996a!.

Content of the macroscopic fiber aggregates

After diffraction analysis, macroscopic fibers of both 4R tau and
tau215–358were washed, dissolved, and analyzed by SDS polyacryl-
amide gel electrophoresis. Unlike authentic PHFs, the fibers dis-

solved easily. Only a single band, of the same size as the starting
material, was seen. The microscopic fibers observed by electron
microscopy were taken from the same drops that contained un-
degraded macroscopic fibers.

Fig. 4. Electron micrographs of fibers present in the mother liquor
from which macroscopic fibers had been harvested for X-ray diffraction.
~A! tau265–272, ~B! tau247–272, ~C! 4R tau. All are shown at the same mag-
nification. Presumed unit fibers are marked with arrows. Scale bar5 100 nm.
In ~A!, individual filaments can be seen separating at one end from a
bundle of filaments. Single filaments of tau265–272averaged 13.36 1.5 nm,
n 5 8. In B andC, a single fiber loops around a wider fiber bundle typical
of those seen in all three cases. Only two unit fibers were found in tau247–272

fiber samples. The two examples measured 15.1 and 14.4 nm, respectively.
Single 4R fibers averaged 11.86 1.1 nm,n 5 7. Tau265–272fibers consis-
tently stained somewhat darker than the others, which makes its unit fibers
appear thinner. Fiber widths were measured directly off the 2.53 3 in.
negative with the aid of a micrometer. All photographed examples were
measured in each case, and the results were averaged.
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Discussion

A common thread among many neurodegenerative diseases, rang-
ing from dementias with a clearly genetic nature~Reed et al.,
1997; Spillantini et al., 1997; Hutton et al., 1998; Spillantini et al.,
1998! to injury-driven dementia pugilistica~Bouras et al., 1997!, is
the formation of pathological fibers composed of tau. We have
grown fibers of 4R tau and three shorter fragments, all of which
possess microtubule binding and assembly activities~Goode &
Feinstein, 1994; Panda et al., 1995; Goode et al., 1997!. In fact, the
eight amino acid peptide tau265–272~KVQIINKK ! is the region of
tau with the most potent microtubule binding activity; this effect is
specific because the scrambled amino acid sequence loses all tu-
bulin binding affinity ~Goode & Feinstein, 1994!.

Nature of the fibers in protein folding diseases

The deposition of amyloid fibers is a key characteristic of protein
folding diseases. These diseases include the spongiform encepha-
lopathies~prion proteins!, systemic amyloidoses~serum amyloid
A, lysozyme, insulin!, familial amyloid polyneuropathies~trans-
thyretin, apolipoprotein A-1!, amyotrophic lateral sclerosis~super-
oxide dismutase! and Alzheimer’s disease~b-amyloid protein, tau!
~for review, see Kelly, 1996!. The pathological fibers are com-
posed of a wide array of precursor proteins that, in their nonpath-
ological native folds, occupy many different biochemical niches.
These precursors bear no structural resemblance to one another.
While the mechanisms of fiber formation in most protein folding
diseases are poorly understood, the fibril has been found to possess
a crossb-structure in each case in which structure has been as-
sessed by diffraction analysis~Pauling & Corey, 1951; Dickerson,
1964; Eanes & Glenner, 1968; Booth et al., 1997; Inouye & Kirsch-
ner, 1997; Malinchik et al., 1998!. Crossb-fibrils contain contin-
uousb-sheets with strands perpendicular to the fiber axis. Proteins
commonly must undergo significant structural rearrangement to
form crossb-fibers. Packed fibrils form twisted superhelical bun-
dles that are probably the lowest energy folding state for many
protein sequences. Indeed, crossb-patterns were first seen in the
fiber diffraction pattern from denatured protein in boiled egg whites
~Astbury et al., 1935!.

The most detailed proposed model of a crossb-fibril, a four-
stranded left-handedb-helix, is based on the diffraction pattern of
ex vivo transthyretin fibrils~Blake & Serpell, 1996!. A number of
other fibers can be fit to the same model, with a repeat of 24
b-strands in 115.5 Å~Sunde et al., 1997!. The well-ordered dif-
fraction from tau265–272, which bears the same overall character-
istics as the less well-oriented patterns obtained for NFTs from
Alzheimer’s brain tissue~Kirschner et al., 1986!, can be compared
in detail to these earlier models. The tau265–272pattern best fits a
model with a repeat distance slightly more than double that of the
other fibers, but proposing a small difference in twist allows the
data to be fit to virtually the same model~for a lucid discussion of
the effect of small differences in pitch on fiber indexing, see Dick-
erson, 1964!. The width of individual tau265–272fibrils estimated
from diffraction data is 148 Å, compared to 64 Å fitted to fiber
data for transthyretin~Blake & Serpell, 1996!. This lateral dimen-
sion correlates well with the width of individual fibers from tau
preparations as measured by electron microscopy~12–15 nm@120–
150 Å#!. The narrower transthyretin fibers are also narrower by
electron microscopy, showing an average width of 8–10 nm~Coim-
bra & Andrade, 1971!.

Implications for the folding and misfolding of tau

Fibers of full-length 4R tau did not have a crossb-structure, al-
though the semicrystalline fiber diffraction pattern still suggests
significant b-content. In other fiber forming diseases, there is a
crucial region in the amyloidogenic protein that seems to be re-
sponsible for the formation of a crossb-fiber core~Booth et al.,
1997; Inouye & Kirschner, 1997!. Because the repeat region of tau
forms the core of the fibers found in Alzheimer’s disease brain
~Wischik et al., 1988a, 1988b!, a reasonable conjecture is that the
repeat regions form a crossb-core while the rest of the tau poly-
peptide is excluded from the core. Perhaps a domain outside the
core region prevents formation of a crossb-conformation in 4R
tau. This conjecture is supported by the work of von Bergen et al.
~2000!. They found that a peptide with a sequence nearly identical
to tau265–272formed fibrils much more slowly when it was embed-
ded in a larger peptide. Another polypeptide with a sequence sim-
ilar to tau215–358formed fibers 15 times faster than the full-length
protein. They observed that fibers formed from full length tau 13
times faster in the presence of seeds consisting of of fibrils of
repeat domain peptides.

One candidate for the region that can inhibit crossb-fiber for-
mation is the proline-rich region, which is located to the N-terminal
side of the microtubule binding domain. Functional studies show
that the proline-rich region greatly enhances the binding and as-
sembly activities of the microtubule binding domain, although it
does not itself bind microtubules~Goode et al., 1997!. It may
reinforce a particular ordered structure in the repeat region. An-
other attractive hypothesis is that the N-terminal half of 4R tau
may contain one or more separate domains whose folding must be
disrupted to allow the formation of crossb-fibers.

Our results and those of von Bergen et al. suggest a possible
mechanism for the accumulation of neurofibrillary tangles:
C-terminal truncation~Mena et al., 1996! or other proteolysis of
tau promotes the nucleation of PHF formation. For example, it
may be necessary to remove a properly folded N-terminal tau
domain before fiber growth can be nucleated. Full-length tau might
only be able to add to existing crossb-fibers started with frag-
ments. The recovery of soluble N-terminal fragments of tau from
the cerebral-spinal fluid of Alzheimer’s disease patients~Johnson
et al., 1997! is consistent with this hypothesis. Another possibility
is that the 4R tau fibers we have analyzed are intermediates on a
pathway to the crossb-conformation. We think this possibility
unlikely because classic fiber diffraction studies with silk showed
the conversion from parallelb to crossb patterns to be a two state
process~Rudall, 1962!.

Soluble tau has shown little evidence ofb-structure when ana-
lyzed by circular dichroism~Cleveland et al., 1977b; Schweers
et al., 1994!. An apparent lack of structure may be a consequence
of the method of sample preparation. Alternatively, ab-conformation
may be assumed by some sections of tau only during fiber assem-
bly. Mutations in a tau fragment from the repeat region that were
designed to reduce the ability to formb-sheets also reduced the
ability to form fibers~Pérez et al., 1996!. Similarly, the substitu-
tion of proline at various locations in fibrillogenic tau peptides
disrupted their ability to form fibers~von Bergen et al., 2000!. Our
fiber diffraction analysis of repeat region peptides supports the
general idea thatb-sheet content is important to fiber formation.
Additionally, the fiber pattern of full-length tau is consistent with
b-structure content, although not aligned in a simple way either
perpendicular or parallel to the fiber axis.

2432 A.M. Giannetti et al.



Nature of the fibers in tauopathic diseases

The diffraction pattern seen in PHF material isolated from affected
brain suggested a crossb-pattern~Kirschner et al., 1986!, but it has
been argued that this pattern could have arisen from contaminating
amyloidb-peptide~Schweers et al., 1994!. In light of our data and
the growing body of evidence linking amyloidogenic diseases to
crossb-fibril formation, it seems more reasonable to believe the
original interpretation is correct. Although some of the peptides we
have studied are short, it is important to note that they can assume
a crossb-conformation, and that in solution they possess inherent
microtubule binding activity. These peptides, perhaps in or out of
the context of the complete protein, may nucleate fiber assembly
leading to PHF formation.

A formal possibility is that tau fibers from a variety of different
tauopathic dementias may not all have the same molecular struc-
ture. Although it seems unlikely, our data do not rule out the
possibility that fiber structure is dependent on tau isoform content.
All six isoforms of tau have been reported to be present in Alz-
heimer’s disease PHFs~Greenberg & Davies, 1990; Brion et al.,
1991b; Lee et al., 1991; Goedert et al., 1992; Greenberg et al.,
1992; Mulot et al., 1994!. By contrast, only three repeat tau in its
three isoforms is present in some cases identified as Pick’s disease
~Delacourte & Buée, 1997! while other well-defined familial tau-
opathies such as FTDP-17 are characterized by fibers made of only
four repeat tau~Spillantini et al., 1997; Hutton et al., 1998!. Other
neurodegenerative diseases also vary in which tau isoforms are
included in pathological fibers~reviewed, Spillantini et al., 1997;
Delacourte et al., 1998!. Fiber diffraction analysis of 3R tau would
help resolve this issue, but we have not yet succeeded in growing
fibers of 3R tau.

Our results call for caution in applying electron microscopy to
determine the structure of pathological fibers or fibers assembled
in vitro. Our four types of fibers are similar by electron microscopy
despite the vast differences in size and composition of the constit-
uent polypeptides. The gross appearance by electron microscopy is
similar, even though X-ray diffraction reveals important differ-
ences in fiber structure. Conversely, what appear by microscopy to
be major differences in fiber forms may reflect only minor differ-
ences in the fundamental structure of the fiber.

We suspect that full-length tau is capable of folding into a stable
structure, and that misregulation or damage to that structure is key
to the intracellular pathology of Alzheimer’s disease and other
tauopathies. We hope that increased understanding of tau’s struc-
tural capabilities can provide clues regarding tau pathology.

Materials and methods

Peptide synthesis

The peptide amide from residues 265–272~KVQIINKK ! and the
peptide amide from residues 247–272~VRSKIGSTENLKHQPG
GGKVQIINKK ! were synthesized on a Millipore 9050 Plus pep-
tide synthesizer by DIPCDI0HoBT chemistry~Millipore Corp.,
Bedford, Massachusetts!. Following cleavage and deprotection~Solé
& Barany, 1992!, peptides were purified to.99% by reversed-
phase HPLC, lyophilized, and resuspended in buffer~20 mM
HEPES, pH 6.8!. Peptide integrity was confirmed by fast atomic
bombardment mass spectrometry.

Protein purification

Four repeatRattus norvegicustau containing both N-terminal
inserts~4R tau! was expressed in BL21 cells using the pET ex-
pression system of Novagen~Madison, Wisconsin! as described
previously~Kosik et al., 1989; Goode & Feinstein, 1994!. Protein
production was induced with 1 mM IPTG, and bacterial cells were
harvested by centrifugation; the pellets were stored at2708C until
use. The cells were resuspended in tau buffer~50 mM Tris pH 7.6
at 218C, 25 mM NaCl, 10% v0v glycerol, 2 mM dithiothreitol!
with 0.1 mM phenylmethylsulfonylfluoride and lysed by passage
through a French pressure cell. All purification steps were at 48C.
After centrifugation~28,0003 g, 30 min! the supernatant was
passed over a DEAE cellulose column~DE-52, Whatman! equil-
ibrated in the tau buffer. Fractions were analyzed by SDS poly-
acrylamide gel electrophoresis~Laemmli, 1970!. Fractions enriched
in tau were combined and loaded on a phosphocellulose column
~P-11, Whatman, Clifton, New Jersey! equilibrated in tau buffer with
100 mM NaCl. Tau was eluted with a linear gradient of 100–400 mM
NaCl. Fractions enriched in tau were combined, and~NH4!2SO4 and
tris ~2-carboxyethyl!-phosphinehydrochloride~TCEP, Boehringer
Mannheim, Germany! were added to 500 and 1 mM, respectively.
This sample was loaded on an octyl sepharose column~Pharmacia,
Uppsala, Sweden! and a gradient was run from 500 mM to zero
~NH4!2SO4, followed by additional washing in the absence of
~NH4!2SO4. Tau, which eluted during the zero~NH4!2SO4 wash,
was precipitated by addition of~NH4!2SO4 to 70% of saturation, and
was then resuspended in a minimum volume of tau buffer. After a
second round of precipitation with~NH4!2SO4, purified concen-
trated tau was resuspended and dialyzed against tau buffer. Final pro-
tein concentration was about 15 mg0mL ~330mM ! with a yield of
about 2 mg protein per gram of starting cell pellet. The sample ap-
peared homogenous by SDS polyacrylamide gel electrophoresis. The
purified final sample was shown to assemble microtubules.

Tau215–358was expressed as described for 4R tau~above!. Esch-
erichia coli cells containing tau were lysed by sonication in a
buffer containing 20 mM NaCl, 50 mM tris, pH 8.0. The super-
natant from the lysis was made 4%~v0v! trifluoroacetic acid, the
resulting pellet was removed by centrifugation, and the tau con-
taining supernatant was neutralized by addition of concentrated
tris, pH 8.0. Tau215–358was then purified to homogeneity by reversed-
phase HPLC on a 300 Å pore size C18 column using an isopro-
panol gradient with 0.1% trifluoroacetic acid as a counterion.

Fiber preparation

Fibers were grown by hanging drop vapor diffusion. Two micro-
liter samples of protein or peptide were mixed with an equal vol-
ume of a solution designed to precipitate the sample. These 4mL
drops were suspended over a 1 mL reservoir of the precipitating
solution and allowed to equilibrate. Within a few days macroscopic
fibers of the two synthetic peptides appeared in the drops. 4R tau
and tau215–358fibers took several weeks to grow.

4R tau fibers were grown at 178C at 12 mg0mL protein over
well solutions containing 50 mM sodium acetate pH 4.7, 50 mM
calcium chloride, 10% v0v glycerol, 0.02% w0v sodium azide, and
18–28% 2-methyl-2,4-pentanediol. The fiber of tau215–358was grown
at room temperature at 8 mg0mL protein with a well solution
containing 30% PEG 5000, 0.2 M MgCl2, 50 mM tris pH 8.5; the
drops also contained an equimolar concentration of a peptide cor-
responding to amino acids 410–445 of humanb4 tubulin, but no
tubulin peptide was detected in the fibers. Fibers of the tau247–272
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peptide were grown at 178C from a 25 mg0mL peptide solution
and 30% w0v PEG 8000, 0.2 M~NH4!2SO4, 50 mM HEPES,
pH 7.5. Fibers of the tau265–272peptide were grown at room tem-
perature from a 10 mg0mL peptide solution and a precipitating
solution containing 28% w0v PEG 8000 and 1.5 M Li2SO4, pH 7.0.

Fiber diffraction

Fibers were harvested and stored by methods similar to those
commonly used for protein crystals. Storage solutions contained
all the components of the vapor diffusion experiment with the
concentration of the precipitating agent slightly increased. Individ-
ual fibers were mounted in glass capillaries with their long axis
roughly parallel to the long axis of the capillary and sealed in an
atmosphere saturated with storage solution vapor. Diffraction data
were collected at room temperature on a Rigaku RU-200 generator
operating at 50 kV, 100 mA equipped with a copper anode and a
mirror focusing system. Images were recorded using an R-axis IIc
image plate detector. Exposure time was 40, 20, 20, or 10 min for
the tau265–272, tau247–272, tau215–358, or 4R tau fibers, respectively.

Electron microscopy

The mother liquor from the drops that had macroscopic fibers
removed for X-ray analysis was used as the source of material for
microscopy. The liquid was applied directly to formvar-coated
copper grids, which were then stained with uranyl acetate. A Phil-
ips CM10 electron microscope was used at 80 kV.

Supplementary material in the Electronic Appendix

Model of a crossb-fibril based on the helical parameters derived
from tau265–272fibers ~KVQIINKK !. Interstrand spacing is 4.7 Å
and intersheet spacing 10.6 Å. The handedness of the helix and the
direction of the strands~parallel or antiparallel! cannot be resolved
with fiber diffraction data and is shown left handed and parallel by
the convention of Blake and Serpell~1996!. This model predicts a
hydrophobic core composed of the peptide’s dileucine motif and a
hydrogen bonded ladder running the length of the helix and com-
posed of asparagine and glutamine residues. Model built in Insight95
~Biosym, San Diego, California! and extended with Moleman~Kley-
wegt & Jones, 1997!. Figure generated with MOLSCRIPT~Krau-
lis, 1991! and rendered with Raster3D~Merritt & Murphy, 1994!.
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