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ABSTRACT: Tau protein, a neuronal microtubule-associated protein, forms insoluble fibers (“paired helical
filaments”) in Alzheimer’s disease and other tauopathies. Conflicting views on the structure of the fibers
have been proposed recently, ranging from mainlyR-helical structure to mainlyâ-sheet, or a mixture of
mostly random coil andâ-sheet. We have addressed this issue by studying tau fibers immunopurified
from Alzheimer brain tissue by a conformation-specific antibody and comparing them with fibers
reassembled from recombinant tau or tau constructs in vitro, using a combination of electron microscopy
and spectroscopic methods. Brain-derived fibers and reassembled fibers both exhibit a typical twisted
appearance when examined by electron microscopy. The soluble tau protein is a natively unfolded protein
dominated by random coil structure, whereas Alzheimer PHFs and reassembled fibers show a shift toward
an increase in the level ofâ-structure. The results support a model in which the repeat domain of tau
(which lies within the core of PHFs) adopts an increasing level ofâ-structure during aggregation, whereas
the N- and C-terminal domains projecting away from the PHF core are mostly random coil.

Pathological protein aggregates lie at the root of a number
of human diseases, including sickle cell anemia (hemoglo-
bin), systemic amyloidosis (transthyretin), or degenerative
brain diseases such as Alzheimer’s disease, Parkinson’s
disease, and Creutzfeld-Jacob disease (Aâ peptide and tau
protein, R-synuclein, or prion protein, respectively). They
involve diverse proteins, and there may be multiple causes
of their abnormal aggregation; however, there is a general
consensus that preventing or retarding the aggregation
process would be a major step toward curing the diseases.
This calls for a detailed investigation of the structural and
biochemical requirements of aggregation. In some cases, the
subunit proteins are globular proteins, which switch from
their normal oligomeric state to a fibrous polymeric state
due to mutations which alter their interactions (e.g., hemo-
globin S and transthyretin). In other cases, the proteins may
be partly unfolded, exposing novel surfaces for unfavorable
interactions. These interactions are often centered around
regions prone to formingâ-structure because this leads to
highly stable aggregates that are not easily removed by the
cell’s defense mechanism (protein degradation by the pro-
teasome). Such fibers rich inâ-structure tend to bind certain
dyes (e.g., congo red and thioflavine S) and have therefore
been termed “amyloid” (1).

Alzheimer’s disease, the leading dementia in the elderly
population, is characterized by two types of pathological
protein deposits, the Alzheimer amyloid fibers consisting of

the Aâ peptide (leading to the amyloid plaques) and fibers
of tau protein [leading to neurofibrillary tangles (NFTs)].
The Aâ peptide has a partially hydrophobic character and a
strong propensity forâ-structure, both of which promote
aggregation, and therefore, the building principles of Aâ
fibers are generally accepted, even though the structural
details are still under investigation (2-5). By contrast, the
building principles of tau fibers are less clear and still a
matter of debate. The CD1 spectrum of tau is dominated by
a random coil pattern, consistent with the unusually high
solubility and hydrophilic composition of tau, which provides
no obvious clues about folding or aggregation (6-8). Some
short peptides derived from the tau sequence can adopt an
R-helical conformation, but only in nonphysiological buffers
including helix-inducing agents (9-12). X-ray patterns of
NFTs or reassembled tau fibers show only weak or no
contributions fromâ-structure (8, 13). NFTs and tau fibers
stain poorly with congo red, a dye considered to be indicative
of cross-â-structure, compared with thioflavine S (14). Until
some years ago, the investigation of the secondary structure
of tau PHFs has been confounded by the difficulty of
identifying conditions for assembling tau in vitro into bona
fide PHFs resembling those of Alzheimer’s disease. This
difficulty can now be overcome with the help of certain
cofactors (polyanions in the form of peptides, nucleic acids,
carbohydrates, or fatty acids), by using truncated constructs
of tau (e.g., the repeat domain) or variants with mutations
that occur in frontotemporal dementias (e.g.,∆K280 and
P301L) (15-20). The results suggest that the repeat domain† This work was supported in part by the Deutsche Forschungsge-
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of tau is sufficient for forming PHFs and therefore contains
the building principle, consistent with the observation that
the repeat domain represents the core of Alzheimer PHFs
(21, 22). The aggregation in vitro is accompanied by a partial
transition from random coil toâ-structure, centered around
hexapeptide motifs in the second or third repeat (20, 23-
26).

There remains the question of whether the conclusions
from in vitro experiments can be applied to tau aggregates
in Alzheimer brains. To address this issue, one must isolate
fibers from Alzheimer brain and study them by methods
revealing secondary structure. Using this approach, three
recent publications arrived at conflicting conclusions. Sadqi
et al. (27) isolated Alzheimer PHFs by the method of
Greenberg and Davies (28), studied them by spectroscopy
(CD and FTIR), and claimed that an almost entirelyR-helical
structure existed. Goux (29) used PHFs prepared from
Alzheimer brains by immunopurification (30, 31), applied
spectroscopic methods (CD), and claimed that partlyR-heli-
cal,â-sheet, and turn structure existed, depending on buffer
conditions. Berriman et al. (32) used PHFs from Down’s
syndrome brains and studied them by selected area electron
diffraction; they also studied PHFs reassembled in vitro by
FTIR and found predominantly cross-â-structure in both
cases. Our own previous results on PHFs made from
recombinant tau (23, 24) were in general agreement with
those of Berriman et al. (32), namely, a PHF core formed
from the repeat domain which is partially folded into a cross-
â-structure, embedded in a largely unstructured “fuzzy coat”.
However, because of the divergent published results, we
decided to reinvestigate the question of Alzheimer-derived
PHF structure. In the study presented here, we used immu-
nopurified PHFs, prepared as described previously (30, 31).
The isolation is based on the reaction of Alzheimer tau fibers
with a conformation-dependent antibody (MC-1) and there-
fore generates PHFs that are more pure than those generated
by the Greenberg-Davies method (28), which is based on
solubility in sarkosyl buffer. We conclude that Alzheimer
PHFs are based onâ-structure embedded in an environment
of unstructured protein, but we find no measurable indica-
tions ofR-helical structure. Thus, tau fibers can be classified
as “amyloid” in a broad sense.

MATERIALS AND METHODS

Chemicals and Proteins.The human tau isoforms and tau
constructs (see Figure 1) were expressed inEscherichia coli
as described previously (33). The numbering of the amino
acids is that of the isoform htau40 which contains 441
residues (34). The protein was expressed and purified as
described previously (35), making use of the heat stability
and FPLC Mono S chromatography with subsequent gel
filtration (Superdex200 for tau isoforms and Superdex75 for
tau constructs, Amersham Biosciences, Freiburg, Germany).
The elution profiles from the columns were calibrated by a
set of standard globular proteins [thyroglobulin (669 kDa),
ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa),
albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen
(25 kDa), and ribonuclease A (13.7 kDa)] which are available
in the high- and low-molecular weight gel filtration calibra-
tion kit from Amersham Biosciences. The purity of the
proteins was analyzed by SDS-PAGE. Protein concentra-

tions were determined by the Bradford assay or by UV
absorption at 214 nm against a BSA standard curve.

PHFs Reassembled in Vitro. The aggregation of tau into
PHFs was induced by incubating varying concentrations of
tau isoforms or tau constructs (typically in the range of 5-50
µM) in volumes of 20-2000µL at 37 °C in PBS (pH 7.4)
with 1 mM DTT and mixing it with the anionic cofactor
heparin (MW≈ 6000 Da, used in a tau:heparin molar ratio
of 4:1). Incubation times for filament formation varied from
hours up to several days. PHF aggregation was checked by
electron microscopy and thioflavine S fluorescence (36).

Alzheimer PHFs.Immunoaffinity-purified PHFs were
prepared from three Alzheimer’s disease brains as described
previously, using the reaction with the MC-1 antibody (30,
31). The Alzheimer PHFs were concentrated by being
pelleted at 86000g for 14 h and resuspended in PBS. The
purity of the PHF preparation was analyzed by SDS-PAGE
and Western blotting with the rabbit polyclonal pan-tau
antibody K9JA (Dako Diagnostics, Hamburg, Germany)
raised against the four repeats and the C-terminal tail of tau.

Electron Microscopy.To confirm PHF assembly in vitro
and to examine the overall appearance of Alzheimer PHFs,
10 µL protein solutions diluted to 1-10 µM protein were
placed on 600-mesh carbon-coated copper grids for 45 s,
washed twice with H2O, and negatively stained with 2%
uranyl acetate for 45 s. The specimens were examined with
a Philips CM12 electron microscope at 100 kV.

Fourier Transform Infrared Spectroscopy.FTIR experi-
ments were performed on a Jasco FTIR-410 instrument
(Jasco, Gross-Umstadt, Germany). Atmospheric water vapor
was removed by flushing the spectrometer with nitrogen.
Interferograms were recorded between 1700 and 1600 cm-1,

FIGURE 1: Diagram of human tau isoforms, mutants, and constructs.
The bottom bar shows the longest tau isoform htau40 (441 amino
acids) in the CNS. The C-terminal half of tau contains three or
four pseudorepeats (∼31 residues each, R1-R4, gray) which
together with their proline-rich flanking regions (P) constitute the
microtubule-binding domain. Repeat R2 and the two near N-
terminal inserts (I1 and I2) may be absent due to alternative splicing,
as in htau23, the shortest human isoform (352 amino acids). Hexa-
peptide motifs PHF6* (275VQIINK 280) and PHF6 (306VQIVYK 311)
at the beginning of R2 and R3 (black) are important for PHF
formation because they induceâ-structure. Construct K18 comprises
only the four repeats (R1-R4), and constructs K19, K12, K27,
and K10 comprise only three repeats (R1, R3, and R4) with varying
N- and C-terminal extensions. The mutant htau40-∆K280 occurs
in FTDP-17; this mutation was also introduced into some four-
repeat constructs such as K18-∆K280.
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and 128 spectra were averaged. They were acquired in the
transition mode using CaF2 cells separated by spacers of 25
µm. After a reference spectrum of the instrument and of the
fresh D2O lot that was used was recorded, the protein
solutions were applied, and the absorbance spectrum of the
sample was measured. The D2O spectra and sample spectra
were first corrected for the water vapor background before
subtracting the D2O spectra from the sample spectrum. To
facilitate comparison, the spectra were then normalized with
respect to their maxima. Typical concentrations [measured
by absorption at 214 nm (A214)] were 3-6 mg/mL (70-600
µM, depending on the tau construct and tau isoform) for
soluble tau protein and for reassembled or brain-derived
PHFs.

Circular Dichroism Spectroscopy.All measurements were
carried out with a Jasco J-715 CD spectrometer in a cuvette
with a path length of 0.05 cm. The scanning speed was 100
nm/min with a bandwidth of 1.0 nm and a response time of
0.5 s. In each experiment, 25 spectra were summed and
averaged. To minimize the signal-to-noise ratio in the lower
UV range, a second spectrum from each sample was recorded
between 194 and 200 nm with a scanning speed of 20 nm/
min at a bandwidth of 1.0 nm and a response time of 1.0 s.
In this case, 100 spectra were summed and averaged. The
two final spectra for each sample were then joined together
using the CD software implemented “concatenate” function.
For calculation of the mean residue ellipticity, the protein
concentration was obtained by using the second channel of
the CD spectrometer to measure the absorption of the protein
sample at 214 nm (where absorption is dominated by the
peptide bonds). Calibration ofA214 was done by BSA
standards. The secondary structure interpretation of the CD
data was performed with the program Dicroprot (37) which
allows fitting against standard CD spectra (38) as well as
comparison with a set of known proteins.

RESULTS

Morphology and Composition of Immunopurified PHFs
from Alzheimer Brain and PHFs Assembled in Vitro.To
ensure that the tau fibers from AD brains and assembled in
vitro were similar in overall morphology and composition,
we compared them by electron microscopy, SDS gel elec-
trophoresis, and Western blotting. PHFs from AD brains were
obtained from three different Alzheimer cases, using immu-
noaffinity purification with the MC-1 antibody (30, 31). In
all cases, the filaments were mainly of the paired helical type,
had a typical length of 100-500 nm, were 10-25 nm wide,
and had a crossover repeat of∼80 nm (Figure 2, top panel).
Thus, they showed all characteristics of “Alzheimer PHFs”
(39, 40). The samples were subsequently pelleted and
resuspended in PBS to increase the concentration for the
structural analysis. This step did not change their overall
morphology (Figure 2, middle panel). By contrast, in vitro
assembly of PHFs was done using recombinant four-repeat
and three-repeat tau constructs (K18 and K19, respectively)
and the longest tau isoform htau40 as described previously
(23, 41). The four-repeat construct K18 and full-length
htau40 contained the second repeat R2 (exon 10) and were
used as mutants lacking lysine 280 (∆K280), resembling a
naturally occurring mutation in FTDP-17 (42). This mutation
leads to an increased level of PHF formation and a very
regular paired helical appearance of the filaments (20, 23,

41). The in vitro PHFs were somewhat longer, but otherwise
exhibited the same characteristics (Figure 2, bottom panel).

In the SDS gel, the three individual Alzheimer PHFs all
exhibited the typical three- to four-band appearance [bands

FIGURE 2: Negative stain electron microscopy of PHFs isolated
from Alzheimer brain and in vitro polymerized PHFs: PHFs
extracted from three individual Alzheimer disease brains directly
after immunoaffinity purification (top panel), PHFs from the three
individual Alzheimer disease brains after subsequent pelleting to
further purify and concentrate the sample for the following
experiments (middle panel), and PHFs reassembled from recom-
binant tau in vitro (after pelleting) in the presence of the polyanionic
cofactor heparin (bottom panel). Most fibers exhibit the character-
istics typical of brain-derived Alzheimer PHFs with a paired helical
appearance, a width of 10-25 nm, and a crossover repeat of∼80
nm. The bar is 100 nm long.
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at 55, 64, and 69 kDa and a minor fourth band (72-74 kDa)
which contain the six human tau isoforms in a highly
phosphorylated form (43-45)] (Figure 3A). In two Alz-
heimer cases (lanes 1 and 3 in Figure 3A), a further distinct
band running just above the 116 kDa marker was present,
and in all three cases, the typical broadly distributed smear
at higher and lowerMr values was visible. In a Western blot
analysis, the samples were probed with the polyclonal
antibody K9JA that recognizes the repeat region and the
C-terminus of tau. The pattern was comparable to that of
the Coomassie-stained gel with regard to the three- to four-
band pattern and the high- and low-Mr smear, showing that
most of the protein (∼75% as measured by densitometric
methods) in the Alzheimer PHF preparations was indeed tau
(Figure 3B). This issue is important for interpreting the
spectroscopic data to be described next.

CD Spectroscopy of Alzheimer PHFs and in Vitro Reas-
sembled PHFs ReVealâ-Structure Embedded in Random Coil
Structure.Thus far, tau or tau aggregates have not been
accessible to a high-resolution analysis by X-ray or NMR
methods, and therefore, structural analyses must rely on
spectroscopic approaches sensitive to secondary structure,
primarily far-UV CD and FTIR. In both cases, there is
considerable room for interpretation since the analysis is
model-dependent; this is particularly true for natively
unfolded proteins for which a database of crystal structures
is not available (46, 47). Nevertheless, some general features
can be derived from the CD traces shown in Figure 4. All
soluble tau proteins and constructs are dominated by “random
coil” structure, consistent with earlier observations (6, 8, 24)
[Figure 4A-C (dashed line)]. This is characterized by a

FIGURE 3: SDS-PAGE and Western blot analysis of Alzheimer
PHFs. Three individual PHF preparations derived from different
Alzheimer brains were investigated (lanes 1-3 in panels A and
B). Prior to SDS-PAGE, the PHFs were dissolved by adding SDS-
PAGE sample buffer and heating to 96°C for 15 min. (A) The
SDS-PAGE shows the triplet pattern characteristic of phospho-
rylated Alzheimer tau (Mr ∼ 55, 64, and 69 kDa) and a minor fourth
band (∼73 kDa) (43-45). Apart from these distinct bands due to
intact tau isoforms, there are further bands and a diffuse smear
mainly in the lower-Mr region due to tau fragments, together
comprising roughly 75% of the total protein. (B) Western blotting
of three individual cases and a mixture of all three Alzheimer PHF
samples with the polyclonal pan-tau antibody K9JA shows that the
three- to four-band pattern, the low-Mr smear, and part of the high-
Mr smear are composed of tau protein. The control shows the
shortest and longest tau isoform (htau23 and htau40, respectively).

FIGURE 4: CD spectra of PHFs derived from Alzheimer brain, PHFs
reassembled from recombinant tau, and soluble tau. The soluble
proteins (dashed lines) of the three-repeat construct K19 (A), the
four-repeat construct K18-∆K280 (B), and the full-length isoform
htau40-∆K280 (C) exhibit typical random coil spectra. Upon
filament formation (solid lines), the spectra change and show an
increase inâ-sheet content. This is most obvious with construct
K18-∆K280 (B) which carries an FTDP-17 mutation strongly
favoring â-structure, the three-repeat construct K19 (A), and to a
much lesser extent full-length htau40-∆K280 (C). The Alzheimer
PHF samples of three individual cases exhibit very similar spectra,
indicating substantialâ-sheet structure (D). In panel E, a comparison
of the Alzheimer PHF spectra with spectra of proteins with known
secondary structure is shown. Note that the spectra of Alzheimer
PHFs resemble that ofâ-lactoglobulin, a protein consisting of∼36%
â-structure,∼9% R-helix, and 55% coil (dotted line in panel E).
By contrast, theR-helical spectrum [polyglutamic acid (dashed and
dotted line), from the software program Dicroprot (37)] and the
random coil spectrum (dashed line) can clearly be differentiated
from the Alzheimer PHF spectra. Using the Greenfield-Fasman
procedure, the fit of the PHF spectrum in panel B yields 17%
R-helix, 31%â-sheet, and 52% others; the mean values for panel
D are 8% R-helix, 18% â-sheet, and 74% others. The larger
amplitude mostly accounts for the seemingly higherR-helix content
in panel B (approximately-10000 in panel B and approximately
-5000 in panel D).

Structure of Paired Helical Filaments Biochemistry, Vol. 43, No. 6, 20041697



negative peak around 200 nm (38, 48). In particular, there
is no major difference between the repeat domain (K18 and
K19) and full-length tau, indicating that the microtubule-
binding domain and the projection domain are similarly
disordered in the unbound state. The mean residue ellipticity
reaches values of around-15 to-20× 103, approximately
half of the potential maximum (ca.-40 × 103). This could
mean that other unidentified secondary structure elements
contribute, or (more likely) that the standard interpretation
of CD curves based on model peptides or crystallized proteins
cannot be fully applied to unfolded proteins such as tau (49).

The conclusions from the CD data are supported by the
hydrodynamic behavior of tau, as determined by its elution
from a gel filtration column (Amersham Superdex200 for
tau isoforms and Superdex75 for tau constructs) calibrated
with known proteins. For the six tau isoforms in the human
CNS (containing 352-441 residues), the Stokes radii ranged
from 5.0 to 5.6 nm; for constructs containing the repeats
and adjacent regions (97-167 residues), the range was 2.9-
3.5 nm (Figure 5). These values are much larger than
expected for folded globular proteins and are in fact
consistent with values expected of natively unfolded proteins
(49, 50), in agreement with our earlier solution X-ray results
(8), and with the flexibility observed by NMR spectroscopy
(51).

The CD spectra change when tau is induced to aggregate
into PHFs. Figure 4A-C (solid lines) shows the PHF spectra
after separation from soluble tau by a clearing spin. For three-
repeat construct K19, the minimum shifts toward a higher
wavelength, indicating a transition to a higherâ-sheet content
(Figure 4A). This change is even more pronounced for the
FTDP-17 mutant of four-repeat construct K18 (K18-∆K280,
Figure 4B), consistent with the strong tendency of this mutant
to form PHFs due to an increased propensity forâ-sheet
formation (20, 23). For full-length tau, the shift in the
spectrum toward a higher overallâ-structure content is small

(Figure 4C), indicating that the domains outside the repeats
retain their unstructured state even after PHF aggregation.
The data underscore the observations that the repeat domain
forms the core of the PHFs (21, 22), that the aggregation
involves the generation ofâ-structure (23, 24), and that the
N- and C-terminal flanking domains remain largely as an
unstructured “fuzzy coat”.

The spectra of all immunopurified Alzheimer PHF samples
are highly reproducible (Figure 4D). They show a broad
trough between∼208 and 225 nm and a transition to positive
values around 200 nm. These features are typical of a major
contribution fromâ-structure combined with other disordered
domains. This is illustrated by the good agreement with the
CD spectrum ofâ-lactoglobulin [Figure 4E (dotted line)], a
protein of known structure which contains∼36% â-sheet,
∼9% R-helix, and ∼55% random coil (52) (PDB entry
1BEB). Conversely, all spectra from Alzheimer PHFs are
distinctly different from those ofR-helical samples (see the
example of poly-Glu in Figure 4E). A simple indicator for
R-helix content is the ratio of ellipticities at 193 nm [high
positive value, Figure 4E (dotted and dashed line)] and 222
nm (second negative peak); for typicalR-helical structures,
the ratio is approximately-2.5 and drops in proportion with
a decrease in helix content (53, 54). For the Alzheimer PHFs,
the ratio varies between-0.25 and-0.55, confirming the
low R-helical content.

It is interesting to note that the shapes of the Alzheimer
PHF spectra closely resemble that of the polymerized K18-
∆K280 sample, except for a 2-fold smaller amplitude
(compare the solid lines in panels B and D of Figure 4).
One explanation would be that the concentration of the
Alzheimer PHF sample, measured at a peptide bond con-
centration of 2.8-4.6 mM by the absorption at 214 nm, is
overestimated∼2-fold. Alternatively, if theA214value reflects
the correct concentration, Alzheimer PHFs might contain
conformations or even nonprotein components that cause the
entire spectrum to be scaled down.

FTIR Spectroscopy Shows an Increased LeVel of â-Sheet
Structure of PHFs.As a second method of monitoring the
conformation of soluble tau and PHFs, we performed FTIR-
spectroscopy (Figure 6). The method does not distinguish
well between random coil andR-helical conformations, but
it is sensitive toâ-structure, which shifts the maximum to
lower wavenumbers. Soluble proteins K19, K18-∆K280, and
full-length htau40-∆K280 exhibit FTIR maxima around
1645-1646 cm-1, consistent with the CD experiments and
the dominance of the random coil conformation [Figure
6A-C (dashed lines)]. Upon PHF polymerization, the spectra
of the repeat constructs shift the maximum to∼1629 and
1626 cm-1 [Figure 6A,B (solid lines)], indicating a shift
toward a highâ-structure content (55, 56). In the case of
PHFs from the full-length htau40-∆K280, the shift is less
pronounced, as expected since theâ-forming repeat domain
is embedded in the larger random coil flanking domains
[Figure 6C (solid line)]. Note that construct K18-∆K280
shows a slight shoulder around 1625 cm-1 already in the
soluble state. This is due to the spontaneous tendency of this
protein to oligomerize and to formâ-structure even in the
absence of polyanionic cofactors (20, 23, 41) and illustrates
the sensitivity of FTIR.

Next we assessed the Alzheimer PHFs. Since FTIR
requires a high concentration of protein (∼2 mg/mL or higher

FIGURE 5: Hydrodynamic parameters of tau isoforms and constructs
deduced from gel filtration. The six tau isoforms have Stokes radii
of ∼5-5.6 nm, corresponding to equivalent volumes of 520-680
nm3. The shorter tau constructs (K19, K18, K12, K27, and K10)
comprising the microtubule binding repeat region with varying N-
and C-terminal parts (see Figure 1) have Stokes radii of∼3-3.6
nm (V ) 105-190 nm3). The values agree closely with the
generalized dependence ofV on the residue number derived from
many natively unfolded proteins (NU) (50). For comparison, the
plot also shows the dependence of volume on chain lengthn for
natively folded proteins (N), molten globule states (MG), pre-molten
globule states (PMG), and protein denatured by GuHCl (D) (lines
replotted from ref49). Note that some data points for the tau
isoforms and constructs are so close together that they cannot be
distinguished in this graph.
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for reliable traces), we pooled three individual samples to
obtain a high-quality FTIR spectrum at a tau concentration
of ∼3 mg/mL. In Figure 6D (dashed line), the spectrum of
the soluble full-length htau40-∆K280 with its maximum at
1646 cm-1 is shown for comparison. The spectrum of the
Alzheimer PHFs has a maximum at 1645 cm-1 and exhibits
an additional shoulder at lower wavenumbers [∼1630 cm-1,
Figure 6D (solid line)]. Compared to the spectrum of
â-lactoglobulin [∼36% â-sheet,∼9% R-helix, and∼55%
random coil, as determined by X-ray crystallography (PDB
entry 1BEB); Figure 6E (dotted line)], the shoulder at 1630
cm-1 of the Alzheimer PHF spectrum is indicative ofâ-sheet
structure. In contrast, the spectrum of poly-Glu [Figure 6E
(dashed and dotted line)] is much narrower in the region
around 1630 cm-1. The fact that the maximum of the poly-
Glu spectrum (1646 cm-1) is comparable to that of the
soluble tau protein [Figure 4D,E (dashed line)], which is
comprised of a random coil structure, shows the poor
distinction ofR-helical and random coil structures by FTIR
(57, 58). Taken together, these results illustrate that bona
fide Alzheimer PHFs containâ-structure in an overall
random coil environment.

DISCUSSION

This study was performed to improve our understanding
of the structure of tau and its pathological aggregation in
Alzheimer’s disease and related tauopathies. A clear grasp
of the principles that govern the abnormal behavior of tau
would help in the development of strategies against the
disease process. For example, if tau could be considered a
toxic amyloid because of its ability to interact viaâ-structure,
it would make sense to search for “â-breaking” drugs; this
approach is being pursued for other amyloids (59, 60) as
well as tau (61). Conversely, it is possible that other
properties of tau are responsible for its toxicity, for example,
its upregulation, mutation, or abnormal phosphorylation, as
suggested by recent results from model organisms (62-64),
so that other strategies of combating neurodegeneration
would be more appropriate (65). In either case, it would be
important to understand the principles that cause aggregation.
In this regard, the current situation is not satisfactory because
several recent publications contradict each other. To compare
the different conclusions, we must consider separately the
sources of protein, the methods used, and the interpretations.

In the case of soluble tau (recombinant or purified from
brain), there is a consensus that it is best described as a
natively unfolded, highly flexible protein whose CD, FTIR,
X-ray, and NMR spectra or hydrodynamic behavior is
dominated by the signatures of “random coil” (6, 8, 15, 24,
51). This is in agreement with the hydrophilic character of
the sequence and tau’s high solubility (7), and is evidenced
by a negative maximum around 200 nm in the CD spectrum,
a peak at∼1645 cm-1 in the amide I band of the FTIR
spectrum, the absence of a defined radius of gyration by
X-ray scattering (8, 15, 23, 24), and unusually large Stokes
radii [see Results (Figure 5)]. NMR studies of selected tau
peptides confirm the absence of ordered secondary structure
(except whenR-helix is enforced by adding theR-helix
inducer trifluoroethanol) (9-12). It should be kept in mind,
however, that the absence of observable periodic structure
does not necessarily mean total randomness of the protein.
For example, it is interesting that the sequence of the∼20

FIGURE 6: FTIR spectra of PHFs from Alzheimer brain tissue, PHFs
reassembled from recombinant tau, and soluble recombinant tau:
(A) three-repeat construct K19, (B) four-repeat construct K18-
∆K280, (C) full-length isoform htau40-∆K280, and (D) AD-PHFs.
Soluble recombinant tau (dashed lines) exhibits spectra with maxima
at ∼1645 cm-1, indicating a random coil structure of the protein.
By contrast, the corresponding spectra of PHFs reassembled in vitro
from recombinant tau are shifted to the right (lower wavenumbers)
with maxima or shoulders around 1630 cm-1 (solid lines in panels
A-C), indicating an increase in the level ofâ-structure during PHF
assembly. To measure the FTIR spectrum of the Alzheimer PHFs
(D, solid line), three individual cases were pooled to increase the
PHF concentration to∼3 mg/mL. The spectrum shows an additional
shoulder around 1630 cm-1, indicating an increased level of
â-structure. (E) The spectrum of Alzheimer PHFs (solid line)
resembles that ofâ-lactoglobulin [consisting of∼36%â-structure,
∼9% R-helix, and 55% random coil (dotted line in panel E)] and
can clearly be differentiated from theR-helical spectrum of
polyglutamic acid (dashed and dotted line).
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C-terminal residues would be compatible with an amphiphilic
R-helix which could interact with other domains of tau or
partners of tau (9, 11). The hexapeptide motifs in R2 and
R3 (Figure 1) are predicted to form extended structure, ready
to enterâ-sheet interactions. Part of the proline-rich domains
flanking the repeats might fold into a polyproline helix.
However, these motifs are small in comparison with full-
length tau and would not change the overall appearance of
an unstructured protein.

Differences between published reports become apparent
when tau filaments are considered. With respect to protein
source and composition, we must distinguish at least three
types of preparations.

(1) The first is filaments made in vitro from recombinant
tau or tau domains (e.g., repeat domain). They have a well-
defined composition (Figure 2), but they lack some of the
modifications of Alzheimer PHFs, notably, the abnormal
phosphorylation. In addition, recombinant protein is usually
assembled in the presence of polyanionic cofactors to
increase the rate [except in the case of four-repeat construct
mutant K18-∆K280 which aggregates spontaneously (20,
23)]. We believe that these points are of minor consequence
for the overall conformation since the resulting fibers have
the same twisted appearance as Alzheimer PHFs (Figure 2),
but it is possible that they contribute to the lowerâ-content
of K19 and htau40 filaments seen by CD (Figure 4A,C).

(2) AD filament preparations created by sarkosyl extraction
[preparation of Greenberg and Davies (28)] yield long and
robust PHFs which contain tau in the pathologically phos-
phorylated form. Variants of this method were used by Sadqi
et al. (27) and Berriman et al. (32). A problem is that these
preparations may contain other protein and nonprotein
components [such as fatty acids (66)] whose presence may
distort the experimental observations, e.g., the CD curves
and absorptions on which concentration estimates are based.
One way to circumvent this dilemma is to “purify” individual
particles by selecting them on the EM grid, as is possible
with selected area diffraction (32), which yields unambiguous
evidence of the cross-â-structure. This technique follows the
general principle of X-ray fiber diffraction. The diffraction
pattern from the selected area records periodic structure
elements with high sensitivity, notably, the meridional peak
at 0.47 nm which is characteristic of cross-â-structure.

(3) AD filaments can be isolated by immunopurification
over a column containing the MC-1 antibody which recog-
nizes a pathological conformation of tau (30, 31). The main
advantage is its greater purity since non-tau components are
eliminated (unless they are tightly coupled to the filaments).
This initial material was used both in our experiments and
by Goux (29), although there were differences in the
subsequent steps (notably, we performed an additional
clearing centrifugation; see Materials and Methods).

The quantitation of secondary structure from CD and FTIR
spectra is notoriously difficult; the existing examples work
reasonably well in nearly “pure” cases (proteins or peptides
with mostlyR-helical orâ-sheet structures), but quantitation
remains ambiguous, especially for proteins with a largely
unstructured component. The major problem is that the
interpretation is based on model spectra [from peptides or
proteins in defined structural states (38) or from crystal
structures of proteins] whose applicability is uncertain in the
case of natively unfolded proteins. Even in the case of well-

folded proteins containing a mix of secondary structures, the
standard fitting procedures cannot account for a substantial
fraction of the spectra, and a range of answers can be
obtained from different approaches. For example, fitting the
PHF curve of K18-∆K280 (solid line in Figure 4B) with
different methods yields helix:sheet:other (coil, turn, etc.)
ratios of 17:31:52 [Greenfield and Fasman (38)], 23:20:57
[SELCON3 (67)], and 22:39:39 [CONTIN (68, 76)]. For the
three individual Alzheimer brain-derived PHF preparations,
the mean ratios of structural content are 8:18:74 (Greenfield
and Fasman), 7:23:70 (SELCON3), and 13:45:42 (CONTIN).
In the case of tau, the observed amplitudes of the spectra
diverge considerably from the expectations based on the
conventional models. For example, the CD traces of soluble
tau, considered to be unfolded by the minimum around 200
nm (Figure 4), have less than half of the expected mean
residue ellipticity [around-40000 deg cm2 dmol-1, Green-
field and Fasman (38)]. The same holds for the patterns of
PHFs considered to beR-helical by their double dip at 208
and 222 nm (e.g., Figure 3 in ref27). These discrepancies
may be explained in part by errors in the protein concentra-
tions used to normalize the spectra. These errors are probably
small for recombinant soluble tau proteins, but they could
be appreciable for aggregates such as PHFs, especially when
one considers possible contaminants present in Alzheimer-
derived PHFs. It is notable that the spectra of reassembled
PHFs (Figure 4B) and those of Alzheimer PHFs (Figure 4D)
have similar shapes but differ∼2-fold in amplitude. If one
scaled up the Alzheimer PHF spectra 2-fold, the fittedR-helix
content would increase from 7 to 14%, but in either case, it
would remain small. The problem of quantitation becomes
even more difficult for FTIR traces of largely disordered
proteins. The amide I band distinguishes poorly between
R-helical and random coil structure (both generate bell-
shaped curves with maxima around 1650 and 1645 cm-1),
and the appearance of a side maximum around 1630 cm-1

is nonlinearly related toâ-sheet structure. The amide II band
is not a reliable reporter of secondary structure either because
it depends on the quality of the H2O-D2O exchange (69).
A similar problem with quantitation occurs with X-ray or
electron diffraction which reveals the cross-â-structure of
PHFs by the meridional 0.47 nm reflection even when the
fraction is small (13, 23, 26, 32).

Thus, given our limited information about the structure
of disordered proteins, it seems best to base interpretations
on the shapes of spectra and on salient features, rather than
aiming at a strict quantitation. The approach can be validated
by comparing different isoforms, constructs of domains, or
mutants. For example, the fact that all forms of soluble tau
(full-length isoforms or shorter constructs) are compatible
with a disordered structure, as judged by various methods,
is a strong indication that this disorder dominates all domains
of tau, in agreement with the predictions based on structure.
The fact that all PHF preparations (assembled in vitro or
brain-derived) show a shift toward an increase inâ-structure
content, combined with the observation that the shift is most
pronounced when the domains outside the repeat domain are
absent, argues that the increase inâ-structure content occurs
predominantly in the repeat domain upon aggregation.

Despite the ambiguities of interpreting data from disor-
dered proteins, it is clear that there are genuine discrepancies
between the recent primary observations from different
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authors. The CD spectra shown by Goux (29) show a strong
dependence on buffer, interpreted as∼30%R-helix in TBS
(pH 7.4) or∼40% â-sheet in acetate buffer (pH 6.8). We
have never observed “R-helical” patterns of the kind shown
by Goux from any PHF preparation, but rather patterns
consistent with the mix ofâ-sheet and disordered structure
[Figure 4, similar to the CD spectrum in acetate buffer (pH
6.8) published by Goux]. It is difficult to explain the source
of the discrepancy, but we note that the preparation of Goux
is dominated by high-molecular weight protein species whose
nature is uncertain. Our preparation is dominated by the
bands of the tau protein because the material was initially
subjected to a clearing spin to ensure that only bona fide
PHFs were used for analysis. Similar considerations apply
to the study of Sadqi et al. (27). They claim a very high
R-helix content of PHFs (∼80%), based on CD and FTIR
traces. As mentioned above, we cannot confirmR-helix-like
CD spectra, but since the preparation based on sarkosyl
insolubility is known to be heterogeneous, one can only
speculate about possible contaminants (note the visible high-
molecular weight contaminants). Likewise, we believe that
the arguments based on the FTIR amide II band are not
appropriate, and the amide I band of their PHFs in fact
exhibits an additional shoulder around 1630 cm-1, arguing
for more â-structure rather thanR-helix. Furthermore, the
claim (in their discussion) that the combination of glycines,
prolines, and serines/threonines promotesR-helical structure
is, in our view, not supported by the available literature (see
ref 70), and in fact, the cited examples of fibers with high
R-helix content (hemoglobin S fibers or intermediate fila-
ments) do not support the assumption.

Overall, the data reported here are most consistent with
those of Berriman et al. (32), who used selected area electron
diffraction on PHFs derived from Down’s syndrome cases
by the sarkosyl solubility procedure, combined with X-ray
and FTIR studies of PHFs reassembled in vitro from the
P301S mutant of tau. Their diffraction data clearly highlight
the cross-â-structure component of individual filaments (a
0.47 nm meridional reflection). For the reassembled fila-
ments, theâ-sheet content is quoted to be∼50% from ATR-
FTIR, somewhat higher than our estimates (∼20-30%) but
in reasonable agreement, considering the differences in
methods and preparation. Notably, no evidence ofR-helix
was detected by Berriman et al. (32), even though the
preparation was comparable to that of Sadqi et al. (27). In
summary, we conclude that PHFs are based on a core, which
assumes a largely cross-â-conformation, while the noncore
domains retain largely their unstructured state, as dia-
grammed in Figure 7. In this regard, our results on PHFs
derived from Alzheimer brain tissue are comparable to the
results for those reassembled in vitro from recombinant tau
or tau mutants (20, 23, 24).

The folding principle of tau in PHFs was a matter of debate
for a long time because the signature of ordered secondary
structure tends to become buried in the larger disordered
environment of the protein. However, the appreciation that
â-structure is important for aggregation is only a small step
toward elucidating the interaction between protein subunits.
The solution will probably not come from aggregation studies
of full-length tau, but from a judicious choice of small tau-
derived peptides representing the assembling elements. One
can take cues from recent advances in the analysis of

â-amyloid, where a combination of high-resolution X-ray
or EM diffraction from fibers or crystals and spectroscopic
methods (EPR and solid-state NMR) has led to detailed
models of the presumptive fiber core (2-5, 71). This
approach may raise concerns that the resulting fibers and
prefiber oligomers are too different from those occurring in
the brain, but recent evidence based on conformation-specific
antibodies points to common folding states of the pathologi-
cally aggregating species (72). In a similar sense, one may
expect that the “abnormal” conformations of tau detected
by antibodies are shared by pathological monomeric, oligo-
meric, or fibrous states (73-75). This would provide a
structural basis for identifying tau conformations or ligands,
which could slow the neuronal degeneration based in tau.
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