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ABSTRACT: In Alzheimer’s disease and frontotemporal dementias the microtubule-associated protein tau
forms intracellular paired helical filaments (PHFs). The filaments formed in vivo consist mainly of full-
length molecules of the six different isoforms present in adult brain. The substructure of the PHF core is
still elusive. Here we applied scanning transmission electron microscopy (STEM) and limited proteolysis
to probe the mass distribution of PHFs and their surface exposure. Tau filaments assembled from the
three repeat domain have a mass per length (MPLY@&d kDa/nm and filaments from full-length tau
(htau4\K280 mutant) have~160 kDa/nm, compared withh130 kDa/nm for PHFs from Alzheimer’'s

brain. Polyanionic cofactors such as heparin accelerate assembly but are not incorporated into PHFs.
Limited proteolysis combined with N-terminal sequencing and mass spectrometry of fragments reveals a
protease-sensitive N-terminal half and semiresistant PHF core starting in the first repeat and reaching to
the C-terminus of tau. Continued proteolysis leads to a fragment starting at the end of the first repeat and
ending in the fourth repeat. PHFs from tau isoforms with four repeats revealed an additional cleavage site
within the middle of the second repeat. Probing the PHFs with antibodies detecting epitopes either over
longer stretches in the C-terminal half of tau or in the fourth repeat revealed that they grow in a polar
manner. These data describe the physical parameters of the PHFs and enabled us to build a model of the
molecular arrangement within the filamentous structures.

Alzheimer’s disease is characterized by the coexistence htau40
of two different amyloid deposits in the brain, the extracel- 1|—|FW:|"‘”
lular senile plagues composed of fibrils ofiAeptides and htau23 AK280
the intracellular paired helical filaments (PHFspnsisting ——{TrEE—EEy |«
mostly of the microtubule-associated protein tau. Tau is
expressed in the adult brain in six isoforms which differ by K18 243m372
the presence of two inserts in the N-terminal part (exons 2 AK280
and 3) and the second repeat R2 (exon 10) in the repeat K19 oKD
domain (Figure 1). The physiological function of tau is to
bind and stabilize axonal microtubules. The soluble form of K12 20| El—IEE Jse

tau has a mostly random coil conformatidh) £) and thus  Figure 1: Domain composition of tau isoforms and constructs.
belongs to the emerging group of natively unfolded proteins Top: Htau40 is the largest tau isoform in the human CNS (441
residues). The position of the FTDP-17 deletion mutat\¢t280
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These hexapeptide motifs in the beginning of the second and A second important parameter for models of PHF structure
the third repeat are crucial for PHF assembly because of theiris the surface accessibility of residues. Our earlier spectro-
tendency to fornp structure 2, 6). The polymerization of  scopic studies have shown that repeats R2 and R3 are the
tau into PHFs can by facilitated in vitro by polyanions such most deeply buried in the PHF structu@8). However, the
as heparin, fatty acid micelles, nucleic acids, acidic peptides positions of surface-exposed loops, which would provide a
(poly-Glu), or negatively charged surfaces—(@0). PHF signature for the course of the polypeptide chain, remained
assembly can be achieved with full-length proteins but is unknown. This issue can be addressed by limited proteolysis.
facilitated by removal of the N- and C-terminal domains, The method has been applied previously to PHFs from
indicating that the repeat domain and its flanking regions Alzheimer’s brain in order to define the nature of the core
are largely responsible for the assemhily, (12). and to reveal protease-sensitive sit2g 30). We have now

By negative stain electron microscopy, PHFs from full- performed analogous experiments with PHFs made from pure
length tau and from tau constructs comprising only three or tau isoforms and constructs. This facilitates the interpretation,
four repeats resemble morphologically those found in Alzhe- compared with the mixture of tau isoforms in AD brain, and
imer's [mostly twisted filaments with somewhat variable reveals that the building principles of AD PHFs are indeed
crossover repeat, typically80 nm (L3)]. Thus the apparent  similar to those assembled from recombinant tau in vitro.
diameters of the filaments do not reflect the large differences
of the protein subunits (more than 4-fold, e.g., 3R tau repeat MATERIALS AND METHODS
domain with ~99 residues vs full-length tau with 441

residues). This suggests that only the core of the filaments fChemicaIs and Ero_teir:ji;;leparir_l (average rEo_IecuIar mass
is revealed with strong contrast by negative stain transmission®f 6000 Da) was obtained from Sigma (Steinheim, Germany).

electron microscopy. A more detailed analysis shows that Fluorescently Iabeled_ hepar_in (average molecular mass of
PHFs from full-length proteins have a “fuzzy coat” outside 18000 Da, fluorescein conjugated) was purchas.ed from
the core of the filaments1( 14), whereas PHFs from Molecular Probes (Eugene, OR). The human tau isoforms

constructs comprising the repeats show sharper edges ( (htau40) and tau constructs (K18, K12) (see Figure 1) were

15). The fuzzy coat can be enhanced by special methodsgxpressed ifescherichia colias described3(l). The number-

such as immunogold labeling or metal shadowih6-18). Ing O.f .the amino acids is that Of. the isoform htau40

It is currently unclear whether the protein domains of the containing 441 rg3|due§2). The protein was expressed and
fuzzy coat have specific interactions with the PHF core or purnjt_ad as described elsewhe®S| making use of the heat
whether they are projecting from the core in an unspecific stab|_I|ty a_nd FPLC Mono 5 chromato_graphy with subsequent
manner. Hints to some specific interactions of N-terminal 9€! filtration [Superdex 200 for tau isoforms (htau40) and
or C-terminal regions with the repeat domain come from S!Jpefdex 73 fo_r tau constructs (K18, K_12) (Amersha}m
conformation-dependent antibodies with discontinuous epitopesB'OSC'enceS’ Freiburg, Germany)]. The purity of t_he proteins
which react preferentially with Alzheimer tau. For example, was anglyzed by SDSPAGE. Protein concentrations were
recognition by the antibodies Alz50 and MC1 requires the determined by the Bradford assay or by UV absorptlon at
N-terminus (residues-79) and part of the third repeat (313 214 nm against a _BSA standard curve. The tau mutations
322) for recognition19—21). Similarly, a C-terminal region were creaf[ed by S|tg—d|rected mutagenesis which was per-
with amphipathic helix potential (residues 42238) is formed using the QuikChange site-directed mutagenesis kit
thought to fold back onto the repeat doma22), However, (Stratagene., Amsterdam, Netherlands) and the plasmid pNG2
the contributions of these conformations to PHF formation (33). Plasmids were sequenced on both strands.
are still elusive. Preparation of Synthetic PHF#n vitro assembly of PHFs

A high-resolution analysis of the entire PHF structure by Was induced by incubating varying concentrations (typically
X-ray crystallography or fiber diffraction will be difficultto ~ in the range of 1650 uM) of mutated tau isoforms
achieve because of the largely unfolded nature of tau protein.(Ntau4@K280) or tau constructs (K¥8K280) in volumes
One therefore has to rely on less direct approaches. Thus, t®f 20-500uL at 37°C in PBS, pH 7.4 (137 mM NaCl, 3
generate models of the arrangement of tau within the PHFs,MM KCI, 10 mM N&HPQ;, 2 mM KH,PQ,), with 1 mM
the distribution of mass along the filament axis is of DTT and mixing it with the anionic cofactor heparin
importance. This parameter can be analyzed by scanning(molecular masss 6000 Da, used at a molar ratio of tau:
transmission electron microscopy (STEM). Whereas trans- heparin of 4:1). Preparation of PHFs without the inducing
mission electron microscopy relies on the staining of the agent heparin (K18K280) followed the same principles as
protein by heavy metal salts, STEM is able to visualize the described above but omitting the heparin. PHFs from the
unstained protein and measure the mass per length (MPL)construct K12 were also assembled in the absence of
of the structure, taking into account the core as well as the inducing agents but using the hanging drop procedure. For
fuzzy coat where present. In earlier studies various samplesthis the protein was dialyzed against Tris-HCI, pH 6.8, prior
of filaments from AD brain had been ana|yzed by EM and to incubation. The well buffer contained 0.5 M Tris-HCI/1
STEM (14, 23-25), with divergent results that may be M sodium acetate, pH 6.8. The protein concentration was 5
related to the type of preparation. The improvements in Mg/mL (382xM) in 20 uL of 200 mM Tris-HCI/200 mM
purification schemes for PHFs from Alzheimer's bra( sodium acetate, pH 6.8. Incubation was carried out &0
27) and in the polymerization of recombinant tau prompted for 7 days.
us to address once more the issue of mass distribution. In Binding of Fluorescently Labeled Heparin to PHRHF
particular, we made use of certain FTDP-17 mutations of formation was carried out in the presence of fluorescein-
tau (e.g.AK280) which allow efficient PHF assembly with-  labeled heparin with a molar ratio of protein:heparin of 1:0.25
out cofactors, which avoids complications in interpretation. and incubated for 48 h in the case of K19, K18, and
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K18AK280. Isoforms htau23 and htaudB280 were incu-

bated for 7 days. The reactions were centrifuged at 8000
for 1 h; the pellet was washed once with reaction buffer
without heparin and centrifuged again. After that, the pellet
was dissolved in PBS in the initial volume of the sample,
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measurements are described elsewh®6e37). Dark-field
images were recorded from the unstained PHF samples at
an accelerating voltage of 80 kV and a nominal magnification
of 200000« using electron doses in the range of 350
electrons/nr In addition, repeated low-dose scans were

and the fluorescence of the supernatant and pellet wasrecorded from some grid regions to assess beam-induced

determined.
Fluorescence Spectroscofinhe fluorescence of fluorescein-

mass loss. The 512 512 pixel digital images were evaluated
using the program package IMPSY). In brief, filament

conjugated heparin was measured in the presence of solublesegments were defined by square boxes and their course was

and aggregated tau using a total volume of/k0n a 384-
well plate (Cliniplate black from Labsystems, Frankfurt,
Germany) in a fluorometer (Safire, Tecan, Maennedorf,

either automatically tracked or manually defined. The total
scattering within an integration box fitted to their width and
length was then calculated, and the contribution arising from

Switzerland). Excitation was set at 495 nm and emission atthe carbon support film was deducted. Division by the

518 nm, slit widths were both 5 nm, gain was adjusted to
100, and 10 flashes were used per measurement.
Preparation of AD PHFsImmunoaffinity-purified PHFs

segment length gave the required mass per length (MPL)
value. The mass loss relationships were determined by
monitoring the change in filament MPL as the total exposure

were prepared from Alzheimer’s disease brains as describeddose of the repeatedly scanned regions increased. After

previously, using the reaction with the MC-1 antibo@)
The Alzheimer PHFs were concentrated by pelleting at
18600@ for 14 h and resuspended in PBS. The purity of
the PHF preparation was analyzed by SBFBAGE and
Western blotting with the rabbit polyclonal pan-tau antibody
K9JA (Dako Diagnostics, Hamburg, Germany).
Immunogold Labeling and Transmission Electron Micros-
copy.For TEM the protein solutions were placed on 600-

correction for this effect the full MPL data sets were
displayed in histograms and fitted to Gaussian curves. The
positions of the MPL peaks, their standard deviations (SD),
and an estimate of the number of measuremamtgiying

rise to them were noted.

Limited Proteolysis.Soluble and polymerized proteins

were digested with the endoprotease trypsin (Promega,
Madison, WI) at a protein:protease ratio of 500:1 at°87

mesh carbon-coated copper grids for 5 min. The grids werefor various times (0, 10, 30, and 60 min). The proteolysis

washed twice with PBSalbumin buffer (1%, pH 7.4). For
immunogold labeling the grids were incubated on a drop of
antibody—-gold solution (prediluted 1:50 in PBS)rfd h in

reactions were stopped by addition of one-fifth of the original
volume of 5x SDS-PAGE sample buffer. PHFs digested
with other proteases such as GluC and chymotrypsin did not

a chamber with a water-saturated atmosphere. After beingyjeld distinct bands.

washed twice with PBS and distilled water the grids were
negatively stained with 2% uranyl acetate for 1 min and
examined with a Philips CM12 electron microscope at 100
kV. For negative stain electron microscopy 10 M protein

solution was stained with uranyl acetate as described above

For colloidal gold-antibody complexes, the colloidal solu-
tion was prepared by the reduction of tetrachloroauric acid
by sodium citrate 35). To form the gold-protein complex
2.5 mL of gold solution and 500L of protein solution were
mixed and stirred for 15 min. BSA was added to final
concentration of 0.1% and stirred for an additional 10 min.
The solution was centrifuged at 32000 rpm for 15 min at 4
°C, and the soft pellet was removed carefully.

Scanning Transmission Electron Microscopy (STEM).
STEM analysis was performed at the Maurice E!llgu
Institute, Biozentrum Basel. PHFs were first concentrated

SDS-PAGE, Elution, and BlottingThe proteolysis reac-
tions were applied to 420% acrylamide Trisglycine
SDS-PAGE (Invitrogen, Carlsbad, CA). Gel electrophoresis
was carried out at 200 V and 50 A with constant current.
Protein bands were negatively stained with zinc imidazole
(38) and excised from the gel. The protein was eluted using
a Centrilutor electroelution device (Millipore, Bradford, MA).
Elution of the proteins was done at 25 mAr 8 h directly
into Centricon centrifugal filter devices with an exclusion
size of 30 kDa.

Mass SpectrometryMass spectrometry was performed
with a SELDI-MS instrument (PBSI; Ciphergen, Fremont,
CA). Peptides eluted from the gels were dissolved in a
saturated matrix solution (sinapinic acid in 50% acetonitrile
and 0.5% TFA). The matrix solution was freshly prepared

and separated from soluble protein by pelleting them in a immediately before use. The samples were applied to chips

benchtop centrifuge at 16090for 20 min at 4°C and
resupended in PBS, pH 7.4, and 1 mM DTT. The protein

which were covered with a hydrophobic surface (H4 chips;
Ciphergen) without any further pretreatment of the target

concentration was adjusted to that required for mass mea-2nd dried at 37C. The measurements were performed in
surements by examining negatively stained samples in athe positive ion mode with various settings of laser power
TEM. As soon as the required dilution had been attained, 7 and sensitivity. A mixture of bovine insulin, bovine insulin

uL aliquots were adsorbed for 1 min to thin carbon films

p chain, ubiquitin, ACTH 1839 (Sigma, Munich, Ger-

that spanned a thick fenestrated carbon layer covering 200many), and K19 and K18 was used for calibration of the

mesh/in. gold-plated copper grids. The grids were then
blotted, washed twice on drops of quartz bidistilled water to
remove all buffer salts, immediately frozen in liquid nitrogen,
and freeze-dried at+80 °C and 5x 1078 Torr overnight in
the microscope. A Vacuum Generators STEM HB-5 inter-

Instrument.

N-Terminal Sequencindreptides were blotted on PVDF
membranes by semidry blotting and briefly stained with
Coomassie blue. After destaining with intensive destainer,
the bands were cut out. The membranes were completely

faced to a modular computer system (Tietz Video and Image destained with 0.1% triethylamine in methanol for abou81

Processing Systems GmbH, Gauting, Germany) was em-

ployed. Details of the instrument’s calibration for mass

min. Afterward the membrane pieces were washed twice with
100% methanol for 1 min by vortexing. The membrane
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Ficure 3: STEM analysis. STEM images recorded from unstained
samples of (A) htaud@K280 PHFs assembled in the presence of
heparin, (B) K12 PHFs without heparin, (C) KAB280 PHFs with
heparin, and (D) filaments from KIK280 without heparin. The

) . T magnification is the same in all micrographs, and the bar in (D)
FiIGURe 2: Electron micrographs of PHFs. PHFs from Alzheimer’s represents 100 nm.
disease brain or assembled from recombinant tau were negatively o o )
stained with uranyl acetate and analyzed by transmission electronfilaments look remarkably similar considering their pro-
microscopy. PHFs from K12 or KZ8K280 were formed with or nounced differences in composition; for example, K19
without heparin, whereas PHF assembly from K19, htau23, and contains less than a quarter of the molecular mass of htau40.
htaud(AK280 required the presence of heparin. The periodically However, PHFs from the short constructs tend to have sharp
appearing twists are indictated by arrows. )

edges, whereas PHFs made from full-length tau isoforms or

h Alzheimer PHFs have fuzzy edges. This reinforces the view

that the packing of subunits in PHFs is determined by a core

pieces were dried and used for N-terminal sequencing wit
a protein sequencer (476A; Applied Biosystems, Foster City,

CA) which consists largely of the repeat domain, surrounded by
' a fuzzy coat 14). The poor staining of the fuzzy coat is
RESULTS presumably caused by its loose packing and hydrophilic

nature [note that the apparent density of tau is less than that

Proteins and PHF Preparation§.o determine the struc-  of single-stranded DNA1(1)]. This makes it difficult to
tural parameters of the paired helical filaments, we comparedanalyze the difference between core and coat by electron
the filaments formed in vivo with those assembled in vitro microscopy. However, since Alzheimer-like PHFs can be
from recombinantly expressed protein. PHFs from Alzheimer assembled from well-defined recombinant proteins, this issue
brain are composed of the six isoforms of tau in roughly can be addressed by complementary methods, such as STEM
equal amounts3Q); they can be purified homogeneously by and limited proteolysis, to be described below.
immunoaffinity chromatographyl@). PHF assembly from STEM Analysis of the Mass per Length of PHFs.
purified tau isoforms in vitro was performed with the longest contrast to negative staining TEM, scanning transmission EM
(htau40) and the shortest isoform (htau23) of tau and with (STEM) is sensitive to the overall mass of the unstained
constructs comprising the repeat domain of tau that is sample and should therefore reveal both the PHF core and
involved in microtubule binding (Figure 1). Construct K19 the outer coat. Representative examples are shown in Figure
contains the three repeats of31 residues each (R1, R3, 3, and the statistical evaluation is shown in Figure 4.
R4) that are typical of fetal tau, K12 contains the three repeatsinspection of the images clearly reveals the fuzzy “halo”
plus a short C-terminal tail, whereas K18 contains all four around PHFs from full-length tau (Figure 3A), compared to
repeats (R+R4). The assembly of tau proteins in vitro is  the sharper edges of PHFs from shorter constructs (Figure
usually stimulated by polyanions in order to achieve reason- 3B8—D). PHFs from construct K12 (121 residues, 13.08 kDa)
able assembly rates, but the mutatiaK280 observed in  polymerized in the absence of heparin show a mass per length
FTDP-17 enables efficient assembly even in the absence of(MPL) of 61 4+ 9 kDa/nm (Figure 4A). The values are
polyanions 40). This made it possible to examine whether summarized in Table 1 in the Supporting Information.
polyanions (such as heparin) are incorporated into PHFs Filaments from the slightly longer construct KAB280 (129
during assembly. Another important aspect for structural residues, 13.69 kDa) show similar values, 58 kDa/nm
studies is the homogeneity of the PHF preparation. Prepara{assembled with heparin) and 62 5 kDa/nm (without
tions of Alzheimer PHFs based on solubility in sarkogd)( heparin) (Figure 4B,C). The close agreement of these values
are more heterogeneous than those prepared by immunoafis remarkable for two reasons. First, they show that similarly
finity chromatography9) and PHFs polymerized from pure  sized constructs of the repeat domain assemble with similar
recombinantly expressed proteins. packing densities; the observed MPL values are equivalent

Negatve Staining Electron Microscopy of PHF8y to 4.3-4.6 molecules of tau/nm. Second, the presence of
negative stain electron microscopy, PHFs assembled in vitrothe polyanionic cofactor (heparin) makes no significant
or in vivo typically show a twisted morphology with an axial ~difference to the filament mass. This suggests that the
crossover repeat of80 nm (Figure 2). Superficially, the  polyanions are incorporated only to a minor extent into the
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Ficure 4: Histograms showing the mass-per-length results: (A)
K12 without heparin (61 9 nm), (B) K18\K280 without heparin

(62 £ 5 nm), (C) K1&AK280 with heparin (58+ 6 nm), (D)
htau4@\K280 with heparin (154 14 nm), and (E) PHFs from
Alzheimer brain (134t 14 nm). Data were summarized by plotting
mass per length values 6f100 individual boxes in histograms.
The results were fitted to a Gaussian distribution. MPL values are
summarized in Table 1 (see Supporting Information).

220 24

filaments, even though they have a major effect on the
assembly rate. Given the ratios of molecular mass 0
= 13.69 kDa, heparirr 6 kDa on average) and stoichiometry
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Ficure 5: PHF assembly with fluorescent heparin. The proteins
K19, K18, K18\K280, htau23, and htau40 were polymerized in
the presence of fluorescently labeled heparin. The fluorescence of
the initial reaction mix was measured (gray bars); after polymer-
ization the reaction was centrifuged, and the fluorescence was
measured in the supernatant (dark gray bars) and in the pellet
fraction (black bars). The fluorescence of the polymerization
reaction was set to 100%. Note that almost no heparin is
incorporated into the filaments.

quently, the PHFs were pelleted, and the fluorescence in the
supernatant (gray bars) and pellet (black bars) was analyzed
and compared with the initial fluorescence (open bars). The
efficiency of polymerization was slightly decreased in
comparison to unlabeled heparin. The results show that nearly
all of the fluorescence is found in the supernatant, indicating
that heparin is not incorporated within the core of the
filaments.

PHFs from full-length tau show much larger MPL values,
for example, 160 kDa/nm in the case of htandk®80 (440
residues, 45.72 kDa) and 134 kDa/nm for the immunopuri-
fied PHFs from Alzheimer brains. The MPL distribution was
relatively broad, suggesting a higher degree of heterogeneity
(Figure 4D). Given the mass of the full-length htau40, the
number of tau molecules per nanometer is 160 kDa%m
45.8 kDa (mol of tau)! = 3.5 (mol of tau) nm?. This value
is ~30% lower than that observed for the constructs of the
repeat domain and indicates that full-length tau is less densely
packed than the repeat domain. In the case of Alzheimer
PHFs, assuming that the six isoforms of tau occur in roughly
equal quantities, their average mass is 41.31 kDa. This
translates into 134 kDa nm¥41.31 kDa (mol of tau)t =
3.2 tau molecules/nm. This density of packing is also smaller
than that of the repeat domains; however, it is remarkable
that it agrees closely with that of the full-length recombinant
tau, suggesting that the packing is determined by similar
principles in both cases.

Definition of the PHF Core by Limited ProteolysiShe
results described so far are consistent with the packing model
of core vs fuzzy coat, but they do not reveal where the core

(4:1 protein:heparin molecule), one would have expected anbegins and ends in the sequence. This question can be

increase of~11% in MPL if heparin had been fully

incorporated into the PHFs, but this is evidently not the case.

To confirm these findings by an independent method, we
tested the incorporation of heparin by using fluorescently
labeled heparin for the polymerization of different tau
constructs and isoforms (Figure 5). The polymerization

addressed by limited proteolysis. A similar approach had
been used for Alzheimer PHFs solubilized by formic acid
and revealed pronase-resistant fragments of 12 kBid(
residues) beginning near the end of R1.L66 or H268) or

R2 (~1297 or H299) B80) (see Figure 7). In this case the
protein species was heterogeneous because the PHFs con-

reactions were carried out in the standard fashion; subse-tained a mixture of all tau isoforms. We therefore decided



The Core of Paired Helical Filaments Biochemistry, Vol. 45, No. 20, 2006451

A 2 cooQ ceso = B A htau23
kDa kDa L3 e
S3®
B K19 N
S3¢

C htau40AK280

IENOFANEEE 1 2 3 4 G

AK280
L4 & P
54-1 Grm—t
D K18AK280 243m]3?2
& B AK280
r . H $4-1 Gty
SRes _ E
- 9 [T
_==.—11/ i R1 243MQTAPVPMPDLKNVKSKIGSTENLKHQPGGG
S a2 it L
o i R2 275-VQIINKKLDLSNVQSKCGSKDNIKHVPGGGS
it b
htau40AK280 K18AK280 R3 308-VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ
FiGURE 6: Limited digestion of PHFs with trypsin. Products of N — *
limited digestion of PHFs from (A) K19, (B) htau23, (C) R4 337-VEVKSERLDFKDRVOSKIGSLONITHVRGGEN
htau4@\K280, and (D) K1&K280 were applied to Trisglycine *
SDS-PAGE and stained by Coomassie blue. Duplicates from two AREHIETHRCTERE A AKEDHOREIKISENNG y
different time points (10 and 60 min) were applied, and the bands 401-GDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL

which were analyzed are marked by arrowheads. The results of

N-terminal sequencing and mass spectroscopy are summarized irf /SURE 7 Diagram of protease-resistant fragments. Tau proteins
Table 2 (see Supporting Information). and constructs are shown as bar diagrams, and the obtained protease-

resistant fragments are shown as lines below in (A) htau23, (B)

19, (C) htau4@K280, and (D) K1&K280. Please note that there
to take advantage of the reassembly of homogeneous ta s a common N-terminal end of the protease-resistant core in the

proteins in order to identify accessible cleavage sites in PHFS.irst repeat for the three repeat tau proteins, whereas in the case of
As a protease we used mainly trypsin because tau containghe four repeat tau proteins there is an additional trypsin cleavage
numerous target sites (Lys and Arg) so that cleavage issite in the second repeat. The sequence of the repeats is shown in
expected wherever the sequence is exposed. Indeed, solubl€E): The N-termini of the core fragments are indicated by triangles

. . . which point to the right and the C-termini by triangles which point
tau is rapidly and completely degraded by trypsin (not (4 he left. The cleavage sites found by Jakes eB8). dre marked

shown), consistent with its natively unfolded structure and with asterisks, and the open circles label a lysine in the third repeat
the numerous cleavage sites. which is not cleavable due to the following proline.

PHFs were incubated for 10 or 60 min at a protein:protease
ratio of 500:1 and then analyzed by SBBAGE, N-terminal band 9 with an N-terminus at H268 and a C-terminus at K347
sequencing of the excised fragments, and mass spectroscopyer K340. The same results were obtained for the dimer of
For PHFs made of K19, KI18K280, htau23, and htau40- band 9, band 8.
AK280, protease-resistant fragments were found even after A similar pattern emerged for the digestion of PHFs from
60 min of trypsin exposure (Figure 6). The longest protease- the three repeat construct K19 (Figure 6A). Here the largest
resistant band from htau23 PHFs (three repeats) starts in theprotease-resistant band starts at the middle of the first repeat
second half of R1 and ranges up to the C-terminus L441. (site R1, 1260, H268) and ranges to K347 (Figure 6A, band
Sequencing revealed three closely adjacent N-termini, S255,5), with additional shorter fragments of H268343 or
1260, and H268 (Figure 6B, band 2; summarized in Figure H268—-K340 terminating in site R4, i.e., 7388 residues in
7 and Table 2 in Supporting Information). We refer to this length (Figure 6A, band 6). After prolonged digestion the
region as trypsin site R1. The persistence of this long most prominent fragment is H268&340 (Figure 6A, band
fragment extending from site R1 to the C-terminus (“frag- 7), which appears to arise by cleavage of eight amino acids
ment Ly", containing the resistant part of three repeat tau from the N-terminus and of seven from the C-terminus of
plus the C-tail) means that these domains together are wellband 5 (Figure 6A). Thus, PHFs from three repeat recom-
protected in PHFs (Figure 7A). The second most prominent binant tau have well-defined borders of protease sensitivity
band (band 4) has the same N-terminus at site R1 (1260,around residues 26270 and 346-350, generating several
H268) but ranges only to K347 in the middle of the fourth variants of fragment Snote that fragment.cannot occur
repeat (in the region of site R4; see below), generating a here because K19 extends only to E372).
shorter fragment of 80688 residues in length (“fragment’S In the case of PHFs from full-length htau¥ki280 (four
Figure 7A). Band 3 represents the dimer of band 4. After repeats, Figure 6C), the longest stable band (2) starts similarly
prolonged proteolysis band 2 was shortened at the N-terminusin the first repeat at site R1 (1260, H268) and extends to the
down to H268 as the predominant N-terminus (Figure 6B, C-terminus of the protein, generating a long resistant
band 7). Band 4 was additionally cut at both ends, yielding fragment L (Figure 7C). The next shorter band (3, Figure
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6C) starts at H268 and contains the entire second and third K9JA KBtauR4
repeat and the beginning of the fourth repeat (up to K347 in
site R4), generating the shorter fragment Burther bands

(4 and 5, Figure 6C) start in the second repeat at sites D295
or H299 (site R2) that are homologous in position to the
cleavage sites in the first repeat (site R1), and they extend
to the site R4, the fourth repeat (K340, K347). This generates
a shorter version of Stermed $-;. This is analogous to
fragment S described above for three repeat tau, except that
it begins in repeat 2 and not in repeat 1. After extended
digestion band 2 was shortened at the N-terminus by eight
amino acids to an N-terminus at H268 (band 7, Figure 6C).
After 1 h of proteolysis there was no change of bands 8, 9,
and 10, which are identical to bands 3, 4, and 5, respectively.
In summary, for PHFs from htauAX280 the N-terminal
domain up to the end of the first repeat is initially cleaved
off and rapidly digested into small pieces. This is followed
by the slower removal of the C-terminal tail, leaving a
resistant fragment overlapping largely with the repeat
domain. To a lesser extent cleavage inside the second repeat

"K18AK280 htau23 ' 'K18AK280 htau23 '

S

occurs as well so that the core fragments are more hetero- £ htauzs

geneous than those obtained from the three repeat containing 1441

proteins htau23 and K19. KBtauR4
Digestion of PHFs from the four repeat domain construct T e—

K18AK280 (Figure 6D) yields a similar pattern as the three E AK280

repeat construct K19. The first resistant bands start at 1260 K18 243m3?2

(6) or H268 (7) at site R1 within the first repeat (Figure e

6D), both ending at K347 at site R4. In contrast to the full- C—

length protein htau4@K280 there is only a minor amount _ KOJA _
Ficure 8: Immunogold labeling of PHFs. Electron micrographs

of a band starting within the second repeat (8 in Figure 6D), ; ;

. . . ’ of immunogold-labeled and negatively stained PHFs of KK880
ranging from D295 (site R2) up to K347 or K340 (site R4). (A and C) and htau23 (B and D) which were decorated with gold
After prolonged digestion, band 7 became slightly shorter particles linked to anti-tau antibodies K9JA (A and B) or KBtauR4
at the C-terminus (11, H268340, from site R1 to site R4), (C and D). The arrows in (A) highlight a region where the gold
whereas a fragment which corresponds to band 8 stays thegarticles appear to follow the twist of the filament. The bar in panel

represents 100 nm. Panel E illustrates the epitope of the
same. In summary, PHFs assembled from the four I’Gpeatpolyclonal antibodies KBtauR4 (restricted to R4) and K9JA

domain K18 exhibit a similar pattern of protease sensitivity (gistributed over the repeat domain and the C-terminal tail) in the
as PHFs from the full-length four repeat protein, namely, protein htau23 and (in panel F) the construct K18.
an N-terminal region around H268 within the first repeat, a ] ) ) )
C-terminal region around K343 in the fourth repeat, and an €nd of the core. Consistent with this, we did not observe
additional cleavage site around H299 in the second repeat/abeling along the length of PHFs. However, ends of PHFs
Thus the core peptides are either around 75 residues longWere labeled, presumably because the epitope was more
which is equivalent te~2.5 repeats (fragment,)5 or alter- exposed. Typically only one of the two ends is labeled,
natively ~45 residues long~1.5 repeats, fragmentS). indicating that PHFs have an intrinsic structural polarity
Immunogold Staining of the PHF Core Defines Structural (Figure 8C,D).
Polarity. To refine the analysis of the ceatore boundary,
we labeled the different types of PHFs with site-specific DISCUSSION
antibodies and visualized them by immunogold electron  The aim of this study was to contribute to our understand-
microscopy. We used the polyclonal antibody K9JA (raised ing of the structural principles underlying the pathological
against construct K& Q244-1L441, recognizing the whole  aggregation of tau protein into PHFs. It has been known for
C-terminal half from the first repeat to the C-terminus) and some time that the aggregation is based on a “core” domain
the monoclonal antibody KBtauR4 [with a clearly defined which contains the assembly capacity, surrounded by a fuzzy
epitope at L344-Q351 in the fourth repeatip)]. These were  coat which is poorly visible by TEM1@). Isolation of the
labeled with 8 nm gold particles and used as markers of PHF core by pronase digestion of PHFs revealed that it largely
structure. overlapped with the repeat domain of tau and contained well-
Since K9JA has a broad epitope distribution which defined protease-sensitive regior29,(30). Similar results
includes the entire core domain, one would expect that it were obtained with other proteases, e.g., calpaif).(
labels PHFs from all protein sources. This was indeed However, it remained unclear why tau, a highly soluble
observed, and labeling is seen over the whole length of theprotein with hydrophilic character, would form insoluble
filaments (Figure 8A,B; note the example of Figure 8A where fibers in aging neurons. Subsequent work, based on recom-
the gold particles appear to follow the twist of the PHF, as binant tau, opened up the way to study PHF assembly in
if labeling occurred only on specific points on the outer vitro (2, 7, 11, 44, 45). It showed that the repeat domain is
surface). In contrast, the epitope of KBtauR4 lies near the important for PHF assembly whereas other domains are
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inhibitory, that polyanionic cofactors greatly increase the rate By comparison, for PHFs immunopurified from Alzheimer
of aggregation, and that certain hexapeptide motifs in the brains we found a mean MPL of 134 kDa/nm. One important
repeats are crucial because of their enhanced propensity fodifference of these filaments is that they are heterogeneous
S structure. Although the in vitro studies generated filaments because they contain all six human tau isoforms in roughly
resembling bona fide PHFs in terms of overall morphology, equivalent fractions. Thus, the effective mean mass of the
the relationship with PHFs formed in cells remained uncer- average tau subunit would be around 41 kBd,1% less
tain, partly because a large fraction of the protein in PHFs than full-length htau40. On this basis, if the packing were
cannot be visualized reliably, partly because of the unknown the same as in the htau40-PHFs, one would expect an MPL
effects of the cofactors of assembly on the molecular level, of 139 kDa/nm, which translates inte3.4 average molecules/
and partly because the folding of the chain in the transition nm on average. Given the uncertainties in the underlying
toward PHFs is unknown. This provided the motivation for assumptions, we consider the agreement between htau40
asking whether the structure and subunit disposition is similar PHFs and Alzheimer PHFs rather good, indicating that the
in PHFs from Alzheimer brains and reassembled in vitro, packing of subunits is similar in the two cases (and, as
using methods that are sensitive to the mass distribution andmentioned above, allowing for packing defects due to the
surface accessibility such as STEM and limited proteolysis. tau domains outside the core).

STEM AnalysisThe STEM results (Figure 4) show that  How do these values compare with the literature? The
different constructs of the repeat domain with comparable proplem is that the published values vary over a wide range,
chain lengths (123129 residues) but differing in composi-  ang it is evident that this is largely related to differences in
tion (e.g., three repeats in K12, four repeats in K18) yield preparation. For example, our value 134 kDa/nm is in
very similar mass per length valuesg0 kDa/nm, corre-  reasonable agreement with the range of 1020 kDa/nm
sponding to~4.3-4.6 molecules/nm. This result argues yeported by Kziesak-Reding and co-worker5,( 46).
strongly that the packing is similar, despite the variation in However, the caveat is that our PHFs were immunopurified,
repeat number. L _Whereas earlier preparations relied on different types of

One concern was the contribution of assembly-promoting soupilization. In addition, the stage of the disease appears
cofactors such as heparin to the observed mass because thig matter, since PHFs from older brains tend to yield lower
would complicate the interpretation. Unexpectedly, this made ya|ues, presumably because protein is lost from the fibers
no measurable difference, despite its pronounced effect ongye to proteolysis. Thus, tau fibers from Pick’s disease were
the rate of PHF assembly. The STEM results were verified found in a range of 724113 kDa/nm 47), suggesting a
biochemically using a fluorescent derivative of heparin, with nacking of about 1.5 tau molecules/nm. Measurements of
the same result; i.e., aimost none of the heparin coassembleghe pronase-resistant core of AD PHFs yielded about 65 kDa/
with tau. Thus, heparin plays primarily a kinetic rather than nm (14). This value is in fact in good agreement with the
a structural role [note that these results do not confirm the y/gjyes we obtained from the repeat domain alon&q kDa/
claim that heparin colocalizes with tau fibers in the brain m) arguing that the observed packing of the core is similar
(7)]. It is possible that heparin converts soluble tau into a jn poth cases, equivalent ted—5 tau subunits/nm.
more aggregation-prone conformation [consistent with our Limited Digestion and Definition of the PHF Cotéimited

recent NMR resultsg)], and/or that it transiently stabilizes . e .
the tau oligomers that nucleate PHF45) The lack of digestion |s_aW|der used tool to assess the surface exposure
incorporation of heparin in tau filaments is analogous to the Oio?gilr@zztéder()CtZ?rlnn;ssagribtl?esdlf:?)ercéht:gsizubaStrl:g:g;ieogs
low incorporation of arachidonic acid into tau filaments when P ; pro ; gap

a probing tool, it would be desirable to have a spread of

the latter is used as an inducdQ). In any case, the result . X ;
. : . potential cleavage sites on the target protein so that surface-
means that the STEM data can be interpreted directly in terms ;
P exposed loops can serve as targets. In the case of tau which
of protein distribution. . . . . :
contains numerous basic residues, trypsin is a natural choice,

Full-length tau is~3.5 times larger than the repeat domain ; , X .
) . . ) and in fact all observed cleavage sites occur behind a lysine

constructs, and therefore, if the packing were identical, one . - . ) .
in the sensitive regions. By comparison, other less specific

would expect MPL values around 210 kDa/nm for PHFs
T proteases could also be used [and have been employed to
from full-length tau. The mass distribution shows a shoulder
. ; probe the core of AD PHF20)]. However, we found that
around 180 kDa/nm (Figure 4D), but the bulk of the filaments , ."~ . .
. this is less suitable for the PHFs assembled from recombinant
have lower values around 157 kDa/nm, equivalent to only . LT .
A protein because the protein is digested too quickly and too
3.4 molecules of tau/nm. The reasons for this discrepancy . :
thoroughly into small pieces, presumably because these PHFs

are currently not clear, but it is evident from the distribution | ble than AD PHE d break N th

that full-length tau PHFs are more heterogeneous and aree €SS stable than s and brea apart in the process
(28). On the other hand, chymotrypsin has also been used

more loosely packed than those made from the repeat

domain. We speculate that the large fraction of the chain to |dent|fy_ funct|onal domains in tau prpte@&), but this
. o . protease is not suitable for PHF analysis since tau has only
outside the repeat domain interferes with the assembly

— : a very low content of aromatic residues.
process and thus causes building errors which lead to a y

suboptimal packing. The results of the limited tryptic digestion of PHFs are
This is consistent with the observation that the N- and femarkably consistent for PHFs made from different forms
C-terminal domains tend to slow PHF assemBly6). Here, ~ Of tau (full-length or repeat domain).

too, we note that a substantial incorporation of heparin into (1) The N-terminus up to the middle of the first repeat
the filament would not explain the difference either, because (site R1) is highly sensitive to proteolysis; it is quickly
this would make the effective mass of the protein even digested into small peptides. This means that the stable core
smaller. of the PHF starts roughly at site R1 (fragments beginning at
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S258, 1260, or H268, all consensus sites for tryptic cleavage Wischik and colleague<20) showed that AD PHFs can
because of a preceding lysine). be digested with pronase with little change in the morphology

(2) The second-most sensitive site lies in the fourth repeat of the filaments. However, the size of the protein subunits
(site R4, fragments ending at K340, K343, or K347). This was reduced te-9.5-12 kDa. Further analysis revealed that
implies that the stable PHF core ends at this site. Thus thethese fragments consisted of sequences derived from the
core comprises roughly the second half of R1, R2 (if present), repeat region and the C-terminal flanking regi8)( These
R3, and the first half of R4. authors noted the surprising feature that the subunit peptides

(3) The C-terminal tail beyond site R4 is semiprotected contain_eq the equivalent of approximately three repeats, yet
as long as it is attached to the core, but when cleavage occurstN®Y originated from both three repeat and four repeat tau.
the C-terminus detaches and is digested quickly into small The reason was that cleavage S|tes_ occurred both near the
peptides. This suggests that the C-terminal tail maintains €Nd Of R1 and near the end of R2 (if present). These sites
some interaction with the core which tends to protect it (in '€ in remarkably good agreement with site R1 and site R2
contrast to the N-terminal domain before site R1 which is found in our studies. This is strong evidence that the packing
not protected). of subunits is S|m|lar in PI_—|Fs frlom Alzhe|mer bram and

(4) When R2 is present (as in four repeat forms of tau) reassembled in vitro, and including different tau |sof0rm§.
there is a secondary cleavage site (site R2, fragmenisln all cases there must be exposed loops that are sensitive

s . ._to proteases (pronase or trypsin) which define the beginning
bggmnmg at D295 or H.2.99’.b°th precgded by Iysmes). This of the protected region of PHFs (Figure 7E). One difference
site is located at a position in R2 that is roughly equivalent

to site R1 in repeat R1 (allowing for the different locations In the two data sets lies in the C-terminus of the protease-
PE ) 9 . S resistant core. We found site R4 at the beginning of the fourth
of cleavable lysines). This suggests that site R2 is in a

surface-accessible chation, similar to site Rl apd site 34. ::i?/?(t)tr(;/(;i:&; esrjltrcge V\\,Ivr?tehret?]‘z Jg_ligfm?f,uisgt f_?ggg i‘; a

(5) Thus the resulting fragments may begin either at site yixtyre of peptides, obtained from a complete digest of the
R1 or site R2 which differ roughly by one repeat. They may 12 kpa fragment. The differences in the C-termini between
terminate either at site R4 or at the C-terminus, generating ihe gigestion of AD PHFs of Jakes et al. and this study might
“short” or “long” fragments (which differ roughly by 100  pe caused by different enzymes that were used or by the
residues). different samples. Jakes et al. used PHFs derived from brain,

The high proteolytic sensitivity of the N-terminal part of which might be posttranslationally modified, whereas we
tau was noted previously for soluble tau protein examined used highly purified tau protein for assembling PHFs. In
by chymotryptic digestion. It allowed an operational distinc- immunogold staining experiments the antibody which rec-
tion between the microtubule-binding “assembly” domain ognizes the protein when cleaved at E391 labels the fuzzy
and the nonbinding “projection” domain by cleavage behind coat and not the core of the PHF29), and therefore we
Y197 (48). The chymotryptic fragments are well detectable assume that the cleavage at the C-terminus by pronase of
because aromatic residues are rare in tau, but here wealzheimer PHFs might have been influenced by unknown
confirmed the high sensitivity of the N-terminal domain factors.
because it is degraded rapidly even at very low enzyme:tau Some studies have assessed the effect of calpain cleavage
ratios (data not shown). By contrast, the lower proteolytic of tau @3, 51). Calpain recognizes and cleaves PEST motifs;
sensitivity of the C-terminal tail can be explained by an nine of them were determined in ta4dj. They are located
incorporation of the C-terminus into the PHF core structure. at positions 11, 44, 230, 254, 257, 267, 310, 340, and 394.
For both full-length proteins htau23 and htawd®80 the PHFs were digested by calpain and the cleavage products
long fragments appeared at the same rate as the shorteanalyzed by site-specific antibodies. The authors found that
fragments (indicating that the initial cleavage is at site R1). the N-terminal domain was cleaved off up to a position of
Furthermore, in both cases the longer fragments decreased-200, whereas the C-terminal domain was not affected. This
at the same rate as the shorter ones during prolongedresult is consistent with ours in that it confirms that the
incubation with trypsin. Therefore, the long fragments were N-terminal half of tau in PHFs can be degraded, but the
not necessarily degraded to the shorter fragments. But, onC-terminal half is protected by being part of the core or by
the other hand, no peptides were detected that comprise thejose attachment to the core. In recent studies of a cellular
C-terminus without the repeats, arguing that the C-terminus model we have shown that aggregation of a four repeat
is incorporated within the repeat core, but cleavage within containing fragment of tau (K18280) was strongly
the fourth repeat enables trypsin to degrade the C-terminusfacilitated after cleavage before S258).
completely. Immunogold Labeling of the PHF Coréhe immunogold

In the soluble state of tau conformationally dependent labeling data show that the core of the PHFs contains the
antibodies indicate an interaction of the C-terminus and the epitope of an antibody which recognizes a sequence in the
repeat region (antibody MN423 reacts against a truncation beginning of the fourth repeat (KBtauR4). In both full-length
site downstream of the repeats at E391) and residues withinisoforms and a shorter fragment comprising only the four
the repeat domaiQ) and by indirect approaches measuring repeats, this antibody recognizes only one tip of the polymers.
the polymerization of tau molecules with and without the This reveals first that the epitope is not accessible in the
C-terminus 22). We confirmed an interaction between these core part of the filament and second that it is presented at
regions by FRET of soluble tau with FRET pairs spanning the two ends of the PHFs differently, indicating a polar
the distance from the repeats to the C-termira@.(These structure. It is unclear whether this polar distribution of
data suggest that already in the soluble tau an interaction isepitope presentation also means that the growth of PHFs
formed, which becomes stabilized after aggregation. occurs in a polarized fashion as well. A polarity in PHFs is
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in good agreement with results from other studi3 64).

In the case of & a bilateral growth was reported, and
similarly for the growth of amyloid fibers from Ure2p,
although the elongation rates were different for the two ends
(55). The recognition of the full length of PHFs by the
antibody K9JA, which being a polyclonal antibody has
multiple epitopes widely spread over the C-terminal half,
shows that the label is tightly attached to the core of the
PHFs both in the full-length isoform htau23 and in the four
repeat construct K18. These data argue that the C-terminal
tail is generally bound to the PHF core; it does not project
away from the core and thereby does not contribute much
to the fuzzy coat.

Constraints for the Packing of Tau within PHFShe
arrangement of tau in PHFs is unknown, but the data
presented here and previousB; (5, 31, 56) provide some
important constraints for possible models. The constraints
include the following features:

(1) There are roughly 4 tau molecules (range-35)
per nanometer of filament length, independent of the tau
isoform composition.

(2) The axial repeat is dominated by crgsstructure 56,

57), containingp-strands perpendicular to the filament axis
(repeat 0.47 nm, equivalent te2 strands/nm).
(3) The g-strands reside mostly in the repeat domain
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Ficure 9: Model of the arrangement of tau molecules within the
PHFs. Possible arrangements of tau molecules are shown for the
construct K19 (A), K18 (B), and htau40 (C). The four repeats are
(around the hexapeptide motifs) color coded (first repeat in green, second repeat in red, third repeat
. o . L . in blue, and fourth repeat in orange). The filament axis lies in the
(4) Trypsin-sensitive exposed sites lie in equivalent ,ane of the paper. The molecules show straight arrows indicating
positions in the repeats, observable in R1 and R2 (not g structure and loops where proteases can cut if a recognition site
observable in R3, presumably due to the absence of cleavablés present. In the front four molecules forngaheet whose strands
target motifs). run perpendicular to the filament axis. Behind it a second sheet in

. . e T faded colors is shown. The cleavage sites of trypsin are indicated
Figure 9 |Ilust.rates one example fulfilling these Cr!terla. by scissors in (C). The N-terminus %dotted blackyIFi)ne) sticks out of
Each molecule is shown stretched out across the filamentine core of the PHFs, whereas the C-terminus (solid gray line) leans
axis; the neighboring one is spaced 0.47 nm above or belowagainst the repeat domain and is partially protected against
to form aB-sheet. This structure amounts to 2 molecules/ proteolysis.
nm, and therefore two sheets are required to fulfill the STEM
criteria (shown as a second sheet, shaded in the background)guishing between these models will only be possible if further
If we assume that-30% of the amino acids are in th molecular constraints can be introduced, for example,
conformation, this would yield 3840 amino acids in an  distances between residues derived from X-ray, EPR, NMR,
extended conformation equalling about-14 nm (one  or other types of experiments (see, for example, 66,
amino acid= 0.35 nm). This would be in rough agreement and59).
with the observed width of the filaments (not considering
the residues in the ngfi-conformation). The orientation of
the g-strands could be parallel or antiparallel; the example
shows parallel strands within one sheet and antiparallel
orientation between the two neighboring sheets, reminiscent
of the model of-amyloid fibrils (58).

The protease-sensitive regions are indicated as loops
protruding from the sheet structure, located in equivalent
regions in 3R or 4R isoforms, as suggested by the tryptic
fjiggstion experiments. The observed c!eav_age sites ares PPORTING INFORMATION AVAILABLE
indicated by scissors. The cleavage site in repeat R1
represents the beginning of the PHF core and the site in R4 Table 1 summarizing the sample statistics and the results
the end of the core. However, in full-length isoforms the of the STEM analysis and Table 2 summarizing the peptides
C-terminal tail can be tightly associated with the core, as identified by N-terminal sequencing and mass spectrometry.
judged by its relative resistance against proteolysis (gray in This material is available free of charge via the Internet at
Figure 9C). http://pubs.acs.org.

Alternative models can be generated as well, based on
similar principles. For example, if each molecule contains a REFERENCES
hairpin loop so that two juxtaposed parts of the chain form
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