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By using tryptophan scanning mutagenesis, we ob-
served the kinetics and structure of the polymerization
of tau into paired helical filaments (PHFs) independ-
ently of exogenous reporter dyes. The fluorescence ex-
hibits pronounced blue shifts due to burial of the resi-
due inside PHFs, depending on Trp position. The effect
is greatest near the center of the repeat domain, show-
ing that the packing is tightest near the B-structure
inducing hexapeptide motifs. The tryptophan response
allows measurement of PHF stability made by different
tau isoforms and mutants. Unexpectedly, the stability of
PHFs is quite low (denaturation half-points ~1.0 m
GdnHC]), implying that incipient aggregation should be
reversible and that the observed high stability of Alzhei-
mer PHF's is due to other factors. The stability increases
with the number of repeats and with tau mutants pro-
moting B-structure, arguing for a gain of toxic function
in frontotemporal dementias. Fluorescence resonance
energy transfer (FRET) was used to analyze the dis-
tances of Tyr®'® to tryptophans in different positions.
The degree of FRET in the soluble protein was position-
dependent, with highest signals within the second and
third repeats but low or no signals further away. In
PHF's most mutants showed FRET, indicating that tight
packing results from assembly of tau into PHF's.

Paired helical filaments (PHFs)! bundled into neurofibrillary
tangles form one of the hallmarks of Alzheimer’s disease and
other neurodegenerative diseases. Their main constituent is
the protein tau in a highly phosphorylated form. Tau normally
functions as a microtubule-associated protein that is involved
in microtubule stabilization and neurite outgrowth (1, 2). In
principle, tau is one of the most soluble proteins of the brain,
and therefore one of the key issues in molecular Alzheimer’s
research is the question of how and why tau becomes insoluble
and aggregates into PHF's. To study this, one has to measure
tau aggregation in vitro, and one has to develop assays to detect
the aggregation rapidly and quantitatively. Such assays could
then be used to study the factors that lead to tau aggregation,
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and to search for reagents that inhibit aggregation and could
therefore be used in prevention or therapy.

Human tau is coded by a single gene located on chromosome
17. Early in development there is only one isoform, the smallest
“fetal” isoform htau23 (352 residues). During neuritogenesis,
six main isoforms are generated in the human central nervous
system by alternative splicing, the largest being htau40 (441
residues, Fig. 1) (3-5). One additional higher molecular form is
generated in peripheral nerves (big tau). The six main isoforms
in the central nervous system are distinguished by the pres-
ence or absence of two near-N-terminal inserts (coded by exons
2 and 3) and the second of four semi-conserved repeated motifs
of 31-32 residues in the C-terminal half (coded by exon 10).
One broadly distinguishes two major domains of tau, the C-
terminal “assembly domain” and the N-terminal “projection
domain.” The assembly domain binds to microtubules through
the 3 or 4 repeated motifs (R1-R4) and the adjacent proline-
rich sequences; the projection domain is not involved in micro-
tubule binding, points away from the microtubule surface, and
may serve other functions that are presently not well under-
stood. The repeat domain plays a dual role; it is not only
involved in microtubule stabilization but also forms the core of
Alzheimer PHFs after pathological aggregation (3, 6-8).

PHFs resembling those of Alzheimer’s disease have been
assembled from recombinant tau in vitro. This process is usu-
ally very slow (days or weeks), corresponding to the highly
soluble nature of tau, and the verification of a bona fide PHF-
like structure requires extensive structural characterization
(electron microscopy, x-ray scattering, CD, or Fourier trans-
formed infrared spectroscopy). Several principles have
emerged over the past few years. The repeat domain is impor-
tant for PHF aggregation (9-12); aggregation is strongly fa-
vored by oxidation that leads to tau dimerization by disulfide
cross-links at Cys®22 (9, 13); aggregation is also strongly en-
hanced in the presence of polyanions such as heparin, ribonu-
cleic acids, or acidic peptides such as poly(Glu) (12, 14, 15).
Based on these principles, an assay of PHF aggregation in vitro
has been developed that can be used in solution and in real
time (16). It is based on the fact that the fluorophore thioflavine
S added to the aggregation solution, strongly increases its
fluorescence yield when PHFs are formed. This opened up the
possibility of performing kinetic studies of PHF aggregation;
for example, it was shown that the aggregation process follows
a nucleation-elongation mechanism (17, 18). Although the ThS
assay works reproducibly, it is conceptually not ideal because it
relies on an exogenous reagent that could possibly alter some
features of the aggregation pathway.

We have therefore searched for aggregation assays based on
signals that are intrinsic to tau protein. In many cases, internal
fluorophores provide signals when the fluorescence yield or
excitation and emission spectra respond to the reaction proc-
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ess. For proteins, such intrinsic signals are essentially re-
stricted to tyrosine and tryptophan residues. Recently some
studies (19, 20) showed similar approaches for other amyloids.
Tau contains 5 Tyr residues but no Trp. We therefore explored
the response of the Tyr fluorescence to the aggregation of tau
into PHFs, and we show here that it can indeed be used to
monitor the process. However, a much clearer signal is ob-
tained from Trp. Because wild-type tau contains no Trp, it has
to be introduced by site-directed mutagenesis. We used its
fluorescence as a reporter to obtain new insights into the con-
formation of tau in the soluble state and after incorporation
into PHFs. We show that the Trp fluorescence can be used to
determine the stability of PHFs, their solvent accessibility (a
measure of the compactness of PHFs), and the proximity of Trp
and Tyr residues, as seen by fluorescence resonance energy
transfer (FRET).

EXPERIMENTAL PROCEDURES

Chemicals and Proteins—Heparin (average M, of 3000) and thiofla-
vine S were obtained from Sigma. Human tau isoforms and constructs
(see Fig. 1) were expressed in Escherichia coli as described (21). The
numbering of the amino acids is that of the isoform htau40 containing
441 residues (22). The protein was expressed and purified as described
by making use of the heat stability and fast protein liquid chromatog-
raphy Mono S (Amersham Biosciences) (23). Separation of the mono-
meric and dimeric protein of htau39-Y310W was performed by applying
protein samples in PBS on a Superose 12 PC 3.2/30 column (Amersham
Biosciences) under control of the Smart-HPLC System (Amersham Bio-
sciences) with a flow rate of 50 ul/min. The purity of the protein
fractions was analyzed by SDS-PAGE. Protein concentrations were
determined by the Bradford assay. The mutations of K18 (Q244W,
L266W, AK280, AK280-Y310W, 1297W, Y310W, I328W, and I360W),
K19 (Y310W), htau40 (Y310W), and htau39 (Y310W) were created by
site-directed mutagenesis, which was performed using the Quick
Change kit (Stratagene, Germany) and the plasmid pNG2 (24). Plas-
mids were sequenced on both strands.

PHF Assembly—Aggregation was induced by incubating varying con-
centrations of tau isoforms or tau constructs (typically in the range of
50-100 uM) in volumes of 20—-500 ul at 37 °C in PBS, pH 7.4, containing
the anionic cofactor heparin. The ratio of heparin:protein was roughly
1:4 as described (17, 24). Incubation time varied between minutes up to
several days. The formation of aggregates was ascertained by thiofla-
vine S fluorescence and electron microscopy.

Thioflavine S Fluorescence Spectroscopy—Fluorescence was meas-
ured with a Fluoroskan Ascent (Labsytems, Germany) with an excita-
tion filter of 440 nm and an emission filter of 510 nm in a 384-well plate.
Measurements were carried out at room temperature in PBS, pH 7.4,
and 10 uM ThS unless otherwise stated. Background fluorescence and
light scattering of the sample without ThS was subtracted when
needed.

Electron Microscopy—Protein solutions were diluted to 1-10 uM, and
proteins were placed on 600-mesh carbon-coated copper grids for 1 min,
washed with 2 drops of H,O, and negatively stained with 2% uranyl
acetate for 45 s. The specimens were examined in a Philips CM12
electron microscope at 100 kV.

Light Scattering—Microtubule assembly was monitored by light
scattering at an angle of 90° and 350 nm wavelength on a Kontron
spectrophotometer (Kontron Instruments, Germany). 5 uMm tau was
mixed with 30 uM tubulin dimer at 4 °C. The reaction was started by
raising the temperature to 37 °C with defined heating rates. Turbidity
was measured in a quartz cuvette (10-mm path length). Three param-
eters were extracted from the curves: the maximum turbidity at steady
state, the rate of assembly, and the lag time between the temperature
jump and the start of the turbidity rise. Three experiments were per-
formed and averaged.

Fourier Transform Infrared Spectroscopy—The preparation of
samples for FTIR was performed as described (25). FTIR experiments
were performed on a Jasco FT-IR410 instrument (Jasco, Gross-Um-
stadt, Germany). Atmospheric water vapor was removed by flushing
the spectrometer with nitrogen. Interferograms were mostly recorded
between 1700 and 1600 cm ™! at a spectral resolution of 1 cm™?, and
128 spectra were averaged. They were acquired in the transition
mode using CaF, cells, separated by spacers of different thicknesses
(usually 25 pwm). After recording a reference spectrum of the instru-
ment and of the D,O lot used, the protein solutions were applied, and
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the absorbance spectrum of the sample was measured. The water
vapor background was subtracted from the D,O spectra and the
sample spectra before subtracting the D,O spectra from the sample
spectrum. To facilitate comparison the spectra were then normalized
with respect to their maxima.

Fluorescence Spectroscopy—All fluorescence experiments were per-
formed on a Spex Fluoromax spectrophotometer (Polytec, Waldbronn,
Germany), using 3 X 3-mm quartz microcuvettes from Hellma (Miihl-
heim, Germany) with 20 ul of sample volume. For tyrosine excitation
spectra, scans ranged from 250 to 300 nm at a fixed emission wave-
length of 310 nm, and for emission spectra, scans ranged from 290 to
450 nm at fixed excitation wavelength of 275 nm. For tryptophan
excitation spectra, scans ranged from 210 to 310 nm at a fixed emission
wavelength of 350 nm, and for emission spectra, scans ranged from 300
to 400 nm at fixed excitation wavelength of 290 nm. In all cases, the slit
widths were 5 nm and integration time was 0.25 s, and photomultiplier
voltage was 950 V. Preparations of samples for fluorescence spectros-
copy were similar to those used for FTIR.

Fluorescence Quenching Experiments—Steady-state fluorescence
quenching experiments were performed on either soluble or aggregated
proteins. Aliquots of the stock quenching solutions (5 M) were added into
the cuvette containing 10 uM protein in PBS, pH 7.4. Quenching exper-
iments were performed with excitation at 280 nm. Stock quenching
solutions were freshly prepared at concentrations of 5 M. Quenching
data were fitted to the Stern-Volmer equation, F /F, = 1 + Kq,[QI,
where F, and F, are the fluorescence intensity in the absence and in the
presence of quencher, [Q], at concentration c, respectively, and Kqy is
the Stern-Volmer quenching constant.

Denaturation and Disassembly of PHFs by GdnHCI—For the disag-
gregation of PHFs, preformed PHF's were centrifuged at 100,000 X g for
30 min at room temperature (table top centrifuge TL-100, Beckman)
and resuspended in PBS. 10 uM of this PHF solution was diluted with
GdnHCI (stock solution of 8 M) to various concentrations, incubated at
37 °C overnight, and analyzed the next day. To circumvent inconsisten-
cies due to variations in concentrations, the emission spectra were
normalized to their maximum.

RESULTS

Trp Residues in the Repeat Domain of Tau Are Sensitive
Reporters of the Stages of PHF Aggregation—The structure of
tau is currently not known because it is not amenable for x-ray
crystallographic or NMR analysis. Our earlier results, based on
x-ray solution scattering, CD, and FTIR spectroscopy, have
suggested that soluble tau has a mostly random coil structure
and that aggregation into PHF's is accompanied by a shift in
conformation to a substantial B-sheet content (25-27). The
sequences involved in the conformational transition are located
within the repeat domain of tau (hexapeptide motifs PHF6*
(Val?">—Lys2%) in the second repeat and PHF6 (Val?°¢-Lys311)
in the third repeat). In principle such changes could be moni-
tored by fluorescence changes, notably that of tryptophan be-
cause of its sensitivity to the local environment. Unfortunately,
tau contains very few aromatic amino acids. The longest iso-
form htau40 consists of three phenylalanines (Phe®, Phe345,
and Phe®™), five tyrosines (Tyr'® Tyr?°, Tyr'®" Tyr31°, and
Tyr394), and no tryptophan. None of these lie in alternatively
spliced regions so that all tau isoforms have the same aromatic
residues. In order to measure the impact of PHF formation on
the fluorescence, we introduced tryptophans into different sites
within the repeat domain (Fig. 1C) because this is crucial for
PHF assembly (6, 9, 13, 16, 28, 29). In most cases we performed
conservative exchanges at aliphatic (L266W, I297W, and
1328W) or aromatic amino acids (Y310W and F346W), except
for Q244W, with the aim of minimizing any perturbation in the
protein structure (Fig. 1C). Because of the prominent role of the
hexapeptide motifs PHF6 and PHF6* in PHF assembly, we
were especially interested in the impact of PHF formation on
tryptophan in these sequences.

The fluorescence spectra of the repeat domain construct K18
(containing the single tyrosine Tyr®l° within the PHF6
hexapeptide motif but no tryptophan) and the spectra of mu-
tated K18-Y310W are shown in Fig. 2. The tyrosine containing
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Fic. 1. Bar diagram of tau isoforms, tau constructs and tryp-
tophan mutants. A, full-length isoform htau40 (largest isoform in
human central nervous system, containing two alternatively spliced
inserts near the N terminus (/1 and I2) and 4 repeats (R1-R4) in the
C-terminal half; 441 residues) (54). The protein contains 5 Tyr residues
(18, 29, 197, 310, 397, indicated above bar), but no Trp. Tyr®!® is the
only one in the repeat domain. The mutant Y310W generates intrinsic
Trp fluorescence without inhibiting aggregation (see below). B, isoform
htau39 (only three repeats due to alternative splicing of exon 10 so that
R2 is removed). It contains the same 5 Tyr residues as htau40. C,
enlarged view of repeat domain (construct K18, four repeats only, 129
residues, GIn?**-~Glu®"?). D, repeat domain construct K19, three repeats
only, 94 residues, GIn?**-Lys?"* and Val?***~Glu®*"2. The numbering is
according to htau40, the longest isoform in human central nervous
system containing 441 residues. The dark gray areas flanking the
repeats shown for htau40 and htau39 represent the basic and proline-
rich domains that contribute strongly to microtubule binding (“jaws”
(23)). The dark gray boxes in K18 and K19 show the hexapeptide motifs
PHF6* (2"°VQIINK?®°) and PHF6 (*°*VQIVYK?!!) whose conversion to
B-structure is an early step in PHF assembly (25, 27). The mutation
Y310W (in repeat R3) was introduced in all isoforms. Mutations
Q244W, L266W, 1297W, 1328W, F346W, and I360W covering positions
along the whole sequence of the repeat domain are indicated for K18.

K18 exhibits only a small change in the fluorescence spectrum
during PHF assembly, showing a slight red shift of ~2-3 nm
(Fig. 2, A and B). Although this effect is detectable, it is too
small to serve as a reliable marker of PHF assembly. By con-
trast, the mutant K18-Y310W shows a clear shift upon PHF
assembly, equivalent to a blue shift of ~15 nm from 354 nm in
the soluble state to 339 nm in the polymerized state. The
positions of the excitation and emission maxima, 288 and 354
nm, indicate that the Trp residue is almost fully exposed to the
solvent in the soluble state and not buried in the interior of the
protein. The blue shift following PHF aggregation is explained
by an increased hydrophobicity in the local environment (30,
31); it suggests that Trp®!® becomes buried in a hydrophobic
pocket within the PHF's.

Similar results to the repeat domain K18 were obtained with
the full-length isoforms htau40 and htau39 (lacking R2). The
unmodified proteins contain five Tyr residues (Tyr!®, Tyr?®,
Tyr!®?, Tyr31° and Tyr®%*) whose fluorescence spectra are es-
sentially the same as in K18 (data not shown, see Fig. 2, A and
B). However, when a Trp is introduced at residue 310 it dom-
inates the spectrum. In the soluble state, the excitation and
emission maxima are 288 and 352 nm, indicating almost full
solvent exposure. This means that Trp>'® does not become
embedded in other domains of the protein, even in the full-
length protein. When htau40 is aggregated into PHF's, a blue
shift down to 334 nm is observed (Fig. 2E). This shift is even
more extensive than that of K18 and suggests effective burial of
the tryptophan in a hydrophobic pocket inside the PHFs.

A similar, although less extensive, blue shift is observed with
the Y310W mutant of htau39 (from 352 nm in the soluble to
342 nm in the polymerized state, Fig. 2F). In summary, these
results are consistent with an open structure of the repeat
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Fic. 2. Tyrosine and tryptophan fluorescence spectra of the
4-repeat constructs K18wt and K18-Y310W and of the full-length
isoforms htau39-Y310W and htau40-Y310W before and after PHF
assembly. A and B show the excitation (Ex) and emission (Em) spectra
of construct K18wt in the soluble state (solid curve) and after PHF
assembly (dashed), normalized to the same height (peaks at ~280
and ~ 305 nm, respectively). The fluorescence is entirely due to the
single Tyr®!® that shows a slight red shift upon aggregation. C and D
show the equivalent excitation and emission spectra for the mutant
K18-Y310W. C shows an excitation scan with emission fixed at 350 nm,
which peaks at 290 nm. D shows the emission scan with excitation at
280 nm. The spectra exhibit a maximum at 354 nm for the soluble and
339 nm for the aggregated protein. Note the significant blue shift of the
emission maximum in D following PHF assembly (~15 nm, from 354 to
339 nm). E and F show the emission spectra of the isoform mutants
htau40-Y310W and htau39-Y310W (excitation at 290 nm). Even in the
full-length isoforms the spectra are dominated by the single tryptophan
and show the pronounced blue shift upon PHF assembly (dashed
curves).

domain in the soluble state and with its burial inside the PHF's
during aggregation. All the other tryptophan single mutations
show blue shifts from the soluble to the aggregated state whose
magnitude depends on the site of mutation (see Fig. 7).

Trp Mutants Display Similar Kinetics of Aggregation, Con-
formational Transitions, and Microtubule Interactions as Wild-
type Tau—Introducing mutants into the structural analysis of
tau and PHFs requires evidence that the mutation does not
alter the specific activities of the protein. We will illustrate this
by data on PHF assembly, PHF morphology, analysis of the
conformation of soluble and polymerized protein, and effects on
MT assembly. In our earlier studies on PHF aggregation, we
made use of the accelerating effect of polyanions and monitored
aggregation by the fluorescence of the added dye thioflavine S
(17). Thus, for the present study we checked whether the Trp
mutants would behave similarly by the same criteria. Fig. 3
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Fic. 3. Time course of PHF assembly from constructs K18 and
K19 followed by ThS and tryptophan fluorescence. A, kinetics of
PHF formation of K18 in the presence of heparin (hep) (filled circles,
middle curve) or without heparin (dashed curve, bottom); and kinetics of
K18-Y310W in the presence of heparin (filled squares, top curve) or
without heparin (solid line, bottom) measured by ThS. Note that both
the wild-type and the Trp mutant require polyanions (heparin) for
efficient polymerization and that the time course of assembly is similar,
even though the extent differs. B, kinetics of PHF assembly of construct
K18-AK280 with or without heparin (filled circles, top curve, and empty
circles, bottom curve); and kinetics of K18-AK280-Y310W with or with-
out heparin (filled and empty squares, middle curves). The AK280
mutation allows both proteins to polymerize even without heparin, but
heparin accelerates the process. C, kinetics of PHF formation observed
by tryptophan fluorescence in Y310W mutants of K18 and K19 (excita-
tion at 290 nm, emission scan 300—420 nm, wavelength of emission
maximum is plotted versus time). The proteins containing the AK280
mutations (K18-AK280-Y310W, filled and open triangles) aggregate
rapidly and start from a lower maximum wavelength (~348 nm) than
K18-Y310W and K19-Y310W (start at 355 and 353 nm, respectively).

illustrates that this is the case for PHF assembly, with only
minor modifications. The repeat domain K18 aggregates with
roughly similar kinetics, with or without the Y310W mutation;
in both cases added polyanions (heparin) are needed to achieve
efficient aggregation (Fig. 3A). The result is noteworthy be-
cause residue 310 is part of the hexapeptide motif VQIVYK
involved in the generation of B-structure during aggregation.
Apparently the exchange of Tyr to Trp does not destroy the
capacity of the motif to support aggregation, in contrast to Pro
mutations (27). Next we checked the K18-AK280 mutant. This
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mutant was discovered in a search for FTDP-17 mutations (32);
it is particularly interesting for in vitro studies because this
mutation is highly efficient for PHF assembly (24) even without
polyanions (25). Here, too, we find that the Y310W mutation
has little influence on the behavior of the protein. In either case
it is able to aggregate into PHFs with similar kinetics without
polyanions, although added heparin still has an accelerating
effect (Fig. 3B).

By having shown that the Y310W mutation leaves the ca-
pacity for PHF formation intact, we tested whether the fluo-
rescence of Trp®!° could serve as an intrinsic reporter of aggre-
gation. Fig. 3C shows the wavelength of the emission
maximum during the time course of aggregation. Soluble K18
and K19 begin at values of ~354—-356 nm and change gradually
toward final values of ~340-346 nm (filled circles and
squares). The half-times, ~10 h, are of comparable magnitude
but longer than the values obtained with ThS fluorescence (~5
h, see Fig. 3A), indicating that these two fluorophores empha-
size somewhat different aspects in the aggregation process.

A likely interpretation is that the fluorescence of Trp31° or
ThS responds differently to intermediate steps in PHF forma-
tion (e.g. dimerization, nucleation, and annealing). In addition,
the weighting of the assembly states is different. In the case of
Trp®1°, all molecules contribute, resulting in an overlap of
spectra with different emission maxima. In the case of ThS, the
spectrum is dominated by molecules attached to aggregates,
whereas the contribution of monomers, dimers, and low oli-
gomers is thought to be negligible. Thus, it is possible that
incipient aggregation is highlighted by ThS but not by the
intrinsic fluorescence of Trp. The mixture of aggregation states
is well illustrated by the curves of the K18-AK280 mutants
(Fig. 3C, open and filled triangles) which start already midway
on the y axis, around 348 nm. This is due to the high tendency
of this mutant to aggregate, so that oligomers and small aggre-
gates become noticeable even at the earliest time points. Note
that K19-Y310W reaches the same extent of polymerization as
K18-AK280-Y310W in the presence of heparin regarding the
emission maximum, whereas K18-Y310W in the presence of
heparin behaves similar to K18-AK280-Y310W in the absence
of heparin. This shows one advantage of the Trp fluorescence in
comparison to the ThS fluorescence because the extent of the
shift is defined as the ratio of the soluble to the aggregated
protein (the exact values for the aggregated protein are taken
from Table I, for which PHFs were pelleted and measured
without contamination of soluble protein). The extent of polym-
erization for the proteins was calculated from the relative shift
in the emission maximum (Fig. 3C): K19-Y310W 93%, K18-
Y310W 54%, K18-AK280-Y310W 56% in the absence of hepa-
rin, and 89% in the presence of heparin. Note that with the Trp
fluorescence no centrifugation step was needed to determine
the efficiency of polymerization.

Because proteins can often aggregate in different forms we
ascertained that, in the conditions chosen here, the aggregation
products were indeed PHF's or related structures. Fig. 4 shows
a panel of fibers assembled from different K18 mutants. They
show the morphology and variability of PHFs assembled in
vitro, i.e. widths between 10 and 20 nm, a twist which can be
variable (between 50 and 200 nm), or even “straight fibers”
similar to those that are also observed in Alzheimer’s disease.
In addition there are frequent short fiber stubs (100—200 nm)
that may be breakdown products during specimen preparation.
All of these features are typical of PHF's obtained from Alzhei-
mer brain or reassembled from wild-type tau, indicating that
the Trp mutations do not alter the building plan of the assem-
bly reaction.

The aggregation of tau into PHFs is accompanied by the



41394 Alzheimer Paired Filaments Probed by Trp Scanning Mutagenesis
TABLE 1
Parameters of intrinsic Trp fluorescence of different tau derivatives
. . - . .. Slope (K) of Slope (K) of
Emission maximum Emission maximum Midpoint of 5 :
Mutants in soluble state in PHF state denaturation q;;l;ﬁgglligdgy q:;r;?;l;gigclé)y
(Ex at 290 nm) (Ex at 290 nm) GdnHCI1 soluble stat:a PHF state’
M

K19-Y310W 353 340 1.2 N.D. N.D.
K18-Y310W 355 339 1.1 13.8 4.2
K18-AK280-Y310W 348 339 1.8 9.0 3.7
K18-Q244W 354 342 1.5 11.3 7.1
K18-L266W 353 341 1.3 13.6 8.0
K18-1297W 352 332 1.8 13.5 3.6
K18-1328W 352 340 1.6 11.0 5.0
K18-F346W 352 349 1.0 13.6 9.2
K18-I360W 354 352 1.0 12.0 11.2
ht40-Y310W 352 334 1.0 13.0 3.7
ht39-Y310W 350 342 0.5 16.5 8.1

&

I b L. W

Fic. 4. Filaments polymerized from the repeat domain and mutants containing tryptophan have typical paired helical appear-
ance. Panels from left to right show negative stain electron micrographs of K18wt, K18-Y310W, K18-AK280, K18-AK280-Y310W, K18-L266W, and
K18-1297W. The images show that all K18 mutants aggregate into similar PHF structures There is some variation in the degree of twisting, but

this is not correlated with the type of mutant. wt, wild type.

formation of local B-structure around the hexapeptide motifs
275VQIINK?®° and 3°6VQIVYK?!!. Mutations in these regions
can have a strong influence on PHF aggregation, either favor-
able (e.g. AK280, P301L, both found in frontotemporal demen-
tias) or unfavorable (any proline mutation (24, 27)). It was
therefore important to ascertain whether the Y310W mutation
or any of the other Trp mutations (Fig. 1) had an influence on
B-structure formation. This was investigated by FTIR spectros-
copy. The spectrum of the soluble wild-type K18 protein exhib-
its a maximum at ~1652 wavenumbers (solid line in Fig. 5A)
indicating mostly random coil structure (33). During aggrega-
tion it is shifted to lower values, ~1630 cm ! (dashed line in
Fig. 5A), a typical behavior for increasing B-structure (34). The
tryptophan mutant K18-Y310W shows a comparable shift (al-
though not as prominent, with only a shoulder at 1625 cm ™ 1,
dashed line in Fig. 5B), and indeed all of the Trp mutants of
K18 gave similar results (examples of K18-1297W and K18-
I360W are shown in Fig. 5, C and D). It is therefore likely that
all mutants pass through similar intermediate stages during
their aggregation into PHF's. Note that the change in confor-
mation is nearly invisible for full-length tau because the frac-
tion of B-structure is too low (27).

One of the physiological roles of tau is to stabilize neuronal
microtubules. This function involves the repeat domain (8, 23,
35) and can be observed in vitro by UV light scattering from
assembling microtubule solutions. We asked whether the Trp
mutations in the repeat domain would impair the assembly-
promoting function of tau. Fig. 6 illustrates for the case of the
Y310W that the results with or without the mutation are
nearly indistinguishable. Tubulin alone does not self-assemble
in these conditions (filled circles), but assembly is strongly

1.0 4

I
2
L

——— K18 PHF
—— K18 soluble

——— K18-Y310W PHF
—— K18-Y310W soluble

e

o o
O
[w]

Absorbance (a.u.)

e
o
L

——— K18-1297W PHF

0.0 e K18-I2'97W soluble

1700 1650

——— K18-1360W PHF
—— K18-1360W soluble
T

T
16001700 1650 1600

Wavenumber (cm™)

Fic. 5. FTIR spectra of PHF and soluble tau protein of Trp
mutants. A-D, K18wt, K18-Y310W, K18-1297W, K18-I1360W. The sol-

uble proteins (solid lines) have maxima around 1652 cm™!; polymeri-

zation (dashed lines) shifts the curves to the right (lower wavenumbers),
indicating an increase in B-structure.

enhanced by htau40 or its Y310W mutant (half-time ~0.5 min,
open triangles and squares). A similar result applies to htau39,
except that the assembly stimulation is less pronounced, con-
sistent with the absence of one repeat, R2 (half-time ~1.2 min,
filled triangles and squares). Note that these experiments can-
not be carried out with the repeat domain alone (K18 or its
mutants) because its binding to microtubules and its capacity
of inducing microtubules is too weak at the concentrations used
here when the other flanking domains of tau are absent (23). In
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Fic. 6. Microtubule assembly induced by tau or Y310W mu-
tants. Assembly of microtubules from tubulin was induced by a tem-
perature shift to 37 °C and measured by light scattering (absorption at
350 nm). Without tau, tubulin does not self-assemble at the chosen
concentration (30 uM tubulin heterodimer, filled circles, bottom curve).
Both tau isoforms htau40 and htau39 (5 um) are competent to induce
microtubule assembly (open and filled squares), and the Y310W muta-

tion does not affect the efficiency in either case (htau40-Y310W, open
triangles, and htau39-Y310W, filled triangles).

summary, the Trp mutations introduced into the repeats of tau
have little effect on the structure and functions of tau that
matter for PHF aggregation or microtubule assembly. There-
fore, these mutations can be regarded as valid reporters on
conformations and assembly states of tau.

Trp Mutants Spanning the Repeat Domain Highlight the
Importance of the Second and the Third Repeat for the PHF
Core—Because the repeat domain forms the core of PHFs, one
may expect that its residues become buried within the PHF
structure. The degree of solvent exposure before and after
aggregation can be monitored by means of a fluorescence
quenching agent, e.g. acrylamide. We generated 7 Trp mutants
of K18 distributed over the molecule, and we measured their
accessibility to the quencher. In this type of experiment a
Stern-Volmer plot displays the ratio of F, to F, (without/with
quencher at concentration ¢) as a function of the quencher
concentration. Fig. 7A shows Stern-Volmer plots of the aggre-
gated proteins, and Fig. 7B shows the slopes versus the se-
quence position of the Trp mutants. All the soluble proteins
exhibit nearly the same slopes, ~11-14 (dashed line), indicat-
ing almost maximal accessibility (free tryptophan exhibits a
slope of 17, not shown). By contrast, the slopes of the polymer-
ized proteins are much lower, they vary from 3 to 10 (solid
lines). The plot of slopes versus sequence position appears
roughly U-shaped, with minimal values in repeats R2 and R3
(mutations 1297W, Y310W, and I328W, slopes 4—5) and higher
values toward the two ends, R1 and R4 (Q244W, L266W,
F346W, and I360W). More specifically, the two mutants with
the tryptophan within the first repeat show a lower slope than
those in the fourth repeat, and the slope for the I360W mutant
near the C-terminal end of the repeats is almost maximal,
indicating full solvent accessibility even after PHF assembly.
Thus the quenching experiments emphasize the importance of
the second and third repeat for building the PHF core.

The above conclusions are confirmed independently by ana-
lyzing the wavelength shift of the different Trp mutants before
and after PHF aggregation (Fig. 7C). The soluble proteins
(filled circles) exhibit emission maxima of ~352 nm with very
little variation. By contrast the emission maxima of the poly-
merized proteins show a strong dependence on sequence, with
the largest blue shift (to 332 nm) for the mutant 1297W and the
smallest shift (to 350 nm) for I360W. Remarkably, the curve of
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Fic. 7. Solvent accessibility of tryptophans in the repeat do-
main of tau in the soluble state and after PHF aggregation.
Seven residues, distributed over the repeat domain (construct K18),
were mutated into tryptophans and probed for their exposure to the
solvent (Gln***, Leu?%¢, T1e?7, Tyr®'°, 11e®*?®, Phe®*®, and I1e*¢°) before
and after aggregation. Excitation 290 nm, emission scan 300—420 nm,
with maxima around 350 nm. A, fluorescence quenching by acrylamide
of PHF's formed from K18 mutants, represented as Stern-Volmer plot
F /F, =1+ Kc (c = acrylamide concentration). A high slope K indicates
high solvent accessibility. The top curve (dashed line) shows one exam-
ple of soluble protein (K18-I360W), exhibiting the maximum slope of 13.
The solid curves represent seven mutants of K18 in the polymerized
states, with significantly lower slopes depending on the position of the
Trp residue (slopes between 4 and 10, see B), indicating reduced solvent
exposure. B, dependence of solvent accessibility (slopes in A) on position
of Trp residue along sequence. The slopes of the soluble proteins show
no systematic dependence on the sequence (filled circles, solid line on
top), showing that no shielded pockets are detectable. After PHF as-
sembly (+ symbols, dashed line), a U-shaped curve emerges, illustrat-
ing that the residues near the ends of the sequence (in R1 and R4) are
more exposed than those in the middle (in R2 and R3). Most of the
residues are more buried in the PHF state than in the unpolymerized
state (except I360W). C, dependence of emission maximum wavelength
on position of Trp residue along sequence. For the soluble proteins
(filled circles, solid line on top) the maxima are around 350-355 nm,
indicating full solvent accessibility. After PHF assembly (+ symbols,
dashed line), the emission maximum shows a pronounced blue shift. As
in B there is a U-shaped dependence on the position of Trp in the
sequence, arguing that the residues in the middle are more shielded
than those at the edges of the repeat domain.

wavelength shift versus sequence has almost the same U-shape
as the quenching slopes (Fig. 7B). This demonstrates that the
emission maximum is a reliable sensor of the local environ-
ment, and that repeats R2 and R3 (notably residue 297) become
buried in the PHF structure, whereas the tail (residues 346,
360) is nearly exposed to the solvent.
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Fic. 8. Interactions of hexapeptide motifs analyzed by FRET
between Tyr and Trp. K18 mutation series and htau39-Y310W and
htau40-Y310W were used to analyze FRET between Tyr and Trp in
soluble and polymerized tau protein. Tau proteins containing the
Y310W mutation were irradiated at 275 nm which excites both the Tyr
and Trp fluorescence. A, in the soluble state of htau40-Y310W (solid
curve), the combined fluorescence of Tyr'®, Tyr?®, Tyr'®?, and Tyr®" is
visible as a shoulder at ~305 nm on the dominant fluorescence of Trp®'°
peaking at 350 nm. Upon PHF aggregation (dashed curve), the Trp®'°
spectrum shows the characteristic blue shift due to the burial of the
residue, and the shoulder at 305 nm disappears because the tyrosines
are now within the Forster distance and transfer their energy to the
tryptophan. B, fluorescence spectra of htau39-Y310W in the soluble
(solid line) and PHF state (dashed line), showing similar behavior as
htau40-Y310W. C, construct K18-Q244W exhibits FRET from the sin-
gle Tyr®'° to Trp?** upon PHF assembly, similar to full-length tau
isoforms above (soluble protein, solid line, and polymerized protein,
dashed line). D, the emission spectra of the monomeric and the dimeric
mutant of htau39-Y310W (separated by gel filtration) are shown (mon-
omer, solid curve, and dimer, dashed curve). Note that there is no
significant difference, indicating that dimerization alone does not bring
Tyr residues into proximity of Trp.

FRET Shows That during Tau Aggregation the N- and C-
terminal Regions Approach the PHF Core—The analysis of
antibodies raised against Alzheimer tau has suggested a “path-
ological” conformation where regions outside the repeat do-
main can fold over the repeat domain, e.g. Alz50, MC-1, and
SMI-34 (36—39). Because we placed a tryptophan within the
repeat sequence (Y310W), it is now possible to look at the
interaction of different domains by FRET analysis using the
resonant energy transfer from tyrosines to tryptophan. Full-
length tau contains 5 tyrosines (Tyr'® Tyr?®, Tyr!®?, Tyr30,
and Tyr®%%); after replacement of Tyr>1® 4 Tyr residues remain,
most of them are located in the N-terminal half. The results in
Fig. 8 show that there is a difference between soluble and
aggregated htau40-Y310W (Fig. 84, solid and dashed lines).
The soluble protein shows a maximum at 352 nm, as expected
from the fluorescence of Trp>!°, and an additional shoulder
around 305 nm representing the fluorescence of the combined
tyrosines. In principle, Trp could take up the fluorescence from
nearby Tyr residues closer than the Forster distance (1 nm for
Tyr/Trp as the donor/acceptor pair (40, 41)). Conversely, the
existence of a pronounced shoulder implies that most Tyr res-
idues are sufficiently far from Trp®!° to prevent the FRET
effect. A different result is obtained for the polymerized pro-
tein. The emission maximum shows the blue shift described
above, but in addition the tyrosine shoulder disappears (dashed
line). This implies that the Tyr residues are now close enough
to Trp®!° to allow energy transfer by FRET. At present it is not
possible to distinguish whether the transfer occurs within a
molecule or between neighboring molecules (this will be inves-
tigated by generating more donor/acceptor pairs), but the result
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emphasizes the close approach of the outer regions of tau (N-
and C-terminal tails) to the PHF core formed by the repeat
domain. A similar behavior is found for htau39-Y310W (Fig.
8B), i.e. no or little FRET in the soluble state and therefore a
shoulder at 305 nm which becomes deleted by FRET in the
aggregated state.

A different situation applies to the Trp mutants of K18 (Fig.
8C). In this case there is only one Tyr, Tyr®'°, that acts as the
donor, and Trp introduced at other positions can serve as
acceptor (at residues 244, 266, 297, 328, 346, or 360, Fig. 1C).
In all cases, the shoulder at 305 nm (arrows) is weak or absent
because the single Tyr is dominated by the Trp fluorescence. A
weak shoulder can be discerned with the Q244W mutant in the
soluble state that disappears after aggregation (Fig. 8C). This
argues that residue 244 at the beginning of the repeats is far
from residue Tyr®!® within any given molecule (because FRET
is absent in the soluble state) and approaches Tyr®!°, probably
of neighboring molecules, during PHF aggregation. By con-
trast, Trp>1° shows a 305 nm shoulder both in the soluble and
aggregated state (data not shown), indicating that the C-ter-
minal end of the repeats remains far from Tyr®!° in both states.
Finally, in the cases of the more centrally located Trp residues
(266, 297, 328, and 346) FRET occurs both in the soluble and
aggregated state (data not shown), likely because these resi-
dues are near Tyr®!° in all conditions. Together, the data argue
that (a) residues at the edges of the repeat domain (266, 360)
are far from the center (Tyr®'°) in individual molecules, (b)
residue 244 approaches the PHF core during aggregation but
residue 360 remains far, and (c) the more internal residues are
spatially near the center. Because the Forster distance of 1 nm
is equivalent to the spacing of 2-3 residues, the results also
suggest that the repeat domain must be folded rather than
being extended.

PHF assembly is greatly enhanced by tau dimers that can act
as building blocks (9, 13). We therefore asked whether spatial
relationships can be detected by FRET that distinguish mono-
mers and dimers. A homogeneous solution of dimers can be
obtained by oxidation from 3-repeat tau isoforms because they
contain only the single cysteine 322. Fig. 8D shows the emis-
sion spectrum for tryptophan of monomeric (solid line) and
dimeric (dashed line) htau39-Y310W. Both spectra show a clear
shoulder for tyrosine fluorescence at 305 nm, with some reduc-
tion in the dimeric state. This means that in the monomeric
and dimeric states the tyrosines outside the repeat domain are
mostly too far from the tryptophan at position 310 to exhibit
FRET. Moreover, there is no blue shift of the maximum, indi-
cating that residue 310 remains in a hydrophilic environment,
in contrast to the fully aggregated PHF state (compare dashed
curves in Fig. 8, A and B).

PHFs from 4-Repeat Isoforms or from FTDP-17 Mutations
Show Higher Stability—The pathway of PHF aggregation from
soluble tau in vitro has been studied by several authors; how-
ever, it has been difficult to obtain reliable information on the
question of PHF stability. This issue can be addressed using
the intrinsic Trp fluorescence. The core of Alzheimer PHF's
consists mainly of the repeat domain (7), and one may therefore
ask how the composition of the repeats affects PHF stability.
We analyzed the thermodynamic stability of PHF assembled
from K19 or K18 (3 or 4 repeats) containing the Y310W muta-
tion in the presence of increasing concentrations of guanidine
hydrochloride (GdnHC) (Fig 9). With preformed PHFs the
emission maximum is 340 nm in the absence of GdnHCI; at
higher GdnHCI concentrations it rises to 354 nm (the value
typical of soluble tau) as the PHFs become denatured and
disintegrate (this was also checked by SDS-PAGE and electron
microscopy, data not shown). K19-Y310W and K18-Y310W
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Fic. 9. Stability of PHFs against denaturation by GdnHCL. A,
PHF's were first assembled from K19, K18, or K18-AK280, each carry-
ing the Y310W mutation as a reporter residue. The emission maximum
is plotted versus increasing concentrations of GAnHCI. All of them start
with emission maxima of ~338 nm and were shifted to ~353 nm. K19
and K18 show nearly identical stabilities (half-point of denaturation at
~1.1 M GdnHC]l, upper curves, filled symbols), indicating that PHFs
made from the repeat domain gain no additional stability from the extra
repeat in K18. By contrast, PHFs made from the mutant K18-AK280
(carrying one of the FTDP-17 mutations) are much more stable (half-
point ~1.8 M GdnHC], lower curve, open symbols), consistent with the
higher propensity for B-structure. B, disintegration of PHF's made from
htau40-Y310W and htau39-Y310W. PHFs made from htau40-Y310W
exhibit an initial emission maximum of about 331 nm (lower curve,
squares), in contrast to htau39-Y310W (upper curve) and K19 or K18
(see A). The half-point of denaturation is 0.5 M GdnHCI for htau39-
Y310W and 1.0 M GdnHCI for htau40-Y310W. This indicates that the
stability of PHFs made from full-length isoforms is higher when four
repeats are present (as in htau40) and that PHFs from 3-repeat iso-
forms (e.g. htau39) are particularly labile.

show half-maximal denaturation at similar GAnHCI concentra-
tions around 1.1 m (Fig. 94, filled circles and triangles). This
means that the loss of one repeat in 3R tau does not influence
the stability of PHFs made from the repeat domain, even
though 3R constructs and isoforms assemble more readily (pre-
sumably a kinetic effect, because dimerization and nucleation
is faster (17)). By contrast, PHFs made from K18 lacking res-
idue K280 (one of the FTDP-17 mutations) show a significantly
higher stability with half-maximal denaturation at 1.8 M
GdnHCI (open squares). This emphasizes the importance of the
B-structure around the hexapeptide motifs which is stabilized
by the K18-AK280 mutation (25).

To verify these results for full-length tau, we tested the
isoforms htau39-Y310W and htau40-Y310W (Fig. 9B). Surpris-
ingly, here the second repeat has a significant impact on sta-
bility. PHF's made from htau39-Y310W (3 repeats) started with
an emission maximum of 342 nm and red-shifted to 352 nm
with a midpoint of 0.5 M GAnHCI. In other words, this construct
has only about half the stability of the repeat domain alone. On
the other hand, PHFs made from htau40-Y310W shift from an
initial 331 nm emission maximum to a final 350 nm with a
midpoint of ~1.0 M GAnHCI, comparable with that of the repeat
constructs alone. Thus there are two interesting differences
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Fic. 10. The intrinsic tryptophan fluorescence can be used to
monitor the efficiency of GAnHCI to disaggregate PHFs. PHF's
were first formed from K18-Y310W and then exposed to various con-
centrations of GdnHCI. The disaggregation of PHFs was followed by
tryptophan fluorescence as a monitor. The emission spectra are nor-
malized to their maximum. A, emission spectra before PHF assembly
(circles, emission maximum of 354 nm, excitation at 290 nm), after PHF
assembly (solid line, emission maximum of 339 nm), and after exposing
the PHFs to GdnHCI in different concentrations overnight (0.5 M me-
dium-dashed line, 1.0 M dotted line, 2.0 M long-dashed line, 3.0 M
dash-dot-dot line). The blue shift from 354 to 339 nm, induced by the
initial PHF assembly, is reversed by exposing the PHFs to the GdnHCI.
B, difference spectra of the spectra given in A, and all spectra measured
in the presence of GAnHCI are subtracted from the spectrum of intact
PHFs. The resulting difference curves show a positive maximum
around 325 nm and a negative maximum around 380 nm, with an
isosbestic point around 350 nm. The example shows that the trypto-
phan fluorescence can be used to monitor the disassembly of PHFs
where other techniques such as ThS fluorescence are not applicable.

between htau39 and htau40 as follows: first, the absolute emis-
sion maximum in the PHF state, suggesting a more hydropho-
bic surrounding in the case of htau40; and second, an increased
stability of a 4R isoform versus a 3R isoform. It appears as if 3R
PHF's are destabilized by factors outside the repeat domain,
possibly because the flanking domains cannot be packed tightly
enough into the PHF structure.

For potential therapeutic applications it would be interesting
to test compounds for their ability to dissolve PHFs. The prin-
ciple of measuring PHF disaggregation by the intrinsic Trp
fluorescence is shown here using the denaturing reagent
GdnHCI. More generally this approach can be applied to other
inhibitors of PHF formation. As an example, Fig. 10 shows a
dose-response curve of PHFs in the presence of various concen-
trations of GdnHCI. The data points were taken from the
curves shown in Fig. 9. The emission maxima in the presence of
rising concentrations of GdnHCl become increasingly red-
shifted, concomitant with the disintegration of PHFs (Fig.
10A). Fig. 10B shows difference spectra (before and after incu-
bation with GdAnHC]) of the normalized spectra of PHFs preas-
sembled from K18-Y310W in the presence of GdnHCI concen-
trations ranging from 0.5 to 3 M. The difference maxima at 325
(positive) and 380 nm (negative) increase with rising GdnHC1
concentrations. The isosbestic point for all spectra is at 350 nm.
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This example shows that the tryptophan fluorescence can be
used to monitor the disassembly of PHFs where other tech-
niques like ThS fluorescence cannot be applied.

DISCUSSION

Because abnormally aggregated tau represents one of the
hallmarks of Alzheimer’s disease and other dementias, it is of
obvious importance to study the aggregation mechanism, both
from the viewpoint of basic science and for developing methods
of intervention. Efforts to study tau aggregation have been
hampered mainly by the fact that tau is an unusually hydro-
philic and soluble protein, and therefore it aggregates very
slowly and inefficiently, if at all, in physiological buffer condi-
tions. Over the past decade several findings have helped to
overcome this barrier. (i) Certain domains such as the repeat
domain aggregate faster than the intact protein (9, 13), pre-
sumably because the repeats form the core of Alzheimer PHFs
(6, 7). (i1) Dimerization of tau accelerates aggregation, presum-
ably because dimers have a conformation conducive for tau-tau
interactions (9, 13). (iii) Cofactors such as polyanions or fatty
acid micelles promote aggregation, apparently by compensat-
ing numerous positive charges of tau (12, 14, 15, 42). (iv)
Mutations of tau found in FTDP-17 dementias favor aggrega-
tion (24, 43, 44, 53). The reasons for this may be heterogeneous,
depending on the type of mutation, but at least in the cases of
AK280 and P301L they can be traced back to an enhanced
propensity for B-structure, a feature common to many patho-
logical amyloids (20, 45—47). With these developments it is now
possible to form tau aggregates rapidly from recombinant pro-
tein and analyze the structure, kinetics, and biochemistry of
the process.

A second hurdle in the investigations was the dearth of assay
methods of tau aggregation. Electron microscopy is slow, diffi-
cult to quantify, and limited in resolution and therefore not
well suited for kinetic and structural analysis, although it is
important for distinguishing fibers with “paired helical” ap-
pearance from other types of aggregates. Spectroscopic meth-
ods (CD and FTIR) are applicable to solutions but are also of
limited value because tau does not exhibit pronounced changes
between the soluble and aggregated state, due to its mostly
random coil structure (1, 26). Two methods that have come into
routine use for kinetic studies, together with faster aggregation
conditions, are thioflavine S fluorescence and light scattering
(17, 42, 44), although here, too, certain limitations apply, for
example a low sensitivity to initial states of aggregation. We
have therefore searched for alternative methods that would
reveal structural aspects of tau and PHF's, and here we report
the results obtained with the use of the intrinsic fluorescence of
tryptophan. The advantages of this approach can be summa-
rized as follows.

Trp does not occur in normal tau protein, and therefore it can
be used as a direct reporter on the local environment when it is
inserted by a point mutation.

Trp reports on the local environment by a change in emission
maximum and/or fluorescence intensity.

The spectral change can be used to monitor solvent accessi-
bility and thus protein folding and packing during aggregation
as well as protein stability, denaturation, or disassembly.

Because Trp can be inserted anywhere it allows analysis of
the protein from many local “points of view.”

The transfer of fluorescence energy from Tyr to Trp residues
serves as a rough marker of distance and thus changes of
folding and packing.

Because Trp is an intrinsic component of the protein, it
reports on the entire population of protein molecules, including
monomers, oligomers, and aggregates.

Trp allows screening of aggregation modifiers (e.g. inhibitors
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Fic. 11. Summary of structural properties of tau deduced from
tryptophan mutants. Judging by fluorescence quenching and emis-
sion spectrum, in soluble tau most of the sequence is solvent-accessible;
in PHFs the repeat domain becomes buried, especially R2 and R3 which
appear to form the center of the PHF core. By FRET and blue shift,
residues in R2 and R3 are close to the inner core (marked by Tyr®'® in
the central hexapeptide motif), and those in R1 and R4 are further away
but may approach the inner core upon PHF aggregation. Residues near
the N- and C-terminal tails of full-length tau are far from the center of
the repeat domain but appear to fold back during PHF aggregation.
Although the aggregation is triggered by the B-inducing hexapeptide
motifs, the stability of PHFs is intrinsically weak, but they can be
stabilized by more repeats (i.e. 4R-PHF's are more stable than 3R-PHF's)
and FTDP-17 mutations.

or enhancers) independently of other additives (such as thio-
flavine S whose fluorescence may overlap with that of inhibitor
compounds).

In the case of tau the five naturally occurring Tyr residues
show only small responses to the state of aggregation and are
thus not very useful probes of aggregation (Fig. 2). By contrast
Trp inserted into the repeat domain displays a strong signal of
aggregation in the form of a blue shift of the emission maxi-
mum; the intensity increase (~10%) is relatively small and was
not exploited here. The repeat domain is a natural area of Trp
insertion because it forms the backbone for PHF aggregation
and contains the hexapeptide motifs that play an important
role in the local conversion to B-structure when tau aggregates
into PHFs. The replacement of Tyr®!® by Trp is particularly
interesting because this lies at the center of the repeat domain
and within the PHF6 hexapeptide motif; Trp at position 310
reveals the aggregation process into bona fide PHFs without
interfering with it (Figs. 3 and 4) and without obstructing the
formation of B-structure (as seen by FTIR, Fig. 5). In this
regard the insertion of Trp is neutral with regard to aggrega-
tion, in contrast to the insertion of prolines into the hexapep-
tide motifs which prevent aggregation because they are break-
ers of B-structure (27). As a control, this insertion is also
neutral with regard to the ability of tau to promote microtubule
assembly (Fig. 6).

Trp inserted into other sites in the repeat domain respond in
a qualitatively similar fashion but with notable variations, as
shown by the solvent accessibility studies (Fig. 7). Monomeric
tau shows almost complete accessibility (judged by the slope of
the Stern-Volmer plot). This confirms our previous conclusions
from x-ray scattering that tau has a “natively unfolded” struc-
ture (26). When Trp residues are inserted in different positions
along the repeat domain, all of them become less accessible
upon PHF aggregation. This is consistent with the view that
the repeat domain becomes packed when tau aggregates into
PHFs. Interestingly, the tightest packing occurs in repeats 2
and 3, in the region around residue 300-310 where the
hexapeptide motif PHF6 is located, whereas the edges are less
tightly packed. In fact residue 360 (end of 4th repeat) remains
almost as accessible as the monomeric protein (Fig. 11). This
conclusion is reached by two independent criteria (Fig. 7, B
and C) and fits well with the concept that the repeat domain
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forms the protease-resistant core of PHFs, whereas the re-
gions outside the repeats contribute to the protease-sensitive
“fuzzy coat” (6, 7). Refining this concept, the beginning of
repeat 1 and the end of repeat 4 are already less tightly
packed in PHFs and may represent transition regions to the
fuzzy coat, whereas repeats 2 and 3 form the more central
part of the PHF core.

One of the challenges in understanding the role of tau is the
postulated transition to a “pathological conformation.” Indica-
tions for this come from antibodies that recognize early states
of Alzheimer degeneration and respond to folded conformations
where discontinuous parts of the sequence cooperate to gener-
ate the antibody epitope. Examples are antibodies Alz50, MC-1,
TG-3, and SMI34 (36-39). We therefore asked if proximities
between residues or folded states would be detectable by FRET
(Fig. 8). With Trp in position 310 at the center of the repeats,
one can ask whether the intrinsic Tyr residues (which are
mostly near the N and C termini) are capable of transferring
resonance energy to Trp, i.e. whether they are located within
the Forster distance of ~1 nm for this donor/acceptor pair (40,
41). For monomeric tau the answer is negative, as seen from
the independent Tyr fluorescence shoulder around 305 nm.
However, upon PHF aggregation the distance becomes smaller
than the critical value, and the Tyr shoulder disappears due to
the FRET effect. Two interpretations are possible: either tau
adopts a more compact folding before aggregation (leading to
intramolecular FRET) or the tails of the molecule are con-
strained to lie near Trp acceptors in neighboring tau molecules
in the PHF structure. We tend to favor the second interpre-
tation because of the experiment shown in Fig. 8D; Tau
monomers and covalent dimers display a similar Tyr fluores-
cence shoulder, indicating in both cases a large distance (>1
nm) between the central Trp at position 310 and the Tyr
residues in the tails, even though the dimer is already much
more assembly-competent than the monomer. Thus, the
change from monomer to dimer is not accompanied by a gross
change in folding (nor in solvent accessibility), as judged by
the Tyr/Trp fluorescence properties. Conversely, the packing
is more likely to occur at a later step, e.g. PHF nucleation or
elongation (16).

Perhaps equally important as the question of PHF aggrega-
tion is that of PHF stability and disaggregation because the net
load of PHFs in a cell is the result of both opposing processes,
and because one may expect a high degree of turnover, at least
in the initial stages of the disease (as shown recently for the
analogous case of amyloid aggregates (48)). The stability can be
probed by exposing pre-formed PHF's to denaturants such as
GdnHCI (Fig. 9), with Trp in position 310 as a reporter. One
surprising result was that PHF aggregation is readily revers-
ible. A second surprise is that PHF disassembly is achieved by
relatively mild denaturation conditions, ~1 M GdnHCI, com-
pared with ~4 M for compact globular proteins such as ly-
sozyme (49). In other words, the initial assembly of PHFs
appears rather reversible, and their buildup in cells could
probably be prevented if one could avoid stabilization by cova-
lent cross-linking reactions such as glycation (50, 51) or trans-
glutaminase (52). The repeat domain by itself has the same
stability with either 3 or 4 repeats, arguing that the extra
repeat R2 (exon 10), when present, offers no additional protec-
tion for the PHF core per se (but see below). As expected, the
AK280 mutation makes the aggregate almost twice as stable,
due to its promotion of B-structure. A somewhat different pic-
ture emerges with full-length tau isoforms. PHF's from the 4
repeats isoform htau40 have the same stability as PHFs made
from the repeat domain alone, but PHF's from the 3 repeats
isoform htau39 are much less stable (0.5 M GdnHCI). This
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points to a possible interaction between the tails of tau and the
PHF core (note that the N-terminal region of tau, including the
inserts of exons 2 and 3, is rather acidic and thus might affect
the packing of the basic PHF core). In the context of FTDP-17
dementias the higher stability of 4R-PHF's is potentially im-
portant because many of these mutations (including the in-
tronic mutations that do not affect protein sequence) lead to an
overproduction of 4R-tau isoforms (53) which might therefore
increase the level of stable PHF's.

We finally note that Trp reporter constructs might be ideally
suited for screening substances capable of inhibiting or revers-
ing PHFs. One reason is that exogenous reporter molecules
(like ThS) which might interfere with the test substance are
not required. Moreover, test substances are frequently fluores-
cent by themselves, so that the ThS assay would no longer be
applicable. In automated screens this problem could be avoided
by intrinsic probes such as Trp.
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