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ABSTRACT: Several mutations in the gene encoding the microtubule-associated protein tau are responsible
for the formation of neurofibrillary inclusions in frontotemporal dementia with Parkinsonism linked to
chromosome 17 (FTDP-17). Here we present the high-resolution characterization of the conformational
properties of two FTDP-17 mutants of the four-repeat domain of tau, P301L and∆K280, and their properties
for binding to polyanions and microtubules. Multidimensional NMR spectroscopy shows that the mutations
do no lead to a significant increase in the level ofâ-structure in their monomeric state, even though the
mutations strongly promoteâ-structure during aggregation. However, local structural changes are induced
in the second repeat. These changes only weakly affect the binding to the polyanion heparin, which promotes
paired helical filament formation. The extent of binding to microtubules, however, is strongly decreased.
Our results demonstrate that the reversible binding of tau to microtubules involves specific interactions,
which are not essential for binding to polyanions.

Several neurological disorders such as Alzheimer’s disease,
Parkinson’s disease, Pick’s disease, and frontotemporal
dementia with Parkinsonism linked to chromosome 17
(FTDP-17)1 are accompanied by the formation of filamentous
inclusions in neurons. These consist mainly of the microtu-
bule-associated protein tau (1-7).

Tau can aggregate into Alzheimer-like paired helical
filaments (PHFs) as an intact protein, 352-441 residues in
length (depending on isoform), so that all six tau isoforms
are found in Alzheimer PHFs (8, 9). The isoforms differ by
two inserts near the N-terminal end and the presence of either
four or three imperfect repeat sequences in the C-terminal
half of the protein (Figure 1). The region comprising the
repeat sequences forms the core of PHFs (10) and also
promotes PHF assembly in vitro (11, 12). For PHF aggrega-
tion, two hexapeptides at the beginning of the second and
third repeats (275-VQIINK-280 and 306-VQIVYK-311,
respectively) are crucial. These are able to initiate the

aggregation of tau into bona fide PHFs with their specific
â-sheet-based molecular architecture termed cross-â-structure
and thereby represent minimal tau-tau interaction motifs (3,
13).

The physiological function of tau is the regulation of MT
stability, neurite outgrowth, and other MT-dependent func-
tions. The three or four repeats in the C-terminal half of the
protein and the flanking proline-rich basic domains are
known to be involved in MT binding (14, 15). The affinity
is regulated by phosphorylation particularly at KXGS motifs
in the repeats (16).

In hereditary FTDP-17, several mutations within the tau
gene are known which give rise to neurofibrillary deposits
(2-4, 6). They include missense mutations (e.g., G272V,
N279K, P301L, and R406W), a deletion (∆K280), a silent
mutation (L284L), and intronic mutations which do not
change the protein sequence but affect the ratio of three-
repeat to four-repeat tau isoforms (13, 17). The missense
and deletion mutants are concentrated in the repeat domain
of tau (14, 18, 19). In vitro and in cell culture experiments,
some of the mutations weaken the binding of tau to MTs
(20-22), affect the assembly of MTs, and enhance PHF
aggregation (4). In particular, the mutants P301L and∆K280
have a much stronger tendency to aggregate (4, 23). Some
mutations, including P301L, also make tau more prone to
hyperphosphorylation in cells (24).

Tau has a hydrophilic character, is highly soluble, and
belongs to the class of natively unfolded proteins with no
apparent ordered secondary structure that can be detected
by far-UV CD or Fourier transform infrared spectroscopy
(3, 13, 19). Because of its high flexibility, it cannot be studied
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by high-resolution X-ray crystallography. X-ray analyses
exist only in the form of solution scattering and fiber
diffraction. Recently, we and others have shown that the
repeat domain of tau contains regions of residualâ-structure,
which have the potential to serve as seeds for aggregation
of tau into PHFs (25, 26). The same regions were involved
in binding to MTs and polyanions (25), supporting the
hypothesis that stable MTs prevent PHF formation by
blocking the tau-polyanion interaction sites, which are
crucial for paired helical filament formation (11, 27).

Here we report the high-resolution characterization of the
conformational properties of two FTDP-17 mutants of the
four-repeat domain of tau (K18), P301L and∆K280, and
their properties for binding to the polyanion heparin and to
MTs. The mutations do not change the secondary structure
propensity of the repeat domain of tau, even though they
strongly promoteâ-structure during aggregation. However,
the mutations induce conformational changes in repeat 2 and
strongly attenuate the binding to microtubules, whereas the
interaction with heparin is only slightly affected.

MATERIALS AND METHODS

Expression of Recombinant Tau Constructs and Isotope
Labeling. P301L and∆K280 mutations in the K18 construct
(residues Q244-E372 of the longest tau isoform in the
human brain plus an initial M243, 130 residues) were created
by site-directed mutagenesis using the Quick-change kit
(Stratagene, Amsterdam, The Netherlands). The introduced
modifications were verified by DNA sequencing. Expression,
purification, and isotope labeling were performed as de-
scribed previously (25). NMR samples contained 0.9-1.5
mM 15N-labeled or15N- and13C-labeled protein in 95% H2O/
5% D2O, 50 mM phosphate buffer (pH 6.8) with 1 mM
dithiothreitol.

Preparation of MTs. Porcine brain tubulin was purified
as described previously (14) and incubated at concentrations
higher than 200µM in MT assembly buffer [100 mM Pipes
(pH 6.9), 1 mM EGTA, 1 mM MgSO4, and 1 mM DTT] in
the presence of 1 mM GTP at 37°C for 5 min. After the
addition of 100 µM paclitaxel (Sigma-Aldrich Chemie,
Munich, Germany), polymerization was performed for 20
min at 37°C.

CD Spectroscopy.All measurements were carried out with
a Jasco J-715 CD spectrometer (Jasco, Gross-Umstadt,
Germany) in a cuvette with a path length of 0.1 cm. The
spectra were recorded between 190 and 240 nm at a scanning
speed of 100 nm/min, a bandwidth of 1.0 nm, and a response
time of 0.5 s. In each experiment, three spectra were summed

and averaged. For calculation of the mean residue ellipticity,
the protein concentration was obtained by using the second
channel of the CD spectrometer and measuring the absorption
of the protein sample at 214 nm (where absorption is
dominated by the peptide bonds). Calibration at 214 nm was
done with a BSA standard.

NMR Spectroscopy. NMR spectra were acquired at 5°C
on Bruker DRX 800, Avance 700, Avance 600, and DRX
600 spectrometers. Aggregation did not occur at 5°C in the
absence of polyanions. NMR data were processed and
analyzed using nmrPipe (28) and Sparky 3 (www.cgl.ucs-
f.edu/home/sparky/). Three-dimensional triple-resonance ex-
periments were conducted to obtain sequence-specific as-
signments for the backbone of K18P301L and K18∆K280.
Secondary chemical shifts were calculated using NMRView
(29) as the difference between the measured CR and C′
chemical shifts and the empirical, sequence-corrected random
coil values (30, 31) for the appropriate amino acid type at
pH 2.3. Random coil values for the pH sensitive residues
histidine, glutamate, and aspartate were taken from Wishart
et al. (32) for a better accordance of the pH value and our
experimental conditions. Random coil values for residues
preceding Pro were taken from Wishart et al. (33). The
averaged value for CR and C′ was defined as∆δav(CRC′)
) (3∆CR + 4∆C′)/7. To clarify the effect of the chosen
random coil values, we also calculated the secondary CR
chemical shifts using for all amino acid types the random
coil values as determined by Wishart et al. (33).

Tau-heparin titrations were carried out at pH 6.8 using
uniformly 15N- and13C-labeled protein containing 150µM
K18P301L in MT assembly buffer and K18∆K280 in 50
mM phosphate buffer. Heparin (average molecular weight
of 3350, 5.8 disaccharide subunits, charge per subunit of
-2.5,-0.31 z/Å) was purchased from Sigma. The formation
of the tau-heparin complex was tracked by two-dimensional
1H-15N heteronuclear single-quantum coherence (HSQC)
spectra for increasing heparin concentrations: 0.015, 0.074,
0.146, 0.284, and 1.17 mM for K18P301L and 0.015, 0.029,
0.071, 0.271, and 1.13 mM for K18∆K280. For tau-MT
titrations, the samples contained 150µM uniformly 15N- and
13C-labeled K18P301L and K18∆K280, respectively, in MT
assembly buffer. Complex formation was monitored at 5°C
for MT concentrations (Râ-tubulin dimers) of 10.5, 42.0, and
58.0 µM for K18P301L and 42.0, 84.0, and 122.0µM for
K18∆K280. NaCl was added to one K18∆K280/MT sample
(tau:MT ratio of 5) to yield final concentrations of 150 and
300 mM, respectively. Again,1H-15N HSQC spectra were
recorded at 5°C. Normalized weighted average chemical

FIGURE 1: Tau isoforms, the repeat domain, and FTDP-17 mutations. (a) htau40 is the largest isoform in the human central nervous system
(441 residues). The C-terminal half contains three or four pseudorepeats (∼31 residues each, R1-R4). Repeat 2 and the two near-N-
terminal inserts (I1 and I2) may be absent due to alternative splicing. Most FTDP-17 mutations are located in the repeat domain. (b)
Construct K18 [130 residues, (M)Q244-E372] comprises only the four repeats. The positions of the aggregation-prone hexapeptide motifs
275-VQIINK-280 and 306-VQIVYK-311 in R2 and R3, respectively, are highlighted. The mutations∆K280 and P301L lie near the
hexapeptide motifs and increase their tendency to aggregate. The numbering of residues follows that of the longest isoform.
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shift differences for amide1H and15N chemical shifts upon
heparin or MT binding were calculated using the equation
∆δav(NH) ) [∆H2 + (∆N/5)2]1/2, in which ∆H and∆N are
the difference between chemical shifts of the free and bound
form.

The aggregation behavior of K18∆K280 was investigated
during a measurement period of 3 days at 5°C. The signal
intensity was monitored by the integration of signals of1H-
15N HSQC spectra, and the relaxation behavior was probed
with T1F relaxation time measurements. Neither a loss of the
monomeric species, detectable via a decreased signal inten-
sity, nor an increase in the level of the oligomeric species,
causing a change in the relaxation, was identified. Aggrega-
tion, therefore, does not take place under the experimental
conditions used here (at 5°C without polyanions and without
agitation).

RESULTS

Backbone Resonance Assignment of K18P301L and
K18∆K280. The 1H-15N HSQC spectra of construct K18,
equivalent to the four microtubule binding repeats of full-
length tau (Figure 1), and the spectra of both mutants
exhibited sharp resonances with a congestion of signals due
to the protein’s unfolded nature (Figure 2a) (34). Starting
from the assignment of wild-type (wt) K18, which was

previously determined by us (25), we were able to assign
the mutant proteins by three-dimensional HNCO and high-
resolution (HA)CANNH spectra. The sequence PGGG motifs
could not be assigned unambiguously due to a strong signal
overlap in the glycine region similar to the assignment of
the wt protein (this accounts for the gaps in panels b and c
of Figure 2 and following). The degeneracy of the glycines
in the 301PGGG304 motif was partially lifted by the P301L
mutation, enabling unambiguous assignment of Leu301 and
Gly302. However, the effect of the mutation on Gly303 and
Gly304 was not sufficient to resolve the assignment degen-
eracy of these residues, in agreement with the fact that the
mutation primarily influences the upstream residues (see
below). For all other residues of K18∆K280 and K18P301L,
the 1H, 15N, 13CR, and13C′ chemical shifts were assigned.
Changes in the15N and1H chemical shifts are pronounced
in the vicinity of the mutations, i.e., at residues 281-284
(in C-terminal direction) in the case of K18∆K280 (Figure
2b) and at residues 298-300 (in the N-terminal direction)
in the case of K18P301L (Figure 2c).

Residual Secondary Structure. NMR chemical shifts of
CR and C′ atoms are sensitive indicators of secondary
structure in both globular and unfolded proteins (35). These
shifts show small but distinct deviations from random coil
values. The deviations, called secondary chemical shifts, are

FIGURE 2: Changes in the chemical environment induced by FTDP-17 mutations. (a) Overlay of HSQC spectra for K18∆K280 (blue) and
K18wt (red). Selected sequence-specific assignments are marked. (b) Differences in15N chemical shifts between K18∆K280 and K18wt
extracted from panel a. (c) Differences in15N chemical shifts between K18P301L and K18wt. Horizontal lines indicate the average variation
of chemical shifts observed for K18wt from sample to sample due to slightly different buffer conditions. Shift changes that exceed the red
lines are regarded as significant and are located downstream of∆K280 and upstream of P301L. Gaps are due to unassigned residues.
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shown in Figure 3. For both mutant proteins, continuous
stretches of negative secondary chemical shifts were found
for residues 274-284, 295-298, 305-315, 336-345, and
357-361, indicative of a propensity to formâ-structure.
These stretches encompass the VQIINK and VQIVYK
hexapeptide motifs at the beginning of the second and the
third repeat, known to be important for the abnormal
aggregation of tau into paired helical filaments (PHFs) (13).
The secondary chemical shifts of the mutants are nearly
identical to those in the wild-type protein (Figure 3). The
strongest deviations from K18wt were found for histidine
residues, most likely due to slight changes in the buffer
conditions (the experimental pH is close to the pKa value of
histidines).

The secondary chemical shifts shown in Figure 3 were cal-
culated on the basis of sequence-corrected random coil chem-
ical shifts obtained for G-G-X-G-G peptides (31). For compar-
ison, the∆CR secondary chemical shifts for K18∆K280 were
also calculated using non-sequence-corrected random coil
values obtained for G-G-X-A-G-G peptides (33). The result-
ing CR secondary chemical shift pattern indicatedâ-structure
propensity for the two hexapeptides in the beginning of
repeats 2 and 3, similar to what is seen in Figure 2. However,
due to the non-sequence-corrected random coil values, the
CR secondary chemical shifts were shifted∼0.36 ppm

toward more positive values (except Asp, Glu, and Cys) such
that several continuous stretches of positive secondary
chemical shifts appeared. These stretches were previously
interpreted as an indication that most of K19 (the construct
comprising only three repeats) preferentially populates helical
conformations (26). Currently, which of the two sets of CR
random coil values is more appropriate cannot unambigu-
ously be determined. However, secondary chemical shift
patterns obtained separately for CR and C′ were more
consistent, when the sequence-corrected random coil values
were used (as is done here). In addition, no helical propensi-
ties were detected for monomeric K18 or K19 by CD and
FTIR spectroscopy (3) (also see below).

Since the K18∆K280 and K18P301L mutants have a
stronger tendency to aggregate, we considered the possibility
of a stronger tendency of the monomer to formâ-structure.
We therefore used CD spectroscopy to check the conditions
of the NMR experiments at different temperatures, because
earlier experiments were performed at room temperature,
whereas the NMR experiments were performed at 5°C. The
CD spectra show for both K18wt (solid lines) and K18∆K280
a clear minimum at 200 nm at both 5 and 20°C (Figure 4;
note that the slight differences in the spectra are within the
error of the method). The minimum at 200 nm indicates a
mostly random coil structure (36), and in these monomeric
fractions, no increase in the level ofâ-sheet structure in
K18∆K280 could be observed by CD.

Characterization of the Complexes between Tau Mutants
and Polyanions. Polyanions such as heparin are often used
to accelerate the assembly of tau into PHFs (37-39). To
observe the formation of a complex between tau and
polyanions, the shifts of the backbone amide protons can be

FIGURE 3: Secondary structure propensity of K18∆K280 and
K18P301L. Averaged secondary chemical shifts,∆δav, in K18∆K280
(a) and K18P301L (b) in comparison to those of K18wt (red bars)
at 5 °C in 50 mM phosphate buffer (pH 6.9). The averaged shifts
were calculated as [3∆δ(CR) + 4∆δ(C′)]/7. Five regions of
enhancedâ-structure propensity (residues 274-284, 295-298,
305-315, 336-345, and 357-361) are indicated by black boxes.
They are characterized by contiguous blocks of negative secondary
chemical shifts. Residues 246-253 most likely do not have an
enhancedâ-structure propensity due to the presence of three prolines
(P247, P249, and P251). The positions of the mutations are denoted
with arrows. All glycines at positions 2 and 3 in the PGGG motifs
exhibited identical secondary chemical shifts.

FIGURE 4: Circular dichroism of K18wt and K18∆K280. The
secondary structure content of K18wt (s) and K18∆K280 (- - -)
was measured at 5 (a) and 20°C (b). The molecular ellipticity was
plotted vs the wavelength.
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followed, providing information about the interacting regions
and strength of binding. The binding of heparin was
monitored by1H-15N HSQC spectra. This allows one to
identify the residues which are important for the binding to
polyanions. At higher polyanion concentrations, the change
in chemical shift can be accompanied by a decrease in signal
intensity, indicating a chemical shift exchange intermediate
on the NMR time scale.

For both mutants, large chemical shift changes were
present for residues V275-L284, the hexapeptide motif at
the beginning of repeat 2 (black bars in Figure 5). In addition,
the chemical shifts of selected lysine and histidine residues
(L253-K254, H268-N269, L298-H299, and H362) were
strongly affected by the addition of heparin. Overall, the
patterns of chemical shift changes induced in the mutant
proteins were similar to those previously observed for K18wt
(red bars in Figure 5). The magnitudes of chemical shift
changes at K18mutant-to-heparin ratios of 1:2 were com-
parable to those measured for a K18wt:heparin ratio of 1:1.5.

In the presence of heparin, K18∆K280 and K18P301L
gradually begin to aggregate like K18wt, as evidenced by a
decrease in the overall signal intensity in the1H-15N HSQC
spectra (Figure 6). Besides this overall decrease in signal
intensity, resonances of some residues were further broadened
by a chemical exchange intermediate on the NMR time scale.
In particular, residues in the two hexapeptide motifs (V275-
L282 and V306-T319) were attenuated, consistent with their
involvement in the binding process. In comparison to those
of the wild-type protein, however, the signal intensities of
residues S289-S293 appeared to be enhanced, in particular,
for K18∆K280, suggesting a reduced contribution from
chemical exchange. The weakened influence of chemical
exchange for residues S289-S293 together with the overall
slightly lower magnitude of chemical shift changes for the
mutant proteins may be interpreted as a reduced affinity for

heparin caused by the mutations, potentially due to a less
efficient binding of heparin to repeat 2.

Binding of the Repeat Domain of Tau to Microtubules.
The binding of K18∆K280 and K18P301L to MTs was
characterized using the NMR chemical shift perturbation
method (40), in which1H-15N HSQC spectra were recorded
in the presence of increasing amounts of paclitaxel-stabilized
MTs. Previous experiments, including sedimentation, SDS-
PAGE, and electron microscopy, with the K18 and K19 wild-
type protein had already shown that MTs in the paclitaxel-
stabilized form are stable at a low temperature (5°C) during
the time course of the NMR measurements (25). In general,
the shifts observed for the mutants were much weaker than
those detected for K18wt (panels a and c of Figure 7). In
particular, for K18P301L, only very small chemical shift
changes were observed (Figure 7c). In the case of K18∆K280
and similar to the wt protein, the most strongly shifting
residues were histidines and the corresponding hot spot
regions, K267-H268, H299-V300, and H329, and in addition
E264 (Figure 7a). On the other hand, the resonance positions
of residues L253-L256 and V275-L284 stayed almost
unchanged upon addition of MTs in clear contrast to those
of the wt protein (Figure 7a).

Tau binds to MTs in a biphasic manner. After a first tight
and specific binding phase at low tau concentrations, a weak
and unspecific binding takes place, resulting in an accumula-
tion of tau on the MT surface (23). From a NMR perspective,
tau in the MT-bound state is invisible due to the very fast
relaxation of the NMR signals. Accordingly, the signal-to-
noise ratio in the1H-15N HSQC spectra decreased rapidly

FIGURE 5: Binding of tau mutants to the polyanion heparin. Mean
weighted1H-15N chemical shift changes,∆δ(mean), induced by
binding of heparin to K18∆K280 (a) and K18P301L (b) and in
comparison to those of K18wt (red bars). The concentration of the
tau constructs was 150µM, and the tau:heparin molar ratio was
∼1:2 for K18P301L and K18∆K280 and ∼1:1.5 for K18wt.
Horizontal lines indicate the average variation of chemical shifts
observed between different samples all containing K18 and heparin
(4:1) due to slightly different buffer conditions. Arrows mark the
mutation sites. Gaps are due to overlap or the presence of prolines.

FIGURE 6: 1H-15N signal intensity changes upon addition of
heparin. (a) Binding of heparin to K18∆K280. (b) Binding of
heparin to K18P301L. The intensity ratio is calculated as the signal
intensityI for a sample with heparin divided by the signal intensity
I0 for a sample without heparin. The tau concentration was 150
µM, and the tau:heparin ratio was∼1:2 for K18P301L and
K18∆K280 and∼1:1.5 for K18wt. For comparison, data for K18wt
are also shown (red bars). Arrows mark the mutation sites. Global
intensity changes due to partial aggregation are accompanied by
intensity reductions in certain regions (V275-L282 and V306-
T319), which are caused by a chemical exchange intermediate on
the NMR time scale and report on the binding of polyanions to
tau.
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at higher MT concentrations. Comparison with the wild-type
construct (red bars in panels b and d of Figure 7) shows that
the intensity decrease is less pronounced for the mutant
proteins, with K18∆K280 even less affected than K18P301L.
Despite the smaller reduction in overall signal intensity,
however, resonances of residues V306-T319 exhibited a
strong attenuation similar to what had been observed for
K18wt. The signal intensity in this region is a factor of
∼1.5-2 lower than the average signal intensity for all
residues of K18. In summary, chemical shift changes and
average signal intensities indicate that the MT binding
contribution of the hexapeptide motif in the beginning of
repeat 2 was strongly reduced by the∆K280 mutation,
whereas no effect of either the∆K280 or P301L mutation
on the hexapeptide in the beginning of repeat 3 could be
detected.

Effect of NaCl on the Binding Affinity for Microtubules.
To remove weak unspecific binding and weaken the strong
specific binding of tau to MTs so that it can be observed by
NMR, NaCl was added in two steps (final concentrations of
150 and 300 mM, respectively) to a sample with a K18∆K280:

MT ratio of 5:1 (absolute concentration of tau of 150µM).
At 150 mM NaCl, the overall signal intensity was increased
to an average value of 0.71 (Figure 8a). Moreover, the signal
intensity was quite uniform across all residues of K18∆K280.
Especially the region around the two hexapeptide motifs,
residues K274-L284 and V306-T319, showed a pro-
nounced regain of signal intensity. The regain in NMR signal
intensity demonstrates that at 150 mM NaCl the binding of
K18∆K280 to MTs is weakened and many more K18∆K280
molecules contribute to the observable NMR signal. Nev-
ertheless, strong chemical shift changes were induced by the
presence of MTs (green bars in Figure 8b). The strongest
shifting residues were residues 260, 264, 267, 268, 299, 329-
331, 360, and 361, although the magnitude of these chemical
shift changes was reduced in the presence of NaCl. In
addition, significantly smaller chemical shift changes were
observed for residues 283-289 and 316-323 when the MT
titration was performed at 150 mM instead of 0 mM NaCl.
This indicates that electrostatic interactions play an important
role in binding of K18 to MTs. Importantly, however, the
chemical shift changes induced by addition of MTs in the
absence of NaCl (when a significant fraction of tau molecules
strongly binds to MTs and is therefore invisible to liquid-
state NMR spectroscopy) and those at 150 mM NaCl (when
most K18∆K280 molecules contribute to the NMR signal)
identify the same regions as being important for MT binding.

FIGURE 7: Identification of microtubule-binding hot spots in FTDP-
17 mutations carrying tau. Mean weighted1H-15N chemical shift
changes of K18∆K280 (a) and K18P301L (c) and signal intensity
ratios in K18∆K280 (b) and K18P301L (d) between the1H-15N
HSQC spectra of free tau (I0) and tau in the presence of MTs (I) at
5 °C. Values for K18wt are shown as red bars; arrows mark the
mutation sites, and gaps are due to overlap or the presence of
prolines. The tau:MT ratio was 1:0.55 for K18∆K280, 1:0.80 for
K18P301L, and 1:0.60 for K18wt. Binding sites were identified
on the basis of large chemical shift changes and local intensity
reductions due to chemical exchange. Previous experiments with
K18 wild-type protein had already shown that MTs in the paclitaxel-
stabilized form are stable at a low temperature (5°C) during the
time course of the NMR measurements (25).

FIGURE 8: Influence of ionic strength on the interaction of
K18∆K280 with preassembled microtubules. Signal intensity ratios
(a) and mean weighted1H-15N chemical shift changes (b) between
the 1H-15N HSQC spectra of free tau and tau in the presence of
MTs without NaCl (black bars) and with 150 mM NaCl (green
bars) (both at 5°C). The tau:MT ratio was 5:1. For all signal
intensity ratio calculations, the reference signal intensityI0 was
obtained from a sample containing K18K280 and the appropriate
amount of NaCl, but no MTs.

Structural and Microtubule Binding Properties of Tau Mutants Biochemistry, Vol. 46, No. 10, 20072579



DISCUSSION

Tau is one of the major microtubule-associated proteins
in the brain. It occurs predominantly in the axons of neurons
and promotes the assembly and stability of microtubules.
Pathological tau aggregation in the form of filaments, on
the other hand, represents one of the hallmarks of a variety
of dementias called tauopathies, including Alzheimer’s
disease, Pick’s disease, and FTDP-17. From a biophysial
view, tau is an interesting research object as it belongs to
the class of “intrinsically disordered” proteins, which can
perform a specific function despite the lack of a well-defined
three-dimensional structure. Here we have characterized the
secondary structure propensity and the properties for binding
to polyanions and microtubules of the repeat region of tau
(K18), when it carries two mutations that cosegregate with
inherited FTDP-17. Knowing the molecular mechanisms that
underlie the reduced binding affinity of the∆K280 and
P301L mutants for MTs and for their increased propensity
to aggregate might help us to understand the progression of
dementia in FTDP-17 patients. Multidimensional NMR
spectroscopy is one of the few methods that allow investiga-
tion of dynamic proteins such as tau at high resolution.

The major results can be summarized as follows. (1) Both
mutations do not significantly influence the secondary
structure propensity of K18 in its monomeric state in solution.
However, they induce local structural changes in the second
repeat. (2) The interaction with the polyanion heparin is
slightly weakened by the FTDP-17-associated mutations. (3)
The mutations significantly attenuate the binding to micro-
tubules. The more pronounced effect of the mutations on
binding to microtubules indicates that the interaction of the
repeat domain of tau with microtubules is more specific than
the binding to polyanions.

Mutations Induce Local Structural Changes in Repeat 2.
NMR chemical shifts of backbone resonances allow a
sensitive detection of structural changes, as induced for
example by binding of a ligand or by mutations. Even
changes in1H and 15N chemical shifts, which are readily
available from two-dimensional correlation spectra, are
valuable reporters with respect to the extent of changes
induced by mutations. In particular, changes that affect only
the immediate vicinity of the site of mutation can be
distinguished from those having more global effects. The
FTDP-17 mutations∆K280 and P301L induce the largest
changes in the1H and15N chemical shifts in repeat 2, i.e.,
for K18P301L upstream of the mutation site (K298-V300)
and for K18∆K280 downstream (K281-S285). The direc-
tionality of the chemical changes caused by the P301L
mutation is in agreement with the proposal that the PGGG
motif which normally adopts a turn structure is straightened
into a more extended structure which includes even the
preceding residues K298-V300 (3). K18∆K280, on the other
hand, is at the center of a region that preferentially populates
â-structure in K18wt. Therefore, the pronounced effect on
the upstream residues is not clear.

NMR chemical shifts of backbone atoms, such as CR and
CO, are strongly influenced by secondary structure. In
particular, the comparison of secondary chemical shifts in
two different states, for example, free and bound to a ligand
or wild-type and mutant protein, enables the detection of
even small changes in secondary structure propensity. The

secondary chemical shifts of K18∆K280 and K18P301L
were highly similar to values observed for K18wt. No strong
increase in the propensity to form secondary structure (â or
R) was observed for the mutants in solution.

Previous studies had revealed that peptides derived from
the repeat domain and containing the K18∆K280 or P301L
mutations had a stronger tendency to aggregate with forma-
tion of â-structure, as judged by FTIR and CD (3, 4).
However, when the protein was freshly prepared by gel
filtration, the monomeric fraction did not exhibit a different
content ofâ-structure (Figure 4). This suggests that the higher
rate of aggregation of the two K18 mutants in vitro is not
due to an increased content ofâ-structure in their monomeric,
soluble state. Rather, intermolecular interactions become
more favorable. The∆K280 deletion mutation results in a
pattern of alternating polar and nonpolar residues, which
favors aggregation (3, 41). The P301L missense mutation
removes a proline residue from the core of the repeat domain,
enabling longerâ-strands and a better stacking between
strands within the fibril (3).

We mention in this context that a predominantlyR-helical
content has been reported for certain FTDP-17 mutants of
tau (42). We have not been able to confirm this in
experiments using CD and FTIR spectroscopy (3, 43), in
agreement with other investigators who have shown that tau
has a mostly random coil conformation in solution (44-
47). The discrepancy could possibly be explained by the fact
that Jicha et al. (42) used tau proteins expressed with
polyhistidine tags.

∆K280 and P301L Mutations Only Weakly Affect the
Interaction of K18 with Heparin.It is not clear at present
how PHF aggregation is initiated in neuronal cells. However,
the fact that in vitro, heparin can greatly improve the
polymerizability of tau (38, 39) points to a possible role of
cytosolic polyanions [examples are RNAs or acidic peptides
such as the C-terminal tail of tubulin (37)]. Our results show
that the binding of heparin to K18∆K280 and K18P301L is
slightly weakened, and it is likely that this holds for other
polyanions as well since our previous results showed that
the same residues are important for microtubule and heparin
binding (25). Despite the deletion of K280 in K18∆K280,
the NMR signals of V275-L284 were strongly influenced
by the addition of heparin. On the other hand, signal
intensities of residues S289-S293 appeared to be enhanced,
and mutations affected only1H-15N chemical shifts of
residues in repeat 2 of the free protein. Therefore, we attribute
the slightly reduced affinity for heparin to a combination of
altered electrostatic properties and conformational changes.

The Interaction of the Repeat Domain of Tau with
Microtubules Is More Specific than the Binding to Polyan-
ions.Tau is a microtubule-associated protein that regulates
diverse and essential MT functions, including polymerization
and stabilization of MTs and modulation of MT dynamics
(14). The domains flanking the repeat region bind strongly
to MTs, even in the absence of the repeats, whereas the repeat
motifs are essential for MT assembly (48). Notably, there
are hot spots of MT binding, such as the KK motif (residues
280-281) in repeat R2 (15). FTDP-17-associated mutations,
which cluster in the repeat region of tau, are known to
weaken the interaction of tau with MTs and cause a decrease
in the level of MT stabilization (3), whereas mutations which
increase the concentration of 4Rtau lead to a decrease in the
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dynamics of microtubules (49). Therefore, knowledge of the
detailed mechanism by which the disease-associated muta-
tions affect the ability of tau to bind to MTs is important.
Here, we have characterized the binding of the repeat domain
of tau, containing the two FTDP-17-linked mutations
K18∆K280 and K18P301L, to preassembled, paclitaxel-
stabilized MTs on the level of individual residues.

Previously, we have shown that the binding of the repeat
domain of tau to polyanions and paclitaxel-stabilized mi-
crotubules involves similar residues (25). K18 interacts with
microtubules and heparin/poly-Glu through positive charges
upstream of the PGGG motifs (K267-H268, H299, and
H329) and through the hexapeptides at the beginning of
repeats 2 and 3. In particular, I278 and K281 played an
important role, in agreement with results obtained by site-
directed mutagenesis (15). As poly-Glu resembles the Glu-
rich C-terminal sequence of tubulin, the NMR data suggested
that the positively charged clusters in the repeat domain bind
to the C-terminus of tubulin. This is in agreement with
biochemical studies showing an interaction between tau and
the tubulin tail (50, 51). The data presented here show that
the binding of the two FTDP-17-linked mutations, K18∆K280
and K18P301L, to microtubules differs from the binding to
heparin. The disease-associated mutations reduce strongly
the level of binding to MTs, whereas heparin binding is only
slightly affected. In particular, the contribution of residues
K274-L284 to MT binding is almost absent. This demon-
strates that the binding to microtubules is more specific than
a simple, electrostatically driven binding to polyanions. The
directionality of changes in the1H-15N chemical shifts
induced by the mutations (see above) suggests that the
detrimental effect of the mutations is due to an altered
conformation centered around repeat 2 or a lack of an ability
to form such a conformation upon binding, involving in
particular the V275-K280 hexapeptide [note that the∆K280
mutation strongly perturbs one of the MT-binding hot spots
(15)]. Binding to heparin, on the other hand, does not require
a specific conformational arrangement in the repeat domain
of tau, or heparin can more easily adjust to a mutation-
induced conformational change.

In interpreting the results reported here, one should recall
that different modes of binding of tau to MT have been
described in the literature. The predominant one, observed
in most in vitro experiments and in cell-based experiments,
shows tau as a molecule binding to the surface of microtu-
bules rapidly and reversibly. At high tau:tubulin concentra-
tion ratios, this primary interaction can be complemented
by a weak secondary interaction which has the hallmarks of
unspecific “overloading” of the MT surface and can be
avoided by increasing the ionic strength (see Figure 8; note
that a high-salt step is typically included in the preparation
of tubulin to eliminate MAPs). Another type of binding can
occur when tau is copolymerized with tubulin; in this case,
a fraction of tau appears to be trapped in the tubulin lattice
in a fashion that is not readily reversible (52). This latter
mode of binding does not apply here since the experiments
were conducted with prepolymerized microtubules.

In summary, the two FTDP-17-associated mutations,
∆K280 and P301L, in the repeat domain of tau, which cause
rapid aggregation in vitro, do not show significant changes
in the secondary structure propensity of the soluble, mono-
meric protein. However, local structural changes in the

second repeat are induced. The FTDP-17-associated muta-
tions only slightly affect the binding to the polyanion heparin
but significantly attenuate the binding to microtubules. This
suggests that binding of four-repeat tau to microtubules
involves specific interactions. Due to the reduced affinity
of MT for four-repeat tau carrying the FTDP-17 mutations
∆K280 and P301L, more tau protein will be free in solution,
increasing the effective concentration and thereby strength-
ening the tendency to aggregate. Aggregation nuclei formed
by mutant tau could be elongated even from the pool of
normal tau and thus poison the entire tau population in a
cell.
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