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ABSTRACT. The microtubule-associated protein tau is found aggregated into paired helical filaments in
the intraneuronal neurofibrillary tangle deposits of victims of Alzheimer’s disease (AD) and other related
dementias. Tau contains a repeat domain consisting of three or fetd23fesidue imperfect repeats that
forms the core of tau filaments and is capable of self-assembling into filarmeniso. We have used
high-resolution NMR spectroscopy to characterize the structural properties of the three-repeat domain of
tau at the level of individual residues. We find that three distinct regions of the polypeptide corresponding
to previously mapped microtubule interaction sites exhibit a preference for helical conformations, suggesting
that these sites adopt a helical structure when bound to microtubules. In addition, we directly observe a
marked preference for extended @strand-like conformations in a stretch of residues between two of
the helical regions, which corresponds closely to a region previously implicated as an earlyssitieawfd
structure formation and intermolecular interactions leading to paired helical filament (PHF) formation.
This observation supports the idea that this region of the protein plays a crucial role in the formation of
tau aggregates. We further show that disulfide-bond-mediated dimer formation does not affect and is not
responsible for the observed structural preferences of the protein. Our results provide the first high-
resolution view of the structural properties of the protein tau, are consistent with an important rele for
structure in PHF formation, and may also help explain recent reports that tau filaments contain helical
structure.

Protein aggregation is now believed to play a critical role Currently, there are no known tau-associated mutations linked
in the pathogenesis and progression of a number of diseasesyith AD, but several mutations in tau have recently been
including important neurodegenerative syndromes such aslinked with a related neurodegenerative syndrome, fronto-
Alzheimer's disease (AD)and Parkinson's disease (for temporal dementia and Parkinsonism linked to chromosome
reviews, see refé—4). The importance of protein aggrega- 17 (FTDP-17) 8—10), supporting a causative role for tau
tion in these diseases is supported by a number of observaaggregation in neuronal degeneration. This has led to greatly
tions, perhaps the most convincing of which is that genetic increased interest in the structural properties of tau PHFs
links to hereditary forms of these diseases have invariably and their mono- and oligomeric precursors and in the
been traced to genes that code either directly for the specificaggregation process that results in PHF formation. Unlike
proteins that are found to be aggregated in each disease othe case of amyloid fibrils found in extracellular AD plagues,
for proteins responsible for modulating the production or even the general structural properties of PHFs remain
destruction of the aggregating proteirg. ( controversial, with reports that they contain predominantly

The microtubule-associated protein tau, which can exist Crossg structure (af-sheet-rich structure witl strands
in six alternatively spliced forms in the central nervous running perpendicular to the long axis of the fibrild){-
system, is found in neurofibrillary tangles in AD in the form 13) at odds with reports reporting a lack @fsheet structure
of hyperphosphorylated filamentous aggregates that appeaf14), or even the presence of extensivéhelical structure
as either straight filaments (SFs) or more typically as paired (15, 16). Nevertheless, it appears that a distinct region of
helical filaments (PHFs) (for reviews, see refsand 7). tau is primarily responsible for the aggregation of the protein,

namely, a region of imperfect 3132-residue repeats, which

" This work was supported in part by a New York City Council is often considered the microtubule-binding domain of the
Speaker's Fund for Biomedical Research Award (to D.E.), the NiA, Protein but has also been shown to form the core of PHFs
National Institutes of Health, Grant AG19391 (to D.E.), and a gift from (17) and to assemble into PHF-like aggregatesitro (18).

Herbert and Ann Siegel (to D.E.). In addition, recent studies of tau aggregation have implicated
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! Abbreviations: AD, Alzheimer's disease; SF, straight filament; oo ; N it
PHF, paired helical filament; FTDP-17, frontotemporal dementia and Although it is found in an aggregated State m.VICtImS. of
Parkinsonism linked to chromosome 17; TFE, trifluoroethanol: ThT, AD, FTPD17, and other dementias, monomeric tau is a

thioflavin T; AB, f-amyloid peptide; APP, amyloid-precursor protein. highly soluble protein. Nevertheless, despite great interest

10.1021/bi048953n CCC: $30.25 © 2005 American Chemical Society
Published on Web 12/29/2004




Residual Structure of Tau Biochemistry, Vol. 44, No. 3, 2008027

244 254 264 274 315 325 335

{ A A 2 { { !
QTAPVPMPDL KNVKSKIGST ENLKHOPGGG KVQIVYRPVD LSKVTSKCGS LGNIHHKPGG GQVEVKSEKL

DFKDRVQSKI GSLDNITHVP GGGNKKIE

T T T

345 355 365

Ficure 1: Sequence of tau fragment K19 corresponding to the microtubule-binding region of the three-repeat tau isoform. Residue numbering
is based on the numbering of the longest tau isoform, htau40, and skips directly from residue 274 to 306 as a result of the absence of the
second repeat (residues 27305). The three 18-residue regions identified as microtubule-binding 8#sue underlined. The 6-residue

stretch implicated as a site of nascgrgheet formation and PHF initiatiod9) is in bold italic. Cys 322, which has been suggested to be
crucial for PHF formation{8) is in bold.

in the structural properties of tau as they relate to both PHF containing fractions were pooled, dialyzed against 5% acetic
formation and microtubule binding, no comprehensive high- acid, and purified on a C4 reverse-phase HPLC column using
resolution structural studies of tau have been reported,an acetonitrile gradient with 0.1% trifluoroacetic acid. Tau-
primarily because the protein is predominantly unfolded in containing fractions were lyophilized and stored-&0 °C
solution (L4, 21) and therefore not amenable to techniques and were highly pure as judged by SBBAGE, HPLC, and
such as X-ray crystallography. Here, we report the results subsequent NMR spectroscopy.

of high-resolution solution NMR structural studies of a NMR samples were prepared by dissolving lyophilized
fragment of tau comprlsmg.the.mlcrotubule-blndlng region protein in sample buffer (100 mM NaCl and 10 mM
of the three-repeat-containing isoforms of the protein. Our NaHPO; at pH 7.4 in 90/10% BD/D,0) and running the
data show that the repeat region contains distinct segments;g|tion through a size-exclusion spin column or a 100-kDa
with a preference for helical structure, which correspond to fjjter to remove any protein aggregates. Protein concentra-
previously identified microtubule interaction sites. This tions were between 1 and 3 mg/mL. NMR spectra for
observation suggests that these sites adopt helical Strucwr%erforming resonance assignments were collected 4€10
when bound to microtubules. In addition, we show explicitly 5 5 vvarian INOVA 600 MHz NMR spectrometer equipped
that a previously implicated PHF initiation site within the \yith four RF channels using modern versions of all experi-
tau repeat regionl@, 20) exhibits an enhanced propensity ments incorporating gradient coherence selection and sen-
for B-strand structure. Although disulfide-mediated dimer sitivity enhancement, in a manner similar to that used in
formation has been implicated to play an important role in previously reported studies22, 23). Typical collection
tau self-assembly, we show that the structural preferencesparameters included spectral widths of 5400, 1600, 900,
that we observe are not caused or affected by such dimergooo, and 3400 Hz in the proton, nitrogen, CQy/g, and
formation. Our results, which provide the first high-resolution -~ dimensions, respectively, with 1024 points in the direct
view of the structural properties of tau, support the impor- gimension and 32 or 64 points in the indirect dimensions.
tance of localf structure in PHF formation while also Mixing times of 150 and 300 ms were used for NOESY
offering a possible explanation for recent reports of helical HSQC and HSQENOESY-HSQC data, respectively.
structure in PHFs. 3JunHa coupling constants were measured using the HNHA
experiment 24) with a homonuclear dephasing period of 25
MATERIALS AND METHODS ms. No correction was made for proton T1s because of the
Recombinant protein was expressedgscherichia coli ~ highly flexible nature of the tau K19 polypeptide. Data were
transfected with a PET vector construct containing the DNA processed with NMRPip&§) using cosine or cosine-squared
sequence for a three-repeat microtubule-binding fragment ofVindow functions and analyzed using NMRViev2d.
tau known as K19 under control of the strong T7 promoter SPectra were referenced indirectly to DSS and amma@ia (
(a kind gift from Dr. Peter Lansbury and Dr. Kenneth Kosik, USing the known chemical shift of water. Secondary shifts
Harvard Medical School). Similar to the naturally occurring Were calculated using recent random-coil valug) (as
three-repeat tau isoforms, K19 contains the first, third, and implemented in NMRViewZ29) with an additional correction
fourth microtubule-binding repeats of tau, consisting of for the pH dependence of histidinex@nd G shifts 30).
residues 244274 followed by residues 30672 of the An attempt was madg to cor.rect fo.r the sequence dependence
longest human tau isoform (Figure 1). A cysteine-free form ©f random-coil chemical shifts using two different recently
of K19, C322A, was made by replacing Cys 322 with alanine réported sets of correction facto9(31), but both of these
using a Stratagene mutagenesis kit. Purification followed a |€d t0 considerably more scatter in the data and to larger
protocol developed by our lab for studies of the Parkinson’s deviations on average, indicating that the uncorrected values
disease protein-synuclein £2). Briefly, cells were lysed ~ from ref28 more closely approximate the true random-cail
by a freeze/thaw cycle followed by sonication and ultracen- Shifts under our conditions.
trifuged at 40 000 rpm in a Beckman ultracentrifuge usinga To monitor the kinetics of wild-type tau K19 dimer
Ti 50.2 rotor. The supernatant was subjected to a strepto-formation under oxidative conditions, samples were dissolved
mycin sulfate precipitation, followed by two ammonium in buffer at different time points prior to loading onto a
sulfate precipitations. The final pellet was resuspended in denaturing polyacrylamide gel under nonreducing conditions.
lysis buffer (1 mM EDTA, 1 mM DTT, 10 mM Tris,and 1  The dimer band disappears under reducing conditions,
mM PMSF at pH 8.0), dialyzed against 25 mM Tris, 20 mM confirming its identity. To assay for PHF formation, wild-
NaCl, 3 M urea, and 1 mM EDTA, applied to a cation- type or C322A K19 samples were prepared exactly as for
exchange column, and eluted using an NaCl gradient. Tau-the NMR experiments described above and filament forma-
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tion was triggered by the addition of 20 vol % trifluoro- @. s G — > — G326
ethanol (TFE). Protein concentrations prior to TFE addition " & \272/6273/6334/ Sidechain Region
were 1 mg/mL. Aggregation kinetics were monitored by TG as/asee/aseT
recording the apparent UV absorption at 330 nm, which ™| . e o B 5
reports on changes in light scattering. Absorbance was s - s "
measured in a Cary-50 spectrophotometer using a 1-cm path- Ve =
length, 1-mL volume quartz cuvette sealed to minimize Tona® S R
evaporation. Reactions were found to be reasonably repro—g e 0336"2651%8""‘3358 /o
ducible until about 10 h of data collection, after which large z = T i "° -=g
variations were observed between different runs, presumably” e Mzsoo““.s\\\ o
because of evaporation and settling of large aggregates. After T N
each reaction, the formation of filaments was assayed using '* “5(3:3%-0; ,3;,\&260/.354
thioflavin T (ThT) fluorescence and direct observation using 030753”@-,-"’” EN T
electron microscopy. For the ThT assay,d0aliquots of " w10 A:;: pa
each sample were added to 960 of 20 mM Tris and 20 oo
uM freshly filtered ThT at pH 8.0 and fluorescence spectra ™' 5 - - - - - p p
were collected using excitation at 450 nM. Control spectra H (PPM)
were collected in the absence of protein and in the presence
of unaggregated protein. In this assay, the presence of talb. GG i — G3te
filaments is expected to result in greatly increased ThT ,, s e | Sdechainegion
fluorescence at-480 nm. For electron microscopy, 14- B ' E
aliquots of each sample were placed on a 400-mesh copper | aacses e &= E
wire grid for 1 min, stained with 1.5% uranyl acetate for 1 s o T 22 G55 RRRhb bbbl
min, and washed with doubly distilled water. Excess liquid " Ssm;’ o
was removed using filter paper, and samples were imaged _ el " H258/D348
using a JEOL 100CX-1l scanning electron microscope using & ™ s
a magnification of 1400Q. Circular dichroism spectra were & e > e W
collected on an AVIV 62 DS spectrometer equipped with a | "= > eSilg \\ vl
temperature controller from samples prepared exactly as . iy %V”‘? L2es 330
above and using a 0.2-mm path-length cell. e | 1117 T Rese

127 Qsomsssg'%.; Dz;:!imﬁ, L344
RESULTS e

131 < E372

The NMR protor-nitrogen correlation spectrum (HSQC) 59 87 85 o3 o1 79 77 75

of the cysteine-free C322A mutant of the three-repeat tau TH (PPM)

fragment K19 (Figure 2a), collected under conditions where FiIGURE 2: NMR proton-nitrogen correlation spectra of C322A
the protein is not aggregated into PHFs, shows poor (a) and wild-type (b) tau K19. Each resonance corresponds to an
amide group in the protein. Resonances inside the hashed boxes

resonance dispersion but relatively sharp lines, COI"S'S’temcorrespond to side-chain amides. Sequence-specific assignments are

with a largely unstructured polypeptide. Despite the high indicated. The resonances for Gly 323 in the wild-type spectrum
degree of resonance overlap, we were able to assign nearhare below the contour level, and their locations are illustrated with

all of the resonances from backbone nuclei in the C322A dashed circles.
K19 fragment using triple-resonance experiments (Table 1S
in the Supporting Information). An example stretch of a propensity towar@ structure. As can be seen in Figure
connectivities (from residues Asp 306 to Leu 315) from both 4a, most regions of the C322A K19 fragment of tau exhibit
the HNCACB/CBCACONH and the HNCO/HNCACO pairs  small positive deviations of thedCchemical shifts, indicating
of experiments is shown in Figure 3. The data illustrate the a slight preference for helical conformations. Closer exami-
poor resonance dispersion of thex@esonances, with all  nation reveals that the positive deviations can largely be
three valines in this stretch having similar shifts in Figure grouped into three distinct regions, consisting of residues
3a and the much better dispersion of the CO resonances ire53-267, 315-328, and 346:361. The three regions are
Figure 3b, which results from the sequence dependence offound approximately 31 residues apart, consistent with the
the CO shifts. In several instances, low-intensity satellite length of the repeats in the microtubule-binding domain and
resonances were observed for residues adjacent to prolines;orrespond quite closely to the 18-residue regions originally
such as Gly271/Gly333/Gly365 and D252, presumably identified as the sites responsible for the binding of tau to
reflecting minor populations of cis-proline. microtubules 84). Only a few regions of C322A K19 show
Figure 4a shows the deviation from the expected random- negative deviations, with the most striking of these occurring
coil values of the @ chemical shifts of C322A K19 as a between residues 307 and 312. This region contains five
function of the residue number. TheaCchemical-shift negative deviations of six total data points, of which two
deviations (also known as secondary shifts) are known to have magnitudes greater than 0.5 ppm. The consecutive
be highly correlated with the and vy backbone dihedral  nature of this stretch of negative chemical-shift deviations
angles and therefore with secondary structure in prot@®s ( and the two data points of high magnitude indicate a higher
33). Positive deviations correlate with a propensity toward propensity for extended-strand-like conformations in this
helical structure, whereas negative deviations correlate with region than in the remainder of the protein. Two other regions
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Ficure 3: Data strips from triple-resonance HNCACB/CBCA- FIGURE 4: Deviations of the @ chemical shifts of C322A (a) and
CONH (a) and HNCO/HNCACO (b) NMR experiments illustrating ~ Wild-type (b) tau K19 from values expected for peptides in a

data quality, typical resonance dispersion, and sequential connecandom-coil ensemble of conformations. Positive deviations are
tivities used to make resonance assignments. associated with a propensity for helical conformations, while

negative deviations are associated with extended strand-like struc-

. : . _ . ture. Overlaid on the € data are the corresponding HNH, i —
of negative chemical-shift deviations, occurring between 1y NOE intensities. P g HiY

residues 247 and 252 and between residues 338 and 345,

contain fewer and smaller magnitude deviations, making clearly evident in the 8 data as a highly contiguous stretch
them less likely candidates for significant populationgof containing large-amplitude negative shift deviations.
(or other secondary) structure. In addition to chemical shifts, NMR coupling constants
To further evaluate the secondary structure propensitiesand NOEs can be used as experimental constraints on
indicated by the @ chemical shifts, we also examined the molecular conformations. Although these parameters are
Cp and CO chemical shifts, which we had obtained in the primarily useful in cases of well-formed protein structures,
course of making sequence-specific resonance assignmentave measured vicinal HN&d coupling constants and short-
Cp and CO shifts are also sensitive to backbone conforma-range amide proton NOEs to look for further evidence of
tions, but they are typically less reliable tham Ghifts structure in tau K19. Because of the poor dispersion of two-
because CO shifts remain highly dispersed even in andimensional NMR spectra of K19, we were only able to
unfolded structure and Cshifts are poorly dispersed even measure a restricted numbeB4) of HNHa coupling
in a well-folded structure3b). Positive deviations of CO  constants (not shown) using the HNHA experiment. Of these,
shifts and negative deviations ofGhifts are associated with  all but three fell within the range of 67 Hz, which is
helical structure. Figures 5a and 6a show the CO afid C consistent with a lack of well-formed secondary structure.
secondary shifts for C322A K19 as a function of the residue Within this range of values, we did not observe any trends
number (note that the/shifts are inverted for convenience), reflecting those evident in the chemical-shift data. This is
with the G secondary shifts from Figure 4a also shown for likely a result of our inability to measure this parameter
comparison. The data are considerably more scattered tharaccurately enough to detect weak structural propensities.
the Go data, as expected, and the trends described aboveSimilarly, we did not observe any sequential (or other)-HN
are weaker. Nevertheless, the three distinct regions of positiveHN NOE signals in HSQENOESY—HSQC data and only
Ca shifts contain nearly all of the observed positive CO and a handful of such signals in NOESYHSQC spectra, where
(inverted) @@ deviations, despite also containing some they were difficult to resolve and assign reliably. Although
negative deviations. In addition, the segments richest in these NOEs can be observed in unstructured polypeptides
negative @ deviations exhibit consistently negative CO and under favorable circumstance36], at the relatively low
(inverted) @3 deviations. The segment from position 307 to concentrations used here, they are not detectable in the
312 is dramatically conspicuous in the CO data and also absence of a well-formed helical structu@r), We were,
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FIGURE 6: Deviations of the CO chemical shifts of C322A (a) and
wild-type (b) tau K19 from values expected for peptides in a
random-coil ensemble of conformations. Positive deviations are
associated with a propensity for helical conformations, while
negative deviations are associated with extended strand-like struc-
ture. Overlaid on the CO data are the corresponding dhift
deviations.

Residue Number

Ficure 5: Deviations of the 8 chemical shifts of C322A (a) and
wild-type (b) tau K19 from values expected for peptides in a
random-coil ensemble of conformations. Note the data are inverted
for ease of comparison with theoCdata. Negative deviations
(positive in the inverted data) are associated with a propensity for
helical conformations, while positive deviations (negative in the
inverted data) are associated with extended strand-like structure.
Overlaid on the @ data are the corresponding.Ghift deviations.

o

66 kD

however, able to observe and assign a large number of 510 IR

HNHo(i, i — 1) NOEs. These NOEs reflect a distance that
is longer in helical structure and shorter in strand structure
and should therefore be weak in helical regions and strong
in strand regions. The intensity of the observed NOEs is
overlayed onto the & secondary shift data in Figure 4a. It
is clear that the regions of positiveaCshift deviations 14.4kD
correspond nicely to regions of weak NOEs, whereas the __—
. . ) . ) 5kD W
regions of small or negative shift deviations contain the ;
strongest NOE signals, with the region containing residues Om 15m 30m 1h 15h 45h 55h 7h 8h 25h
307-312 showing the most intense NOE signals. Thus, the Figure 7: Time course of wild-type tau K19 dimer formation
NOE data provide independent support for the secondarymonitored by nonreducing SDSPAGE. Protein samples were
structure preferences inferred from the chemical-shift data. dissolved at different times prior to loading onto the gel, as
Wild-type tau K19 contains a single Cys residue and is 'ndicated. Lanes between 8 and 25 h were excised.
known to form disulfide-bond-linked dimers under oxidative but does not appear to proceed to completion, with about
conditions. To study the effect of disulfide bond cross-linking half of the protein remaining monomeric after 24 h (Figure
of K19 monomers on the structural properties of the protein, 7) and even after several weeks in the NMR tube (Figure
we collected an equivalent set of NMR data for wild-type 1S in the Supporting Information and data not shown). To
K19 prepared as described above (i.e., under oxidative minimize the effects of dimer formation during NMR data
conditions) and assigned the backbone resonances indeeollection, wild-type K19 samples were typically prepared
pendently of the C322A assignments (Table 2S in the a day ahead of time. Although a small degree of dimerization
Supporting Information). SDSPAGE under nonreducing  probably continues to occur on the time scale of the NMR
conditions demonstrated that samples prepared in this manneexperiments used for chemical-shift assignments (several
contained a large fraction of covalently linked K19 dimers. days for each experiment), any effects on the data must be
Dimerization takes place on a time scale of several hoursinsignificant, because successive triple-resonance spectra do

31kD M- - —— -

21.5kD =



Residual Structure of Tau

0.06

0.05

SWT
AC322A

PR S

A SRS

Biochemistry, Vol. 44, No. 3, 2005031

200 T T

150 |

0.04 *

003 s
o 100

Absorbance (330nm)

»
>
>
»>
>
13
Fluorescence Intensity (arb)

50

0 100 200 300 400 500 600 0 2 i
Time (minutes) 460 480 500

Emission Wavelength (nm)

Ficure 8: Kinetic traces of TFE-induced C322A and wild-type
K19 aggregation as monitored by light scattering, reflected as UV FIGURe 9: ThT fluorescence after excitation at 450 nm in the
absorbance at 330 nm. presence of K19 aggregates induced by the addition of TFE. PHF-
like filaments are expected to lead to a specific and dramatic
not show any perturbations in resonance positions or spectraincrease in ThT fluorescence intensity at 480 nm, as observed.

quality. Proton-nitrogen correlation spectra from dimer- Control spectra using no protein or unaggregated protein are
containing wild-type K19 samples (Figure 2b) were highly g}/ig%pﬁgd at the bottom of the plot and show little fluorescence
similar to those of C322A K19, except that several reso- '

nances (for example, Val 318, Thr 319, and Gly 323)
originating from residues near position 322 were observed
to be doubled as well as weaker in intensity and no resonance
was detectable for Cys 322 itself. Resonances from Cys 322
were, however, detectable as- 1 correlations in several
three-dimensional experiments. Interestingly, these reso-
nances could be attributed to the reduced form in the
CBCACONH spectrum and to the oxidized form in the
NOESY—HSQC spectrum based on the unique chemical
shifts of the two forms. The doubled resonances near Cys
322 almost certainly reflect the simultaneous presence of
mono- and dimeric protein populations and indicate that both

give rise to detectable NMR signals. Their weak intensities Ficure 10: Electron micrographs of tau K19 filamentous ag-
and the absence of the Cys resonance(s) may reflect the lowegregates induced by the addition of TFE. The horizontal black bar
effective concentration of each species and possibly a slowrepresents a length scale of 200 nm.

conformational exchange process near the cysteine or cystine

site. G chemical-shift deviations from both resonances of formation was motivated by its common use in studies of
each doubled peak were identical, indicating no difference amyloid fibril formation (for example, see r&8) and by

in local secondary structure between the mono- and dimericthe fact that TFE-induced tau PHF formation has not been

forms.
A comparison of the @, C3, and CO chemical-shift
deviations and the HN&d NOE intensities of wild-type K19

previously reported, although hexafluoroisopropanol, which
often effects polypeptides in a manner similar to TFE, has
been shown to induce PHF assemid9)(and TFE is known

(Figures 4b, 5b, and 6b) with those of C322A reveals only to enhance heparin-induced tau self-assemty. Circular
minor differences. These observations demonstrate thatdichroism data indicate that the reproducible initial phase
neither disulfide bond formation nor the C322A mutation of oligomerization results in an increase in helical structure
significantly alters the structural preferences of the tau K19 (not shown), whereas only further incubation, showing
polypeptide. The very close agreement of the chemical-shift irreproducible kinetics with a time constant of hours to days,
deviations determined completely independently for the wild- leads to structure. After such further incubation, the
type and the C322A mutant constructs is also useful as anpresence of tau flaments was confirmed by a large increase
indicator of the reproducibility and significance of these in the fluorescence of ThT when excited at 450 nm (Figure
measurements. 9), and the direct observation of flamentous aggregates in
To confirm the ability of our recombinant tau fragment negatively stained electron micrographs (Figure 10) that
K19 and of the C322A mutant K19 fragment to form PHF- resemble typical PHFs, with the characteristic twisted
like aggregatesn witro, we used a combination of light filament appearance, widths of approximately 20 nm, and
scattering, ThT fluorescence, and electron microscopy. cross-over spacings of approximately 100 nm. Interestingly,
Incubation of both K19 and C322A K19 in the presence of under these conditions, we did not observe any clear increase
20% TFE resulted in a progressive increase in light scatteringin the rate of oligomer formation for the disulfide-bond-
at 330 nm (Figure 8), indicating the formation of oligomeric forming wild-type protein (Figure 8) as measured by the time
colloidal particles. The choice of TFE to induce filament required to reach the midpoint of each reaction (ap-



1032 Biochemistry, Vol. 44, No. 3, 2005

proximately 120 min). This may be a result of using TFE,

Eliezer et al.

Structural Echoes of Microtubule Bindingjo gain insight

which appears to be an extremely potent inducer of aggrega-into the structural features of tau and how they may relate
tion and may mask variations observed under different to both its normal microtubule-binding function and its
conditions. The difference in the signal amplitude achieved disease-related PHF-forming ability, we investigated the
in the wild-type and mutant K19 reactions may be due either properties of the microtubule-binding and PHF core-forming
to a difference in the total amount of tau aggregates or to region of the protein, tau K19, at high-resolution using NMR
differences in the average size of the aggregates producedpectroscopy. Previous studies of tau in solution have used

(42). A more detailed understanding of the TFE-induced
assembly process will require further investigation.

DISCUSSION

Amyloid Fibrils Versus PHF<rotein aggregation appears
to be intimately related to a large and growing number of

diseases, including a number of brain disorders such as AD

and Parkinson’s diseas&<4). Almost all of these disorders
feature aggregates that fall into the category of amyloid

fibrils, and this has led to an intense interest in the process

of amyloid fibril formation. A large number of studies have
reported results related to the structure of the fibrils

primarily optical methods such as circular dichroism and
Fourier transform infrared spectroscopy to show that the
protein exists in a predominantly unfolded conformational
ensembleX4, 21). The poor dispersion of the NMR proten
nitrogen correlation spectrum of tau K19 supports this
conclusion (Figure 2), because a lack of resonance dispersion
reflects a lack of heterogeneity in the local environments of
individual residues in a protein sequence. However, the
deviations of NMR carbon chemical shifts from their
random-coil values combined with short-range NOEs (Fig-
ures 4-6) provide a much more detailed look at the structural
properties of tau K19 by revealing the conformational
preferences of the protein at each individual residue’s

themselves, the unaggregated precursor proteins, and oligoyycation throughout the sequence.

meric species along the fibril-formation pathway, and some

information is also available regarding the fibril-formation

process, which necessarily involves transitions among thes

different species4?).
In the case of AD, two different proteins form aggregates

€

In well-folded globular proteins, € chemical-shift devia-
tions typically have magnitudes of-3 ppm @9). In contrast,
our data for tau K19 show deviations that are generally less
than 0.5 ppm. This confirms that tau K19 is indeed primarily
unfolded and that this is true throughout its sequence.

that are found in two different proteinaceous deposits: the Nevertheless, even unfolded proteins are often found to

p-amyloid peptide (4) is found in the extracellular amyloid

possess residual secondary structure, which frequently bears

plaques, and the microtubule-associated protein tau is founda relationship to structure that is formed in the properly

in the intracellular neurofibrillary tangles (for review, see
ref43). Aj is a short 40- or 42-residue peptide that is formed

folded state. Examples of this include typical globular
proteins or domains such as staphylococcal nucleg@e (

by the proteolytic processing of the amyloid precursor protein myoglobin 61, 52), and the 1gG-binding domain of protein
(APP). Mutations linked to hereditary cases of AD have been |_ (53), as well as intrinsically unstructured proteins such as

identified both in the gene coding for APP, including some
mutations within the & sequence itself, and in the gene

p27€PL (54), the transactivation domains of CREBS] and
c-Myb (56), anda-synuclein 2, 37), which adopt a well-

encoding for the/-secretase protease responsible for generat-defined structure only upon binding to their partners.

ing A from APP (for review, see ret4). The aggregated
state of AG found in amyloid plaques has been extensively
characterized and constitutes the prototypical amyloid fibril,
possessing a characteristic crgsstructure rich ing-sheet

secondary structure, which is oriented in a direction perpen-

dicular to the long fibril axis and twists around this axis in
a super-helical fashiori(, 45). Recent studies have eluci-

Evidence of residual helical structure is visible in three
regions of tau K19, comprising residues 253%7, 315-
328, and 346361, which exhibit consistently positiveoC
chemical-shift deviations, the majority of the positive CO
and inverted @ chemical-shift deviations, and weak HNH
NOEs. Interestingly, these regions also correspond quite
closely to the 18-residue regions, spanning residues-256

dated many of the detailed molecular and intermolecular 273, 318-335, and 356-367, which have been implicated

interactions of the & peptide that underpin the morphologi-
cal features of & amyloid fibrils (46—48).

as microtubule-binding site84) [note that other regions of
tau outside the repeat region are also implicated in micro-

Tau PHFs appear to be somewhat unusual in that they dotubule binding $7)]. Although the three residual structure

not obviously fall into the category of amyloid fibrils. PHFs
are generally reported to be thicker than amyloid fibrit20

nm in width versus~10 nm in width for amyloid fibrils),
although the dimensions of both types of fibrils appear to
be rather variable. In addition, amyloid fibrils are invariably
highly enriched in3-sheet structure, whereas considerable

controversy remains regarding the secondary structure con-

regions are slightly shorter (15, 14, and 16 residues,
respectively), this might be expected because the final four
residues of each microtubule interaction site form a PGGG
motif that is highly unlikely to adopt helical structure and
has been proposed to bind t@-dubulin pocket on the inside

of microtubules in an extended conformatics8)

Because residual structure typically reflects the native-

tent of PHFs {1—16). Nevertheless, the appearance of PHFs state structure, because the only context in which tau is
in a large number of neurodegenerative disorders, combinedbelieved to adopt a well-formed structure is upon binding
with the recent genetic linkage of tau to a specific subclass to microtubules, and because the residual helical character

of these disorders8(10), suggests that PHF formation,
much like amyloid fibril formation, may play an important

that we observe closely overlaps the non-PGGG portion of
the previously identified microtubule-binding sites, it is likely

role in the pathogenesis of neuronal degeneration. Under-that these regions adopt a stable helical structure when in
standing the details of PHF formation may therefore help to the microtubule-bound state of tau. To our knowledge this

clarify the role of tau and its aggregated forms in disease.

is the first glimpse, albeit an indirect one, into the structural
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properties of tau in the microtubule-associated state. Al- of helical structure in PHFs as well as our own observations
though several NMR studies of short peptides correspondingof helical oligomeric structures during the early stages of
to individual tau repeats have been reportg8 60), these TFE-induced aggregation.
studies were performed in the presence of organic solvents One model based on our results that could explain the
known to be potent inducers of helical structure, making it conflicting data on the secondary structure content of PHFs
difficult to interpret their relevance to the properties of the is that relatively short segments of tau fofhstructure that
protein under physiological conditions. Interestingly, a recent is packed in a cros§-conformation at the PHF core and is
NMR study of specific Ser-Pro and Thr-Pro phosphorylation crucial for early steps in PHF assembly, while other segments
motifs in full-length tau 61), none of which are present of tau form helical structure that may or may not be crucial
within the repeat domain of the protein, suggests that the for PHF integrity. Such helical structure could occur in the
remainder of the protein possesses little or no residual microtubule-binding regions of the PHF core-forming repeat
structure, supporting the hypothesis, based on our data, thatiomain, in which case it would be involved in interactions
the repeat domain is critical to the formation of structure in that are sufficiently stable to protect it from proteolytic
the context of both microtubule interactions and filament cleavage 17) and could also play a role in stabilizing the
formation. PHF structure. Alternately, such structure could occur in the
Residual 5-Strand Structure and Filament Formation. N- or C-terminal domains of tau, where it would be
Another noteworthy feature in the tau K1Glata is the susceptible to removal by proteolytic cleavader)(and
presence of a 6-residue region of mostly negative chemical-would be unlikely to play any significant role in PHF stability
shift deviations from residue 307 to 312. This region is or formation. In either case, the observation of predominantly
particularly interesting because of recent results that havehelical structure in circular dichroism spectra of PHES)(
implicated the six residues from Val 306 to Lys 311 (termed could be explained by a relatively small fraction of the
PHF6) as a potential nucleation site for the formation of tau protein adoptings-sheet structure (as little as one or two
PHFs (L9, 20). Furthermore, formation ¢f structure within stretches of six residues), while a much larger fraction of
PHF6 was suggested to be critical for the ability of this site the protein (the largest tau isoform contains 441 residues)
to nucleate PHFs, and it was suggested that FTPD17-linkedadoptsa-helical structure. A similar model proposing only
mutations promote PHF formation by enhancthgtructure short stretches gf-strand structure in tau PHFs has been
at PHF6 or at a similar site, PHF6*, in four-repeat tau described in an effort to explain the lack of evidence for
isoforms @0). Our data, consisting of a combination of.C significant amounts ofj structure in studies of tau PHFs
Cf, and CO shifts, as well as HNHNOES, directly confirm (29), but this model did not include any insights into structure
that PHF6 is in fact the region of stronge8tstructure outside the smalB-sheet-rich core and how such structure
propensity within the three-repeat region of tau and are may account for evidence of helical structure in tau PHFs.
consistent with the possibility that this region may play a The plausibility of such a model is supported by the fact
key role in the early steps leading to PHF formation. that many small peptides are known to form typical cross-
Models for PHF Core Structurélhe structural properties  f-structure-containing amyloid fibrils (for example, see refs
of PHFs remain a subject of considerable controversy, with 64—66) and by several models of amyloid fibrils, which
even recent reports providing conflicting picturegesheet envision a small core containing crg8structure decorated
versusa-helix structure content. X-ray and electron diffrac- by domains of peripheral structure that are not involved in
tion studies show clear evidence for crgbstructure in PHFs  fibril-stabilizing interactions §7—69).
(13), while circular dichroism data indicate an entirely Predicted Effects of Disease-Linked Mutatio@sir ob-
o-helical (L5) or a mixeda/ structure £6). Our observation  servations of residual secondary structure elements in tau
of a propensity fof3 structure in exactly the region implicated K19 make it interesting to consider the potential effects on
to nucleate PHF formation in previous wokd( 20) suggests  such structure of disease-linked tau mutations and whether
that the formation of nascet structure may in fact be a  such effects may be related to the previously characterized
critical step in PHF formation. In this case, it seems probable influence of these mutations on tau function and self-
that such elements of earfystructure would persist in the assembly. FTDP-17-linked point mutations within K19
mature PHF [although there is precedent in studies of the include K257T, G272V, V337M, and K369I. Each of these
folding of globular proteins for the formation of transient, mutations has been reported to perturb tau-promoted micro-
non-native, secondary structure that is not found in the final tubule assembly and to increase the rate of tau self-assembly
folded structure@2, 63)]. Even small regions gf structure, (41, 70—75). On the basis of the conformational preferences
if properly packed in the PHF core, could potentially account of individual amino acids as tabulated by Chou and Fasman
for the 4.7 A spacing observed in PHF diffraction patterns (76), the effects of each of these mutations on the residual
(13). On the other hand, our data also clearly show that much structure of the protein can be anticipated. K257T replaces
of the tau K19 microtubule-binding domain has a preference a helix-favoring lysine with g-strand-preferring threonine
for helical conformations. The close overlap between regions and does so in the middle of the first of the three identified
of helical propensity and microtubule affinity suggests that regions of helical-structure propensity (residues-2832).
this structural preference reflects the microtubule-bound Thus, this mutant may be expected to disrupt this region of
structure of the protein. However, other compact conforma- residual structure. This expectation is supported by the helix-
tions or close intermolecular contacts, such as would be propensity-predicting algorithm AGADIR7{), which cor-
expected to occur during oligomerization leading to PHF rectly identifies the first (but not the second and third) of
formation, may suffice to drive these regions of the protein the three regions of residual helical structure that we observe
into helical conformations. This helical structure could and predicts that the K257T mutant would significantly
potentially explain the circular-dichroism-based observations reduce helix propensity in this region. If, as we hypothesize,
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this region interacts with microtubules in a helical conforma- protein induced by dimerization. Such effects are more likely
tion, this structural perturbation could interfere with the to originate from an effective increase in local protein
microtubule interactions of this site. In addition Sifstrand concentration, as previously suggesté&d)( leading to an
structure is propagated throughout the tau repeat region inenhanced rate of intermolecular interactions. We also ob-
PHFs, this mutation would be expected to favor a local served that both tau K19 constructs formed morphologically
transition to such structure, possibly accelerating PHF similar PHF-like aggregates with similar rates of initial
formation. Evaluation of this hypothesis will require further oligomerization upon incubation in the presence of TFE. We
structural studies using this mutant. therefore conclude, in agreement with recent residisg0),

The other three FTPD-linked mutations under consider- that disulfide bond formation, while potentially accelerating
ation fall outside the identified regions of residual helical PHF formation, is not a prerequisite for it. We note that
structure, precluding an analysis of their effects using disulfide bond formation was proposed to be a crucial step
AGADIR. In addition, because we do not have a model for in early studies of amyloid fibril formation by the protein
the structure adopted at the sites of these mutations uportransthyretin 1) but was later shown not to be required
microtubule binding, we cannot assess how they may perturb(82).
such binding. However, two of the mutations, G272V and
K369I, replace residues that are a very poor choicegfor CONCLUSIONS
secondary structure with ones that are excell@strand
formers. G272V nearly abuts the region of the protein that
we observe to be most prone towgidstructure and could
enhance thes-strand propensity of this area and thereby

Our results, based upon high-resolution NMR studies of
the K19 three-repeat microtubule-binding domain of tau,
suggest that the microtubule-binding sites within the repeat

romote self-assembly. A greater propensity fistrand domain may adopt helical structure in the microtubule-bound
P y- A9 brop y state of tau. Our results also support a model of PHF

structure at position 369 could also favor filament formation formation in which regions of nascefitstructure play an

if the § conformation propagates to the end of the fourth important initiation role. These conclusions are consistent

repeat, but as discussed above, this remains uncertain. In . - T A
contrast to the other three mutations, the mutation V337M with the expected effects of disease-linked tau mutations on

does not favog structure. Instead, it replacesastrand- the observed residual structure of tau K19. We also provide
preferring valine with a Helix-preférringpmethionine ltis 2 possible explanation for disparate claims regardingithe
possible that the increase in hydrophobicity at this site plays or f-structure content of PHFs, by proposing that the cfoss-

: . : ! structure at the core of PHFs may be limited to relatively
a role in promoting aggregation, but any structural basis for

how this mutation perturbs microtubule binding or enhances short stretches of the protein, while other regions of the
PHE formation rer’Fr:ains unclear at present g protein, either within the repeat region or in the C- or

X . ) . N-terminal domains, adopt helical conformations, leading to
The above analysis of disease-linked tau mutations, P g

. . the observed high content afhelical structure. Finally, our
fhegtlrzléliilﬂélezt?J;uarzciri %?/vze\/ézggfvoertiss ?g{ezg%?tgesgﬁhﬁteresuIts indicate that disulfide-bond-mediated dimerization of

) I . . tau K19 does not directly alter the structural properties of
microtubule-binding and self-assembly interactions of the tau the protein
repeat region. Further studies will be required, however, to '
firmly establish this hypothesis, including direct confirmation AckNOWLEDGMENT
of the expected effects of the mutations on the structural
properties of the protein and more careful analysis of the We thank Dr. Peter Lansbury and Dr. Kenneth Kosik
effects of the mutations on both microtubule interactions and (Harvard Medical School) for valuable discussions and for
self-assembly. The former is necessary to address thegenerously providing us with the K19 gene construct and
somewhat ambiguous previous results regarding the effectsGillian Browne, Trudy Ramlall, and Carla Rospigliosi for
of the mutations on microtubule affinity, as opposed to technical assistance.
microtubule assembly7@), and to more carefully quantify
the influence of the mutations on the specific construct being SUPPORTING INFORMATION AVAILABLE
used, because different results have been reported for
different tau constructsr@).

Role of Disulfide-Bond-Mediated Dimer FormatioAn
additional complication regarding the formation of PHFs
from tau monomers is the potential involvement of inter-
molecular disulfide bond formation7§). To address this
issue, we compared the structural properties of wild-type and RepERENCES
C322A tau K19. Our results indicate that the presence or
absence of the cysteine does not affect the structural 1.Walker,L.C., and LeVine, H. (2000) The cerebral proteopathies:
characteristics that we were able to observe, including the 'S\‘:n‘i[ﬁdege”erat“’e disorders of protein conformation and as-

. . ) y,Mol. Neurobiol. 2] 83—95.
three regions of residual helical structure and th(_a prefe_zrence 2. Koo, E. H., Lansbury, P. T., Jr., and Kelly, J. W. (1999) Amyloid
for s-strand structure at the PHF6 site. In addition, dimer- diseases: Abnormal protein aggregation in neurodegeneration,
ization of the wild-type protein does not affect these structural Proc. Natl. Acad. Sci. U.S.A. 98989-9990.
features either. On the basis of these observations, we 3. D.obson, C M. (2001) Protein folding and its links with human
. . : diseaseBiochem. Soc. Symp—26.
conclude that the previously reported effects of disulfide- 4 Troi K 3 . o
. . e . Trojanowski, J. Q., and Lee, V. M. (2002) Parkinson’s disease
bond-mediated tau K19 dimerization on self-assembly rates " 4nd related synucleinopathies are a new class of nervous system
do not originate directly from structural changes of the amyloidosesNeurotoxicology 23457—460.

Figure comparing and showing the dimerization state of
an NMR sample of wild-type tau K19 after 9 days and
resonance assignment tables for the wild-type and C322A
proteins. This material is available free of charge via the
Internet at http://pubs.acs.org.
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