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ABSTRACT. The microtubule-associated protein tau stabilizes microtubules in its physiological role, whereas
it forms insoluble aggregates (paired helical filaments) in Alzheimer’s disease. Soluble tau is considered
a natively unfolded protein whose residual folding and intramolecular interactions are largely undetermined.
In this study, we have applied fluorescence resonance energy transfer (FRET) and electron paramagnetic
resonance (EPR) to examine the proximity and flexibility of tau domains and the global folding. FRET
pairs spanning the tau molecule were created by inserting tryptophans (donor) and cysteines (labeled
with IAEDANS as an acceptor) by site-directed mutagenesis. The observed FRET distances were
significantly different from those expected for a random coil. Notably, the C-terminal end of tau folds
over into the vicinity of the microtubule-binding repeat domain, the N-terminus remains outside the FRET
distance of the repeat domain, yet both ends of the molecule approach one another. The interactions
between the domains were obliterated by denaturation in GdnHCI. Paramagnetic spin-labels attached in
various domains of tau were analyzed by EPR and exhibited a high mobility throughout. The data indicate
that tau retains some global folding even in its “natively unfolded” state, combined with the high flexibility

of the chain.

Tau protein is prominent in neurons and plays an important ce of '@ 00
role in neurite outgrowth and axonal transport by stabilizing htaud0 1 2] JPIPZENEEIET | |44
microtubules which provide the tracks for motor proteins. C291 G322
Tau is a highly soluble protein due to its hydrophilic

| otein | ] ) (72 O (0272 1
character, yet it aggregates into insoluble fibers (PHIFs) S e
Alzheimer’s disease and other tauopathies3). In solution,
tau behaves largely as a random coil, as judged by electron htau23 [ }—{"TeilP2ll—EE T ]+
microscopy, X-ray diffraction, CD, FTIR, fluorescence w®1aepans®
spectroscopy, NMR spectroscopy, and other methdds ( g}g ggf lis
8). 432 322

Tau can be subdivided into several domains (Figure 1). 395 28
The~120 N-terminal residues are mostly acidic and project 30 433
away from the microtubule surfac®)( The remainder of 18 291

the protein has a basic character, complementary to the acidic 31 {7
surface of microtubules. The repeats (three or four, distin- Ficure 1: Proteins and mutations. A set of single tryptophan/

guishing the class of isoform) in the C-terminal half form cysteine mutants were created on the basis of three different
isoforms of tau, htau40 (4R/2N), htau39 (3R/2N), and htau23 (3R/
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and R3 (7, 18). For the situation in vivo, it has been

Jeganathan et al.

min at 37°C. DTT was then removed by size exclusion

suggested that apoptotic caspases cleave tau at the N-terminalhromatography (Fast Desalting column, Amersham Bio-
and C-terminal ends, thus making it more prone to aggrega-science), and the eluted protein was immediately added with

tion. The truncations of tau at the C-terminus (E391) by
unidentified proteased 9) and at D421 by members of the
caspase family20, 21) have been shown to increase the rate
of polymerization in the presence of polyanions (heparin,
RNA, and acidic peptidesPg, 23) and with arachidonic acid
micelles @4, 25). Therefore, it has been proposed that the

an~20-fold molar excess of IAEDANS (dissolved in DMF)
for FRET studies or TEMPO (dissolved in CHEfor EPR
studies. The labeling reaction was allowed to proceed
overnight at £C. The reaction mixture was dialyzed against
PBS, and residual IAEDANS was then removed by size
exclusion chromatography. The concentration of the protein

carboxy-terminal tail of tau acts by inhibiting its polymer-
ization through an interaction with the repeat domas) (

was determined by absorption at 280 nm using a molar
extinction coefficient e, of 10800-12100 Mt cm™?,

The N-terminal projection domain is thought to be depending on the different contents of aromatic residues in
involved in the spacing of microtubules since the knockout the isoforms and mutants of tau. The amount of bound
of the tau gene results in altered microtubule organization /AEDANS was determined by the absorption at 336 nm
in small caliber axons in mice26). Another hypothesis is  (€iaepans = 6100 M~ cm™?) (34). The protein concentration
that this domain acts as an anchor for other cell componentswas corrected for the contribution of IAEDANS at 280 nm,
such as kinases, phosphatases, or the plasma memBvane ( and the stoichiometry was calculated; typically, the labeling
29). The role of the N-terminal domain in PHF aggregation stoichiometry was 0.80.9.
is not well understood; it is inhibitory in the presence of  Fluorescence Spectroscoill steady-state fluorescence
heparin 23) but facilitates polymerization in the presence measurements were performed with a Spex Fluoromax
of fatty acid micelles30). The reactivities of antibodies that  spectrophotometer (Polytec, Waldbronn, Germany), using 3
detect an early conformational change of tau in AD (e.g., mm x 3 mm quartz microcuvettes from Hellma (Miheim,
Alz-50, MC1, and Tau-66) suggest that the N-terminal end Germany) with a sample volume of 24.. Tryptophan was
can fold over the repeat domain before polymerizati®h (  excited at 290 nm to prevent a contribution of tyrosine
32). This would be consistent with an electrostatic interaction emission; scans ranged from 300 to 550 nm. In all cases,
since the N-terminal domain and the repeats have oppositethe experimental parameters were as follows: excitation slit
net charges. width of 4 nm, emission slit width of 6 nm, integration time

To study the conformation of tau in solution, we mapped ©0f 0.25 s, and photomultiplier voltage of 950 V. The FRET
intramolecular distances by using fluorescence resonancegfficiency was measured by the energy transfer
energy transfer (FRET). For this purpose, we created a series
of tau mutants containing a single tryptophan and a single (1)
cysteine, which was labeled with IAEDANS. FRET results
show that the tau molecule adopts a global folding which whereD, is the fluorescence intensity of the donor in the
brings the N-terminus near the C-terminus, and the C- presence of the acceptor abds the fluorescence intensity
terminus and the repeat domain close together (“paperclipof the donor in the absence of the acceptor. The apparent
fold”). Despite this folding, the mobility of the chain remains  efficiencies were normalized biy, the fractional labeling
high throughout, as judged by EPR of spin-labels distributed with acceptor, as shown in eq 35). The distanc&® between
along the molecule. the donor and acceptor was calculated by thesteo equation

Errer= (1 — Da/D)(1/f,)

MATERIALS AND METHODS

Errer=1[1+ (R/RO)G] ! 2)

Chemicals and Protein4,5-IAEDANS was obtained from
Molecular Probes (Eugene, OR), and 4-(2-iodoacetamido)- where the Fester radiusR, is 22 A for the Trp-IAEDANS
TEMPO was obtained from Sigma (Munich, Germany). pair (36, 37). In denaturation experiments with GdnHCI, the
Mutations were created by site-directed mutagenesis usingefficiency was calculated from emission intensities of labeled
the Quick Change kit (Stratagene, La Jolla, CA) and the protein and unlabeled protein at the same GdnHCI concen-
plasmid pNG2. Plasmids were sequenced on both strands tdration. The influence of various GdnHCI concentrations on
confirm the mutations. Full-length tau isoforms htau40 (4R/ the fluorimetric properties of tryptophan and IAEDANS was
2N), htau39 (3R/2N), htau23 (3R/ON) and their mutants controlled with free dyes alone and in combination. The
(Figure 1) were expressed iBscherichia coli(33) and effects due to GdnHCI as a solvent were minstl0%) in
purified by making use of FPLC MonoS (Amersham comparison to the FRET effects, and the spectra were
Bioscience, Freiburg, Germany) chromatography as describedcorrected for it.
previously (L1) with minor modifications. Briefly, the cell CD SpectroscopyAll measurements were carried out with
lysate was precipitated with 25% (N#9O, and centrifuged  a Jasco J-715 CD spectrometer (Jasco, Gross-Umstadt,
for 45 min at 127000. The supernatant was adjusted to 55% Germany) in a cuvette with a path length of 0.01 cm. The
saturated (NHBO,, and after centrifugation for 45 min at  spectra were recorded between 190 and 260 nm at a scanning
12700@, the pellet was dissolved in MonoS A buffer and  speed of 200 nm/min, a bandwidth of 1.0 nm, and a response
dialyzed against MonoS A buffer overnight. Further purifica- time of 2 s. In each experiment, three spectra were summed
tion was performed as described previoudl§)(The purity  and averaged. For calculation of the mean residue ellipticity,
of the proteins was analyzed by SBBAGE. the protein concentration was obtained by using the second

Labeling of ProteinsProtein in PBS buffer~100 uM) channel of the CD spectrometer to measure the absorption
was incubated with a 10-fold molar excess of DTT for 10 of the protein sample at 214 nm (where absorption is
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dominated by the peptide bonds). Calibration at 214 nm was
done with a BSA standard.

Microtubule Polymerization AssaMlicrotubule assembly
was monitored by UV light scattering at an angle of @@

>

.
o

htaud0 310y

a wavelength of 350 nm in a quartz cuvette (path length of 10 ——— htaud0 310291pans
0.15 cm) in a Kontron spectrophotometer (Kontron Instru-
ments) in the presence or absence of tau. TauM) was 0B

mixed with 30uM tubulin dimer at 4°C in microtubule

assembly buffer [LOO mM Na-PIPES (pH 6.9), 1 mM EGTA, /7 htau40 310y

1 mM MgSQ, 1 mM GTP, and 1 mM DTT] in a final 10 ——— htaud0 310\322paANS

volume of 20uL. The reaction was started by increasing
the temperature to 37C.

Electron Paramagnetic Resonance Spectroscmyustom-
built X-band EPR spectrometer equipped with a dielectric htaud0 18yy
cavity (Bruker BioSpin GmbH, Rheinstetten, Germany) was ———  htaud0 18y291paNS
used to measure EPR spectra from samples loaded in quartz Lo e
capillaries. The measurements were performed at 20.5 200 210 220 230 240 250
and a tau concentration 6f100uM. All experiments were wavelength (nm)
performed with a modulation frequency of 50 kHz and a
modulation amplitude of 0.08 or 0.16 mT. Since correspond-
ing spectra revealed the same line widths for both modulation
amplitudes, overmodulation could be excluded in the case
of the 0.16 mT modulation amplitude. Depending on the EPR
signal intensity, spectra were obtained by averaging of up
to 60 B-field scans. The background signal originating from
the sample capillaries was subtracted. The resulting standard
errors and their Gaussian propagation values yielded error
bars as shown in the figures.

Size Exclusion Chromatography set of standard proteins
and tau isoforms and constructs were analyzed by sizeFicure2: Circular dichroism spectroscopy of unlabeled and labeled
exclusion chromatography using a Superose PC12 columnProteins. The molar ellipticities of three representative examples

- ) are shown (A-C). Data for the unlabeled protein are represented
(Amersham Bioscience) connected to a SMART-HPLC by the solid line and data for the labeled protein by the dashed

system (Amersham Bioscience). The isocratic elution at a jine, All spectra exhibit a minimum at200 nm, indicating a mostly
flow rate of 20uL/min was performed with PBS or PBS  random coil structure. Representative experiments of tau-induced

containirg 2 M GdnHCI, and the elution of the proteins was microtubule assembly are shown in panel D. The polymerization

)
(@)

——
—

mol. ellipticity (deg dmol1)

N
o

time (min)

detected by UV absorbance at 214, 256, and 280 nm was monitored by S0light scattering at 350 nm. In the absence of
’ ' ’ tau @), there is nearly no increase in the absorbance, whereas the
RESULTS microtubules polymerize rapidly in the presence of wild-type htau40

(®) as seen by increased absorbance. Unlabeled and labeled mutants
Proteins and MutationsTau as a natively unfolded protein  show a similar effect on microtubule assembly comparable to that

does not contain a significant amount of secondary structure.of htau40wt [htau40-3143% (a) htau40-310322ans (©),
However, even unfolded proteins are likely to contain htau40-31G:43%ans (V). and htau40-43¢1 Toavs (©)]-

residual secondary structure elemerd®)(and there might CD Spectroscopy and Microtubule Assembly Competence
be some global conformation defined by interactions between of Labeled TauTo confirm that neither the mutations nor
the different domains of tau that would not be detectable by the labeling caused a change in the protein structure and
the usual spectroscopic methods such as CD or FTIR. Tofunctionality, we performed CD spectroscopy and microtu-
examine such interactions, we created a series of recombinanbule assembly experiments (Figure 2). The CD spectra of
tau mutants containing a single tryptophan (donor) and athe unlabeled mutants all exhibited a minimum-&00 nm,
single cysteine labeled with IAEDANS (acceptor), and this indicating a mostly random coil structure which was similar
allowed us to perform FRET analysis between different to the spectra obtained for the wild-type protein (data not
domains of tau (W-IAEDANS pairs, Figure 1). The mutants shown). The same was true for the labeled proteins, indicat-
were created mostly on the basis of htau40 (the longesting that neither the insertion of tryptophan nor the labeling
isoform in the central nervous system with four repeats and with IAEDANS had an impact on the overall secondary
two N-terminal inserts, 4R/2N)3@) and also htau39 (3R/  structure of the protein as seen by CD (Figure-Z8). We

2N) and htau23 (3R/ON). As tau contains no intrinsic note, however, that CD is sensitive to short-range interactions
tryptophan, we chose conservative exchanges at hydrophobid/s-sheeta-helix), and therefore, the CD spectra do not report
amino acids (Y18W, Y310W, and V432W) for inserting on global vicinities between domains. To test the effect of
tryptophans and exchanges at polar amino acids (T17C,the mutations in terms of tau’s function, we performed
S433C, and S435C) for cysteine mutation with the aim of microtubule assembly experiments in the presence and
minimizing perturbations of the protein structure. In some absence of the tau mutants, both with and without the
mutants, the naturally occurring cysteines in tau (either C291 IAEDANS label (Figure 2D). Tubulin below the critical

in R2 or C322 in R3, the other one being inactivated by concentration remained unpolymerized, but in the presence
exchange with Ala) were used for IAEDANS labeling. of tau, it polymerized rapidly. Wild-type, unlabeled mutant,
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FiGURe 3: FRET within the repeat domain. The fluorescence = Roore
emission spectra are shown for htau40+33B2ans (A), htau40- 0.5 = '
3104291pans (B), and for htau39-310322ans (C). The protein ~
concentration was 2M; the proteins were excited at 290 nm, and 0.0 ny
the emission was recorded from 300 to 550 nm. Data for unlabeled 10]F htau23 - 432322pANS
proteins are represented by solid lines and data for labeled proteins E=035
by dashed lines. Note the strong decrease in the intensity at 350 _ R=u3
nm due to FRET (arrow). 0.5 TN~ -
and labeled proteins promoted microtubule assembly with 0.0
similar efficiencies, and these results fit nicely to earlier 350 400 450 500
studies 40, 41). wavelength (nm)

. FRET Analysis W'th'.n the Rep_ea_\ts Shows Re3|dual_ Fold- FiIGURE 4: FRET between the repeat domain and the C-terminal
ing. To measure the distance within the repeat domain, we yomain. The fluorescence emission spectra are shown for htau40-
used mutants of htau40 and htau39 whose FRET pairs are432,322as (A), htau40-432291oans (B), htaud0-310435ans
Y310W and either C291 or C322 labeled with IAEDANS. (C), htau40-31@433ans (D), htau39-432322ans (E), and

For the unlabeled mutant, htau40-3B22 (single cysteine  htau23-43322%s (F). Experimental conditions were as described
at position 322) when excited at 290 nm (Figure 3A, solid ™ the legend of Figure 3.

line) exhibited the typical tryptophan fluorescence with an
emission maximum at 352 nm, indicating that residue 310
is almost completely solvent exposetD(42). After C322
was labeled with IAEDANS (htau40-34322ans), €XCita-
tion at 290 nm resulted in an additional emission peak at
490 nm (Figure 3A, dashed line), and concomitantly, the

the case of unfolded protein38). For 12 or 19 amino acids,
the mean distance in a random coil structure would be
calculated to be 28 or 36 A, respectively. The observed FRET
distances 0f-20 A are smaller, arguing that the assumption
of a pure random coil is not applicable and that a residual

tryptophan fluorescence was strongly decreased-6y%, structure is adopted by the repeat domain, at least in the

although protein concentrations 481) were identical. The second and th'_rd repeats (s_ee the Discussion).
efficiency was calculated as described in Materials and In the experiments described above and the subsequent
Methods and yielded aB of 0.67. Since the Fster radius ones, there was a concern that the observed FRET might, in
for the FRET pair of tryptophan and IAEDANS is 22 8¢ part, arise from intermolecular effects, rather than intramo-
37), the FRET efficiency of 0.67 translates into a donor  lecular effects due to folding. This possibility was, however,
acceptor distance of 19.5 A. In the case of htau40;310 excluded by titration experiments. First, the labeled protein
291pans, FRET was less pronouncel € 0.53, Figure 3B) was titrated with an excess of nonfluorescent protein,
than for htau40-310822ans, resulting in a distance of 21.6  htau40wt which has no tryptophan, which did not affect
A. The mutant htau39-314B22,ans, based on the three- FRET efficiency. The same was found when we titrated
repeat isoform htau39, exhibited the same efficierey=( labeled protein either with tryptophan containing htau40 or
0.67, Figure 3C) as the corresponding mutant based on awith labeled protein. In all cases, the data were consistent
four-repeat isoformE = 0.67, Figure 3A). These results With intramolecular FRET only (data not shown).
show that a strong or medium FRET can be measured Interaction of the C-Terminal Tail and the Repeat Domain.
between W310 near the beginning of the third repeat and The distance between the repeat region and the C-terminal
C322 or C291 near the middle of repeats R2 and R3. tail was analyzed by FRET using mutants carrying W310
These calculated distances can be compared with expectaand IAEDANS at position 435 or 433 in the htau40 isoform
tions based on a model of random coil structure. The meanand vice versa with tryptophan at position 432 and IAEDANS
end-to-end distanck,, within a Gaussian coil oN amino at position 291 or 322 in tau40, htau39, and htau23 isoforms
acids can be estimated hs = Lov/N, where the prefactor  (Figure 4A-D). The FRET analysis of htau40-43222ans
Lo (~8.3 A) accounts for the stiffness of the molecule for (Figure 4A) and htau40-43291yans (Figure 4B) yielded
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Table 1: Summary of Resuits 1.0{A Mau40-18w2:913rﬁ
W IAEDANS R L RDENAT R=3b.1
isoform position position Errer (A)  (A)  Epenar  (A) 0.5 _——
htau39 310 322 0.67 195 29.0 oo )
htau40 310 322 0.67 195 29.0 10{B htaud0 - 18,y,291pANS
htau40 310 291 0.53 21.6 365 032 255 VA E=008
htaud0 432 322 0.29 256 87.7 R=335
htaud0 432 291 0.37 240 99.3 0.08 327 0.6 T
htau40 310 435 0.73 18.4 935 << N
htau40 310 433 0.16 29.0 92.8 00 1= T
htau39 432 322 045 228 877 10 wiDaNS
htau23 432 322 0.35 243 87.7 2 N R=280
htau40 18 322 0.14 30.1 1381 0.09 323 wn 05 P
htau40 18 291 0.08 33.5 1459 S L/ - N
htau40 310 17 0.19 28.0 143.2 £ 00
htau39 18 322 0.18 28.8 138.1 .= 101D htau39 - 18,322pans
htau23 18 322 0.19 27.8 122.7 ) 7" N\ Eooue
htaud0 432 17 0.59 20.8 170.4 2 s 74 e
htau23 432 17 0.36 24.2 151.1 8 T~
aFRET efficiencies Errer), FRET distancesR), and theoretical 8 0.0
distances I() are given for various mutants on the basis of htau40, D 101E htau23 - 18w322pANS
htau39, and htau23. For some mutants, the observed distances after S /N B
chemical denaturatiorRbenar) are also listed. &= 05 7 s
~— N \
efficiencies of 0.29 and 0.37, respectively, corresponding to (1)8 F htaud0 - 43217DANS
distances of 25.6 and 24 A, respectively (see also Table 1). l oy
These distances are surprisingly short, considering that the 05 PN -
FRET pairs are more than 100 residues apart in the __ -~ ~
po_lypeptide chain. The theoretical predictions for a randor_n ‘1’8 G hauZ3 - 4329y s
coil model between the 291 and 432 and 322 and 432 pairs | E-0%
are 99.3 and 87.7 A, respectively4 times larger than the AN —_
! o 0.5 / e ~
observed distances. The color-swapped FRET pair in the _ ~
mutant htau40-33M435ans (Figure 4C) exhibited an even 0.0
higher efficiency E = 0.73) and a resulting distance of only 35 400 450 500
18.4 A wavelength (nm)

In contrast, another mutant with the IAEDANS label at Ficure 5: FRET between the repeat domain and the N-terminus

resi_dye 433, only two residue's upstream.of the previous and between the N-terminal and C-terminal domains. The fluores-
position (htau40-310433%ans, Figure 4D), yielded a very  cence emission spectra are shown for htau4g828oans (A),
low efficiency of 0.16, corresponding to a distance of 29 A. htau40-1¢291pans (B), htau40-31Q17pans (C), htau39-1&-

This remarkable decrease in the magnitude of the FRET ﬁt22ogr§s Aggg){;lgtaUZ%g)&EZ%Aus (E)t, ?tauﬁé@tj43®17mws (Fg, andb §
; i ; ; au23- bans (G). Experimental conditions were as describe
Zlgggal Véltgllnotwo. residues (tf)rom thle .433 and 3|10bpa(|jr_ o the in the legend of Figure 3. Note the pronounced FRET between the

gn : pair) cannot be exp_alne ) simply y 'St.ance C-terminal and N-terminal domains (arrows in panels F and G).
considerations alone. A more likely interpretation is a

conformational change in the C-terminal tail which may fold efficiency was low (Figure 5AE). For htau40-18322ans
over the repeat domain in one labeled mutant but not in the gnd htau40-18291oaxs, the observed FRET efficiencies
other [note that the tail may adopt erhelical structureZ5, were 0.14 and 0.08, respectively, resulting in distances of
30), and see the Discussion]. 30.1 and 33.5 A, respectively (Figure 5A,B).

The mutant htau39-43822%ns based on the isoform Likewise, for the dye-swapped mutant, htau40+310
htau39 exhibited a similar efficiencye(= 0.45) with a 17oans, the efficiency was 0.19 and the corresponding
calculated distance of 22.8 A (Figure 4E). Thus, the missing distance was calculated to be 28 A (Figure 5C). Similar
second repeat in htau39 (upstream of the reporter W310)results were obtained for the three-repeat isoforms htau39
does not affect FRET between the C-terminus and the third and htau23. The efficiency for htau39w®2ans (Figure
repeat. The same was true for the mutant of htau23 (htau235D) was 0.18, corresponding to @ of 28.8 A. For the
432y322ans, Figure 4F), which showed an efficiency of  shortest isoform htau23 mutant (htau23y822ans), the
0.35 and a resulting distance of 24.3 A. Thus, the absenceFRET efficiency was 0.19, resulting in aR of 27.8 A
of the N-terminal inserts has no impact on the interaction (Figure 5E). Thus, the FRET efficiencies are much lower
between the C-terminal end of tau and the center of the repeathan those between the C-terminus and repeats. In fact, the
domain either. efficiencies below 0.2 are too small to allow a reliable

FRET Shows that the N-Terminus and the Repeat Domaindetermination of distances.

Stay Apart.The interaction of the repeat region and the  Short Distance between the Two Ends of TBoi.cover
N-terminal end of tau was analyzed with mutants of htau40, the largest possible distance within tau, we analyzed FRET
htau39, and htau23 isoforms containing 18W and IAEDANS between the N- and C-terminal domains in the mutant
at position 291 or 322 and also a htau40 mutant with 310W htau40-43217pans (Figure 5F). Interestingly, the observed
and IAEDANS at position 17. In all cases, the FRET efficiency was relatively high (0.59), resulting in a distance
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A T T distances of 2424 A (Figure 6, column N-C) which is
g»”’ R-R I R-C : R-N IN-C much lower than the theoretical distance of 170 A.
S I | | | EPR Studies Confirm a Highly Flexible Structure along
Sos | ' | the Tau Chainlf the polypeptide chain of tau is internally
% I : : folded, one might expect partial immobilization of residues.
| | [ ﬂ This question was addressed by EPR. Mutants of htau40-
bl [ - l .‘ 310y with Cys at positions 17, 291, 322, and 431 were
< % : : : labeled with iodoacetamide spin-labels (JAA6) with a six-
;' 30 | I | membered nitroxide ring (TEMPO, 2,2,6,6-tetramethyl-1-
g 25 | | 1 | piperidinen-oxyl). The EPR spectra provide information
S sl 1 : ! : I about the local secondary and tertiary structure and about
% HW | & r | | j the mobility of the spin-label. For example, highly mobile
1o L | | | spin-label side chains yield three sharp lines similar in height
$52 g22222 22222 22 and small line widths, but the width, shape, and height ratios
§58 §58558 §S5§§ %? of the absorption lines change when the motion becomes
S58 §358355 §§§§§ §g restricted 43, 44). A quantitative measure of spin-label
2 ggggﬂ"%}-" $S585 S§ dynamics is the effective reorientational correlation time,
BEE EEEEELS TESS RS of the nitroxide which is determined by simulated spectra.

Ficure 6: Summary of FRET efficiencies and calculated distances. Approximate values ofg can be calculated from the line

The FRET efficiencies are summarized in panel A, and the resulting - . e - .
distances are given in angstroms in panel B. The different mutants WIdth Of the center lineABo, and thehi/hy line height ratios

are indicated below the diagram and are divided into four groups: Of the three lines45).

R—R (FRET within the repeat region),RC (FRET between the
repeats and the C-terminus);Rl (FRET between the N-terminus The shapes of the EPR spectra of htau4@s7 htau40-

and the repeat domain), and4¢ (FRET between the N- and  43Lane, htau40-322ae, and htaud0-2%has were similar
C-termini). (Figure 7A) and were indicative of a high flexibility, similar

to that observed in flexible termini, flexible loop regions, or
between the termini of 20.8 A. This distance is much shorter ynstructured proteins4@). This agrees well with recent
than the theoretical value of 170 A. A similar result was opservations on the mobility of residues in the third repeat
obtained with the mutant htau23-4@P7bavs, yielding @ (46). Detailed comparison of the high-field lines (Figure 7B)
FRET efficiency of 0.36 and a calculated distance of 24.2 yo\ealed small differences between the spectra of labeled
A (Figure 5G). Given th(_a previous results th_at the N-terminus mutants, indicating that the C-terminal domain (JAAG at
does not show FRET with the second or third repeat whereas,ggjqye 431) has the highest mobility, followed by the repeat
the C-terminus does, and the observation that the ends Of(JAAG at residues 291 and 322) and the N-terminal domain

tau approach each other, the data suggest a complex of bothi;a ag at residue 17). The spin-label mobility was expressed
termini and the repeats, mediated by the C-terminus of tau;, 1orms of the effective rotational correlation times of the

(see the Discussion). four investigated mutants and an unbound spin-label for
The results of the FRET experiments are summarized in comparison (Figure 7C). The rotational correlation time of
Figure 6. The efficiencies of FRET pairs within the repeats htau40-17.as was the highest¢0.6 ns), whereas the mutants
are between 0.53 and 0.67 (Figure 6, columrR}, resulting  wjth the spin-label within the repeat region (htau40-294
in distances of-20 A. FRET between the C-terminus and gng htau40-32246) exhibited rotational correlation times of
the repeat domain exhibited a higher variability in efficiency, g 4 ns. The lowest correlation time and therefore the highest
for example, when the IAEDANS label was located in the mobility were found for htau40-43ias (~0.2 ns). For
C-terminal tail, showing efficiencies between 0.;6 (htau40- comparison, the correlation time of an unbound TEMPO
310w43%ans) and 0.73 (htaud0-34H35ans) (Figure 6, |apel (2,2,6,6-tetramethyl-1-piperidimeexyl ) was ~0.05
column R-C). This inconsistency points to a sequence g \hereas that of a label immobilized inside a well-folded

depende_nce of the FRET efficiency in the C-terminal tail protein is typically 2 orders of magnitude highd].
which might be caused by an effect of the IAEDANS label

on the local secondary structure. In the dye swap mutant Denaturation of Tau Increases the Stokes Radius and
containing W in the C-terminus and IAEDANS in the Decreases FRET Efficiencie3he distance between the

repeats, this effect was not found. Overall, the efficiencies C-terminus and the repeat domain and between the two ends

were~0.4, with a remarkable similarity between all isoforms, ©f tau pointed to a residual structure within a mostly unfolded
corresponding to distances of 235 A between the C-  protein. This fact raised the question of the stability of the
terminus and the repeats. A similar coherent picture emergegnteraction. This was probed by assessing FRET in the
for the different isoforms with regard to the distances presence of increasing concentrations of the denaturant
between the N-terminus and the repeats (Figure 6, columnGdnHCI. In addition, to check the influence of GdnHCI on
R—N); all mutants exhibit a weak FRET signal with transfer the overall size of the tau molecules, we analyzed their Stokes
efficiencies between 0.1 (htau40wW®1pans) and 0.19 radii by size exclusion chromatography (Figure 8A). All six
(htau40-31Q17pans), resulting in distances of 2834 A. The naturally occurring isoforms and the constructs K19 and K18
FRET efficiencies between the two ends of tau lie between comprising three or four repeats were analyzed in PBS with
0.36 and 0.5 and are remarkably high, corresponding toup to 2 M GdnHCI. Without a denaturant, the correlation
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FlGURE 7: Electron paramagnetic resonance Spectroscopy. X.Band F|GURE 8: Denaturation Of tau deStrC_)y_S fOldIng and InthItS FRET
EPR spectra of htau40-3a4s, htau40-293ass, htau40-32zase, and Tau isoforms and constructs comprising three or four repeats were

htau40-431aas are shown in panel A. Small differences in the high- analyzed by size exclusion chromatography in the absdcar(d

field peak indicate also slight differences in label mobility (see panel PresenceQ®) of 2 M GdnHCI. (A) Stokes radii of natively unfolded

B for details). The spectra of the high-field peak are shown for tau are calculated by reference to a standard of globular proteins

htaud0-13ams (=), htaud0-43Jans (— — —), htaud0-32gaas and plotteq vs their molecular weights. Note the increase in the

(- - -), and htau40-2%hae (+--). Differences in the high-field peak ~ Stokes radius upon exposure to the denaturant. (B) Fluorescence

of the EPR spectra show significant differences in label mobility Of htau40-314291pans with increasing concentrations of GdnHCI

at the C- and N-termini, whereas the mobilities in the repeat region Shows a decreasing FRET efficiency; i.e., the magnitude of the

were almost identical. The corresponding rotational correlation time tryptophan peak increases, and concomitantly, the magnitude of

(C) is a measure for the immobility of the TEMPO label. For the IAEDANS peak decreases (arrows). (C) Summary of other

comparison, the unbound TEMPO is also shown (C). Error bars FRET pairs (RR, htau40-31429Ipans; R—C, htau40-43g-

indicate the doubled standard error. 291pans; and R-N, htau40-18,322,ans) measured in the presence
of increasing GdnHCI concentrations. FRET efficiencies are plotted

between the Stokes radius and the molecular weight cor-"® GdnHCI concentration.

responded to that expected for natively unfolded proteins _ . :

(18, 48). After incubation wih 2 M GAnHCI, the Stokes radii but retains a reasonable FRET efficiency which allows a
increased to values expected for fully denatured protei)s ( reliable determination of distance which changes from 21.6
Thus, even though tau behaves as a natively unfolded proteinto 25.5 A at 5 M GdnHCI. This distance is still shorter than

in physiological buffers, the peptide chain could be further the theoretical distance of 36.5 A, but with regard to the
expanded by denaturation in GdnHCI. uncertainty of theoretical distances in random coil structures,

We therefore asked what consequences the denaturatior.ﬁt is still within a reasonable range. For the distance between
would have on the FRET efficiencies between FRET pairs. 1€ repeats and the C-terminus (htau40wlloans), the
For example, htau40-34@91pavs (Figure 8B) showed an FRET efficiency dropped from-0.3 to <0.1, which makes
increasing tryptophan peak and a decreasing peak ofit difficult to calculate reliable distances. The situation is

IAEDANS at increasing concentrations of GdnHCHB M), different for FRET between the N-terminal and repeat
consistent with a lower FRET efficiency. The same experi- domains. In the case of htau4Ow®Zans, there is very
ments were performed with htau40-42BIpans and htau40- little FRET in the soluble state (0.14) and this decreases even

184,322ans, and the FRET efficiencies were plotted versus further to 0.1. In summary, FRET within the repeats can be
the concentration of GdnHCI (Figure 8C). In the case of inhibited by GdnHCI but remains measurable, whereas FRET

htau40-31Q291pans, the FRET efficiency dropped from 0.53 between the two termini and the repeats disappears almost
to 0.32. Thus, this FRET pair undergoes a significant changecompletely.
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DISCUSSION molecule, e.g., R5L or R406W, compatible with the idea of
) ) o ) a global hairpin folding of tau. This is now confirmed and
The aim of this study was to obtain information about the y1aced on a more quantitative basis by the data reported here.
global conformation of tau protein in solution. Tau iS The main results follow.
interesting from three perspectives. (1) It is important for (1) | solution, the intrarepeat distances from residue 310
the cell biology of the neurons because it stabilizes micro- 15 322 or from residue 310 to 291 are shor20 A) and

tubules for their role in neurite outgrowth and axonal therefore show pronounced FRET, consistent with some local
transport. (2) Its pathological aggregation in neurons con- compaction due to folding.

stitutes one of the hallmarks of Alzheimer’s disease. (3) Tau (2) The C-terminal domain (residues 432 and 435) is much
belongs to the growing class of natively unfolded proteins ¢joser (19-23 A) to the center of the repeats (residues 291,
which display novel features in protein chemistry. 310, and 322) than expected, giving rise to substantial FRET
Precise structural information about tau in solution has and suggesting a hairpinlike folding back of the tail onto
been difficult to obtain since its lack of defined structure the repeats.
precludes a crystallographic analysis. Spectroscopic evidence (3) The N-terminal domain (residue 17) is not within
(CD, FTIR, and fluorescence), solution X-ray scattering, and FRET range of the repeat domain, but it is close to the
hydrodynamic evidence highlight the natively unfolded C-terminal end (2424 A).
character of the protein, characterized by a lack of secondary By denaturation, one would expect a significant change
structure, Gaussian coil-type character with a persistencejn the distances of the FRET pairs which are widely separated
length of~2 nm, and an unusually large volumg ¢, 18, along the protein sequence. In fact, the distances we observed
40). Electron microscopy reveals that under certain conditions do not show the full effect. In the case of the intrarepeat
tau can adopt a rather extended form and has a tendency tRET pair (291310), the distance increased from the native
dimerize 6). When bound to microtubules, tau tends to align state of 21 A to an apparent distance of 26 A, whereas the
along the protofilament ridges but retains much of its theoretical model expects 36 A for a random coil. This can
disordered state5(, 51). NMR spectroscopy confirms the  pe explained by noting that neither the initial state nor the
paucity of secondary structure but, in addition, highlights chemically denatured state may comply with the assumptions
certain sequence motifs with an enhanced propensity for ahout standard protein structure, which was also found by
f-structure which are known to play a role in the abnormal denaturing well-folded protein$8, 64). The initial state of
aggregation to Alzheimer PHF§Z, 53) [note that several 3 folded protein has a sharply defined distance distribution
other NMR studies have reported on the structure of tau- petween a given pair of residues whose FRET efficiency can
derived peptides 54, 55), but since these studies were pe translated into a well-defined separation. This does not
performed in structure-inducing buffers, their significance necessarily hold for a natively unfolded protein such as tau
remains debatable]. which exists in solution as a mixture of random coil, residual
On the other hand, other indirect observations suggest thatsecondary structure elements, and preferred conformational
tau cannot simply be a total random coil. Although tau is states which are moreover heterogeneous and mobile (as
largely unfolded, it retains some inherent structure which evidenced by the EPR data here). In mostly unfolded
can be destroyed by denaturation. The repeat domain of tauproteins, the distance between a given FRET pair shows a
represents the core of the microtubule binding and PHF wider distribution and the apparent FRET reflects this
aggregating function of tau and is enriched wtfiorming heterogeneity 85). On the other hand, the chemically
elements %6). Perhaps the most compelling hints for denatured state may differ significantly from a pure random
conformational states come from the reactivities of antibodies coil model €6), especially in the presence of pronounced
with discontinuous epitopes which often recognize tau at an charge asymmetries (as is the case with tau).
early stage of neurodegeneration. Examples are the Alz50 Together, these data show that tau in solution is globally
and MC1 antibodies which recognize an epitope formed by folded in a double sense, reminiscent of a paperclip, as
residues near the N-terminus (residue®Y and residues in  depicted in Figure 9. Both the C- and N-termini must be
the third repeat (31:3322) 31, 32, 57), antibody Tau-66  folded over to be near the center of the repeat domain.
which recognizes elements upstream of the repeat domainSeveral lines of evidence argue that the global folding is
and residues in repeat R3§ 59), antibody MN423 which specific but rather weak. First, “dye-swapped” FRET pairs
reacts against a truncation site downstream of the repeatgexchange of the positions of Trp and the dansyl label) yield
(at E391) and residues within the repeat dom#&id),(and similar distances; second, the energy transfer can be largely
antibody SMI34 which reacts with an epitope that requires disrupted by mild denaturationl{. M GdnHCI), and third,
the repeat domain and one of the KSP motifs upstream orfor certain residues, the FRET effect becomes “forbidden”,
downstream from the repeat8lj. These observations are presumably because the insertion of a bulky label perturbs
in good agreement with these results and are suggestive othe conformation. This is illustrated by moving the label from
a global folding back of N- or C-terminal domains over the residue 435 (strong FRET) to 433 (no FRET). The difference
repeat domain which is transient in soluble tau but may between these two positions can be explained by either a
become more stable (and thus detectable by antibodies) indisruption of the local conformation which might be a
pathologically folded tau. Similar conclusions are echoed by prerequisite for interaction with the repeat region or a direct
the distribution of tau mutations found in frontotemporal effect on interaction while the assumed local helical structure
dementias (FTDP-17). Most of them occur in or near the remains intact. We note that this region is predicted to be
repeat domain, consistent with the fact that this domain is an amphipathiei-helix (25), and therefore, a change by two
responsible for microtubule binding and PHF assem®B).( residues could easily convert an allowed label position into
However, some mutations lie toward the ends of the tau a forbidden one.
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FiIcurRe 9: Model of intramolecular interactions within soluble tau
The polypeptide chain of a four-repeat tau (htau40) is shown with

differently colored repeats (R1 in blue, R2 in green, R3 in yellow, 8.

and R4 in red) and the adjacent N- and C-terminal sequences in
gray. The positions of FRET partners are indicated. They lie near

the N-terminus (residue 17 or 18), near the C-terminus (residue 9.

432 or 435), and in the repeat domain [residue 291 in the second
repeat (green) and residues 310 and 322 in the third repeat (yellow)].
The C-terminus folds in the vicinity of the repeat domain as well
as the N-terminus, whereas the N-terminus stays beyond the FRET
distance of the repeats.

One might expect that the end-to-end and end-to-center

interactions within tau might cause some stabilization of the 12.

chain against fluctuations. To check this, we placed spin-
labels in various positions. Although some differences were
observed, the mobility remained very high, close to the value
of denatured proteins. This reinforces the view that the
folding interactions are short-lived and do not have the
character of a firm docking of two binding sites that would
cause substantial immobilization.

In summary, despite its natively unfolded character, the
tau molecule possesses a paperclip-like suprastructure in

solution whereby the two ends of the molecule approach each 15.

other and the repeat domain. This interaction is fluctuating,
imposed on a chain that otherwise is almost as flexible as a ;¢

3A 19A'
>

11.

13.

14.

Biochemistry, Vol. 45, No. 7, 2002291

3. Lee, V. M., Goedert, M., and Trojanowski, J. Q. (2001) Neuro-

R2 R34
(291)224 N '
N

degenerative tauopathie&Snnu. Re. Neurosci. 241121-59.
Cleveland, D. W., Hwo, S. Y., and Kirschner, M. W. (1977)
Physical and chemical properties of purified tau factor and the
role of tau in microtubule assembly, Mol. Biol. 116 227-47.
Wille, H., Drewes, G., Biernat, J., Mandelkow, E. M., and
Mandelkow, E. (1992) Alzheimer-like paired helical filaments and
antiparallel dimers formed from microtubule-associated protein
tau in vitro, J. Cell Biol. 118 573-84.

Schweers, O., Schonbrunn-Hanebeck, E., Marx, A., and Man-
delkow, E. (1994) Structural studies of tau protein and Alzheimer
paired helical filaments show no evidence festructure,J. Biol.
Chem. 26924290-7.

. von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J., Mandelkow,

E. M., and Mandelkow, E. (2000) Assembly of tau protein into
Alzheimer paired helical filaments depends on a local sequence
motif ((306)VQIVYK(311)) formingp structureProc. Natl. Acad.

Sci. U.S.A. 975129-34.

Barghorn, S., and Mandelkow, E. (2002) Toward a unified scheme
for the aggregation of tau into Alzheimer paired helical filaments,
Biochemistry 4114885-96.

Chen, J., Kanai, Y., Cowan, N. J., and Hirokawa, N. (1992)
Projection domains of MAP2 and tau determine spacings between
microtubules in dendrites and axomgéature 360 674—7.

10. Butner, K. A., and Kirschner, M. W. (1991) Tau protein binds to

microtubules through a flexible array of distributed weak sifles,
Cell Biol. 115 717-30.

Gustke, N., Trinczek, B., Biernat, J., Mandelkow, E. M., and
Mandelkow, E. (1994) Domains of tau protein and interactions
with microtubulesBiochemistry 339511-22.

Goode, B. L., Denis, P. E., Panda, D., Radeke, M. J., Miller, H.
P., Wilson, L., and Feinstein, S. C. (1997) Functional interactions
between the proline-rich and repeat regions of tau enhance
microtubule binding and assemblylol. Biol. Cell 8 353-65.
Levy, S. F., Leboeuf, A. C., Massie, M. R., Jordan, M. A., Wilson,
L., and Feinstein, S. C. (2005) Three- and four-repeat tau regulate
the dynamic instability of two distinct microtubule subpopulations
in qualitatively different manners. Implications for neurodegen-
eration,J. Biol. Chem 280, 13520-8.

Wischik, C. M., Novak, M., Edwards, P. C., Klug, A., Tichelaar,
W., and Crowther, R. A. (1988) Structural characterization of the
core of the paired helical filament of Alzheimer diseaBegc.
Natl. Acad. Sci. U.S.A. 851884-8.

Jakes, R., Novak, M., Davison, M., and Wischik, C. M. (1991)
Identification of 3- and 4-repeat tau isoforms within the PHF in
Alzheimer’s diseaseEMBO J. 10 2725-9.

16. Friedhoff, P., Schneider, A., Mandelkow, E. M., and Mandelkow,

denatured protein. This folding agrees well with the reac-
tivities of certain antibodies (Alz50, MC1, Tau66, and
SMI34) that detect abnormal tau in early stages of Alzhei-
mer’s disease, suggesting that a stabilization of the folded
state could have pathological consequences. The approach
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(33) and is held responsible for early changes in the
conformation of tau in AD 7). Whether the suprastructure

is retained in the microtubule-bound or PHF-aggregated state

of tau is not known and is under investigation. 19
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