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ABSTRACT: Alzheimer’s disease (AD) is characterized by the intracellular accumulation of the neurofibrillary
tangles comprised mainly of the microtubule-associated protein, tau. A critical aspect of understanding
tangle formation is to understand the transition of soluble monomeric tau into mature fibrils by characterizing
the structure of intermediates along the aggregation pathway. We have carried out multidimensional NMR
studies on a C-terminal fragment of human tau (tau187) to gain structural insight into the aggregation
process. To specifically monitor intermolecular interaction between tau molecules in solution, we combined
15N- and 14N-labeled tau, the latter of which was modified with a paramagnetic nitroxide spin label (MTSL).
Paramagnetic relaxation enhancement (PRE) of 15N-tau by interaction with MTSL-14N-tau allowed
identification of low molecular weight oligomers of tau187 that formed in response to heparin-induced
aggregation. Two regions, VQIINK280 and VQIVYK311, were exclusively broadened by MTSL located at
varied positions in the tau molecule. We propose that soluble oligomers of tau187 are generated via
intermolecular interactions at these motifs triggered by heparin addition. However, the associated line
broadening at these motifs cannot be due to interaction between tau187 and heparin directly. Instead, these
specific interactions necessarily occur between tau molecules and are intermolecular in nature. Our data
support the idea that VQIINK280 and VQIVYK311 are the major, if not sole, critical regions that directly
mediate intermolecular contact between tau molecules during the early phases of aggregation.

The progression of Alzheimer’s disease (AD)1 correlates
most closely with appearance of the neurofibrillary tangles,
insoluble intracellular fibers of paired helical filaments (PHF)
arising from the misfolding and aggregation of the neuronal-
specific microtubule-associated protein, tau (1–3). As a result,
it is expected that an understanding of the mechanism of
tau aggregation in detail will be key to our understanding of
the molecular basis of Alzheimer’s disease and the possible
discovery of therapeutics.

Tau is critical for the regulation of microtubule dynamics
in normal neurons (3–5). In humans, six isoforms of tau
(ranging from 352 to 441 amino acids) are expressed via
alternative splicing of a single gene, all six isoforms being
present in the tangles in AD (6). The isoforms of tau share
in common an acidic amino-terminal region, a central
proline-rich domain, and a basic carboxyl terminus, the latter
of which contains three or four imperfect repeat sequences
that together constitute the microtubule binding domain
(MTBD) (7, 8). A crucial advance in the field has been the
ability to express wild-type as well as genetically engineered

forms of human tau by recombinant methods. Purified,
recombinant tau can self-aggregate to form fibrils that are
highly similar if not identical to filaments isolated from AD
brain (9). Using this assay, the structural determinants
essential for aggregation and fibril formation have been
identified. The key determinants for aggregation lie within
the MTBD, and fibers can be generated from short truncation
fragments of tau containing these determinants (9, 10).

Monomeric tau from recombinant sources has been well
characterized at the biochemical level (11), and studies
characterizing the secondary structure content of tau fibrils
have been conducted (12–14). Tau free in solution is best
described as an unfolded, highly flexible “random coil” under
native conditions based on CD and FTIR spectroscopic data,
hydrodynamic studies, and NMR studies of selected tau
peptides (15–19). On the other hand, tau fibrils display
significant secondary structure, most studies reporting pre-
dominant �-sheet or cross-�-sheet structure in fibers gener-
ated from recombinant tau or PHF-tau isolated from
brain (12–14, 20, 21).

In contrast, little is known about the mechanism by which
tau undergoes self-aggregation to form mature fibrils. In
particular, the kinetics of intermediate species and their
structural characterization are not known. Recently, it has
been shown that soluble intermediates, as opposed to the
fibers themselves, may be the key to cell death associated
with tau aggregation (22). Thus the importance of character-
izing the relevant intermediates in the aggregation pathway
becomes of even greater urgency in our understanding of
the mechanism of neurodegeneration and the potential
development of therapeutics.
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In this study, we have employed multidimensional NMR
methods to monitor the aggregation of a truncated form of
tau that efficiently and reproducibly aggregates into fibrils.
We have identified a population of soluble oligomers of tau
that appear in response to heparin-induced aggregation and
which are amenable to NMR analysis. We identify two
hexapeptide motifs in tau, VQIINK280 and VQIVYK311, that
likely mediate intermolecular interaction between tau mol-
ecules to form oligomers associated with the aggregation
process. This study provides insight into the early events in
tau aggregation leading to pathological fibril formation.

MATERIALS AND METHODS

Tau187 Expression and Purification. Residues 255-441 of
the longest human tau isoform (two N-terminal repeats, four
C-terminal repeats) were amplified by PCR, cloned into
pET28 vector, and expressed in Escherichia coli strain
BL21(DE3), resulting in “tau187” containing a hexahistidine
tag (MGSSHHHHHHSSGLVPRGSH) fused to the N-ter-
minus. E. coli was grown from a frozen glycerol stock in
10 mL of LB culture to OD600 0.6-0.8. The LB culture (100
µL) was used to inoculate 200 mL of M9 minimal media
and then grown overnight. The overnight culture (20 mL)
was pelleted and resuspended into 500 mL of fresh M9MM
supplemented with 15NH4Cl (1 g/L) and/or uniformly labeled
13C glucose (2 g/L) (Cambridge Isotopes Laboratories Inc.).
At OD600 0.6-0.8, protein expression was induced with 1
mM isopropyl �-D-thiogalactoside for 3 h and then harvested
by centrifugation for 15 min at 5000g. Pellets were stored
at -80 °C until further use. All growth conditions were
carried out at 37 °C. Mutants of tau187 were generated using
the QuickChange technique (Stragene).

Bacteria from the 1 L culture were washed and resus-
pended in 20 mL of lysis buffer (20 mM MOPS (pH 7.4),
10 mM imidizole, 0.1 mM EDTA, and 1 mM DTT)
supplemented with PMSF (1 mM), leupeptin (0.5 µg/mL),
aprotinin (2 µg/mL), and pepstatin A (0.7 µg/mL). After
incubation with lysozyme (2 mg/mL, 15 min on ice), samples
were sonicated (6 × 20 s at power setting 5 with 1 min
cooling on ice between each sonication) in an ultrasonic cell
disruptor (Branson Sonifier 250). The lysate was cleared by
centrifugation (30 min at 15000 rpm, Sorvall SS-34), and
the supernatant was batch loaded onto 2 mL of packed Ni-
NTA agarose at 4 °C for 45 min. The resin was washed in
a column with lysis buffer, followed by lysis buffer contain-
ing 250 mM NaCl, followed by lysis buffer. Protein was
eluted with a 300 mM imidazole step. Fractions containing
protein were pooled and applied to a column of SP-Sepharose
(10 mL) equilibrated with 20 mM Tris (pH 8.2), 0.1 mM
EDTA, 0.02% NaN3, and 1 mM DTT, washed, and eluted
with a NaCl gradient (0-500 mM NaCl/40 mL). Fractions
were analyzed by SDS-PAGE; tau protein was pooled,
concentrated to approximatey 1 mL using Amicon 4 mL
centricon and applied to a CL6B Sepharose gel filtration
column equilibrated with 20 mM sodium phosphate (pH 6.9),
100 mM NaCl, 0.1 mM EDTA, and 0.02% NaN3. Protein
was analyzed by SDS-PAGE, pooled, concentrated, and
stored at -80 °C. Protein concentration was determined by
absorbance at A274 assuming an extinction coefficient ε274 )
2.8 cm-1 mM-1.

DeriVatization of Tau with MTSL. Tau187 (300-500 µM)
was reduced for 2 h at room temperature with 10 mM DTT
and then desalted on a 5 mL Sephadex gel filtration column
(G-25 (80 mesh)) equilibrated with 20 mM sodium phosphate
(pH 6.9), 100 mM NaCl, 0.1 mM EDTA, and 0.02% NaN3.
Tau187 was immediately incubated with a 10-fold molar
excess of (1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)methyl
methanethiosulfonate (MTSL) spin label (Toronto Research
Chemicals) for 16-18 h at 4 °C. Unreacted MTSL was
removed using a 5 mL G-25-80 Sephadex gel filtration
column equilibrated in 20 mM sodium phosphate (pH 6.9),
100 mM NaCl, 0.1 mM EDTA, and 0.02% NaN3. To
determine the extent of labeling, 20 µM tau187 was reacted
with 20 µM 2,2′-dithiodipyridine and quantified by absor-
bance at A343 (23). Spectrally inactive, diamagnetic MTSL-
labeled protein was generated by reduction with 10 mM
sodium ascorbate for 18 h in the dark at 4 °C. Ascorbate
was removed by gel filtration. Samples were concentrated
for NMR using a 0.5 mL Microcon centrifugal filter.

NMR Experiments and Data Analysis. All NMR data were
collected at 25 °C on a Varian 600 MHz spectrometer
equipped with a four-channel (1H/13C/15N/2H) room temper-
ature or cryogenic probe and Z-axis pulsed field gradients.
Uniformly 15N- or 13C/15N-labeled protein samples of tau187

wild-type or mutants in NMR buffer (pH 6.9, 20 mM sodium
phosphate, 0.1 mM EDTA, 100 mM NaCl, 0.01% NaN3 in
92% H2O/8% D2O) were concentrated to 0.1-1.0 mM,
depending on the experiment. The NMR buffer also con-
tained 226 mM trimethylamine oxide (TMAO) (Sigma
T0514), a natural osmolyte, unless otherwise indicated. For
backbone and sequential assignments, we performed 2D
1H-15N HSQC and 3D HNCACB (24, 25), CBCA-
(CO)NH (25, 26), and HNCO (26, 27) experiments. The
chemical shift reference is done with internal sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm for its
methyl proton signal, and the 13C and 15N chemical shifts
are indirectly referenced. Data processing was done with the
nmrPipe program package (28). All 3D data were processed
with the maximum entropy method (MEM) in addition to
the regular Fourier transform (FT) method. Data analysis and
resonance assignments were made with a modified version
of ANSIG (29, 30) running under the Linux operating
system.

The backbone (31) 15N NOE experiment was done with a
3 s 1H saturation period during a total of 8 s recycle delay
and compared with the one without 1H saturation. Paramag-
netic relaxation enhancements (PRE) were measured from
the peak intensity ratios between two 1H-15N HSQC spectra
acquired at the same time point after mixing 15N-tau187 with
oxidized versus reduced MTSL-labeled 14N-tau187. In all
experiments, 15N-tau187 corresponding mutant was not labeled
with MTSL. A 1H-15N HSQC spectrum was collected after
mixing 15N-tau187 and MTSL-14N-tau187 but before heparin
addition. After heparin addition, a series of 1H-15N HSQC
spectra were collected continuously up to times ranging from
3 to 16 h. Each spectrum was acquired over 32 min and
was done with eight scans, 100 15N increments, a recycle
delay of 1 s, and spectral width of 1124 Hz for 15N and 9000
Hz for 1H. There was a 4 min dead time between addition
of heparin and data collection. Aggregation experiments
contained 150 µM 15N tau187 unlabeled mutant and 300 µM
14N tau187 MTSL derivative. Final volume was 450 µL. The
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molar ratio of heparin (Sigma H3400, MW ∼3 kDa) to tau187

was kept constant at 1:5 in all experiments.
Mass Spectroscopy. 15N-tau187 C291S was labeled with

MTSL at residue 322, as described above for 14N-tau187

mutants. The corresponding 14N-tau187 C291S mutant was
left unlabeled, and the protein samples were mixed in a 2:1
ratio (100 µL, 450 µM) and applied to a 1 mL G25-80 spin
column with or without incubation with 3 kDa heparin for
2 h and then eluted into nanopure water. Mass spectrometry
was performed using a Micromass QTOF2 quadrupole/time-
of-flight tandem mass spectrometer in positive ion mode.
MassLynx (Micromass Inc.) software provided with the mass
spectrometer permitted mass spectra to be displayed for any
observed peak of ion detection events, allowed background
subtraction, as well as extraction of a defined input m/z from
the data set.

Transmission Electron Microscopy. After aggregation, 10
µL of sample was applied to a 300 mesh Formvar/carbon-
coated copper grid for 90 s, excess liquid in the sample was
wicked using filter paper and stained with 10 µL of 1.5%
uranyl acetate for 30 s, wicked again, and washed with 10
µL of H2O for 90 s, wicked again, and air-dried. Samples
were analyzed using a JEOL JEM-1230 transmission electron
microscope.

RESULTS

Backbone Resonance Assignments for Tau187. We engi-
neered a truncated fragment of the tau molecule comprising
the complete microtubule-binding repeat region followed by
the C-terminal tail of the longest tau isoform. This fragment,
tau187, undergoes rapid aggregation upon addition of heparin

and generates PHF-like fibers as observed by electron
microscopy (32). In the experiments that follow, we em-
ployed tau187 to study the aggregation process by multidi-
mensional NMR.

Analysis of tau187 by two-dimensional NMR (Figure 1) is
consistent with the accepted view that full-length tau is an
unstructured molecule under native conditions when free in
solution (9, 15–17, 19). In particular, the 2D 1H-15N HSQC
NMR spectrum revealed proton dispersion spanning ap-
proximately 0.5 ppm (Figure 1). Resonance peaks were broad
and overlapping, and under these conditions we were unable
to assign most of these peaks.

We previously demonstrated the effects of the natural
osmolyte, TMAO, which dramatically enhances the kinetics
of tau aggregation (32). As an extension of this work, we
herein asked how TMAO may affect the structure of tau
analyzed by NMR. In TMAO, tau187 displayed sharper and
more highly resolvable resonance peaks up to concentrations
of 1.6 M TMAO. It is possible that the increased resolution
seen with TMAO could reflect slower amide exchange with
solvent. However, one would expect a range of hydrogen
exchange rates reflecting the type of amino acid residue and
its near neighbors (33). We do not observe the expected
differential broadening due to amide exchange. Rather, we
attribute these effects of TMAO to a greater constraint on
the conformational space available for sampling by tau187

that diminishes contributions from slower processes. In 226
mM TMAO, we were able to assign 155 of the 187 residues
in tau187 (Figure 1). Residues that could not be assigned were
largely confined to the C-terminal ends of the MT-binding
repeat domains which have the sequence XXPGGG (residues
268-274, 300-304, 329-334, 363-366). The assignment

FIGURE 1: 1H-15N HSQC spectra of tau187. The spectra of Tau287 with (red) and without (black) 226 mM TMAO are superimposed. The
spectra were collected at 25 °C with 0.5 mM protein in a buffer containing 20 mM sodium phosphate, pH 6.9, 100 mM NaCl, 0.1 mM
EDTA, 0.02% NaN3, and 8% D2O.
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of two histidine residues of tau187 (His388, His407) also could
not be made.

Analysis of the chemical shift index (CSI) (34, 35) of
assigned residues revealed moderate R-helical character
throughout the molecule (Figure 2). Strong propensity for
secondary structure was apparent only in the region of
residues 308-312 whose CSI values suggest �-sheet char-
acter. The CSI profile did not change in the absence of
TMAO (not shown), suggesting minimal overall secondary
structure induced by this agent. These results are highly
similar to those of Eliezer et al. (36) and Sibelle et al. (37),
who also demonstrate mostly R-helical content in K19 with
exception of the region corresponding mainly to the PHF6
motif (VQIVYK311), which is strongly �-sheet. On the other
hand, Mukrasch et al. (38) observed significantly more
�-sheet propensity throughout the K18 and K19 molecules
based on CR chemical shift values. Several standard CO
chemical shift tables for random coil peptides have been
proposed. These differ significantly, likely due to higher
sensitivity of CO atoms to environmental effects than CR
atoms. Thus, secondary structure prediction using chemical
shifts of CO nuclei is less reliable than using those of CR
nuclei, particularly for the prediction of �-strand structure (34,
39, 40). Nevertheless, the consensus among several NMR
studies is that the core region containing the PHF6 motif
likely has residual �-strand structure. Other regions of tau
likely possess helical character, but further research is needed
to confirm this point.

We also obtained [1H]15N NOE data for tau187 (not shown).
[1H]15N NOEs measure the effect of the dipole-dipole
interaction between two adjacent spins and are sensitive to
fast, ps to ns motions. Values range from negative, when
the overall correlation time is in the ps range corresponding

to high flexibility, to positive, when the correlation time is
a few ns or longer often seen in rigid parts of the molecule.
In the absence of TMAO, positive NOE values were not
observed, indicating the lack of any segmental rigidity of
significant persistence length. In TMAO (226 mM), however,
several positive [1H]15N NOEs appeared. These peaks
corresponded to residues in interrepeat regions two and three
and within the C-terminal tail region, suggesting some
rigidity that is induced in these regions by TMAO. In the
absence of any other obvious structural differences, the
change in protein dynamics may be the cause of the
dramatically enhanced propensity of tau to aggregate into
fibers in TMAO (32).

Site-Specific Spin Labeling. The overall lack of defined
structure in tau187 led us to carry out site-specific paramag-
netic spin labeling with the goal of mapping long-range
intermolecular interactions by paramagnetic resonance en-
hancement (PRE) of resonance peak broadening. Tau con-
tains two endogenous cysteine residues. We engineered four
tau mutants to contain single cysteine residues at positions
258 (S258C/C291S/C322S), 291 (C322S), 322 (C291S), and
356 (S356C/C291S/C322S) for subsequent reaction with the
nitroxide spin-label, MTSL. The corresponding MTSL-
labeled proteins are referred to as SL258, SL291, SL322,
and SL356, respectively. Each of these proteins was incor-
porated with either 14N or 15N nitrogen. The 14N mutants
were then reacted with MTSL on the single cysteine residue
present. The corresponding MTSL-14N-tau187 and 15N-tau187

mutants were then mixed at 2:1 ratio, and resonance peaks
observed by 2D H1-N15 HSQC were analyzed before and
immediately after induction of aggregation by heparin.

Each site-specific spin-labeled mutant displayed a single
set of 1H-15N HSQC resonances with specific resonances
that were significantly broadened by interaction with the
MTSL label on 14N-tau187 (Figure 3). The enhanced broaden-
ing of resonance peaks (Figure 3) is necessarily due to
intermolecular interaction between 15N- and 14N-tau187 mol-
ecules, because the MTSL label is present only on 14N-tau187.
The MTSL label did not undergo intermolecular exchange
from 14N to 15N-tau in either the presence or absence of
heparin, as determined by mass spectrometry analysis (Figure
4). Thus the NMR signal observed must correspond to a
soluble oligomer of tau consisting of at least two tau
molecules that forms only upon heparin induction. The exact
number of tau molecules in the oligomer is not known. The
observation that line broadening occurs specifically in
response to heparin addition suggests that the oligomer may
in some way be associated with fiber formation.

Figure 3 shows that in all MTSL-labeled mutants two
peaks of resonance broadening were observed. Remarkably,
the same two regions in tau were broadened in all spin-
labeled mutants. This broadening cannot be attributed to
direct interaction between tau and heparin itself, because
broadening was not observed when the MTSL spin label was
reduced to diamagnetic MTSL by ascorbic acid. Broadening
also cannot be due to nonspecific effects of the MTSL label
itself, because the spectra after inactivation of MTSL was
the same as that when unlabeled 14N-tau was employed, in
either the presence or absence of heparin (not shown).

The fact that the broadened regions in tau were the same
regardless of the position of the MTSL label caused concern
that the MTSL label may display nonspecific interaction with

FIGURE 2: Chemical shift deviations of tau187 from values for random
coil peptides. Data were collected in NMR buffer containing 20
mM sodium phosphate, 0.1 mM EDTA, 100 mM NaCl, and 0.01%
NaN3 in 92% H2O/8% D2O, pH 6.9. Positive deviations represent
helical propensity; negative deviations represent propensity for
extended structure. The chemical shift values of CA and CO nuclei
for random coil peptides were taken from Wishart et al. [(1995)
J. Biomol. NMR 5, 67-81], and corrections were made to the shift
values of residues followed by a proline accordingly.
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these regions. Therefore, even though broadening was clearly
heparin-dependent, we tested if the corresponding resonance
peaks would be broadened by free MTSL. An MTSL-

mercaptoethanol derivative free in solution was tested for
this purpose and was found not to result in broadening when
present at equivalent concentrations of MTSL-14N-tau (Figure

FIGURE 3: Paramagnetic relaxation enhancements of 15N-tau187 from MTSL spin-labeled 14N-tau187. 15N-tau187 was mixed with 14N-tau187

labeled with either paramagnetic or diamagnetic MTSL. PRE values represent peak intensity ratios of paramagnetic vs diamagnetic MTSL-
14N-tau187 as described in Materials and Methods. (A, B) SL258; (C, D) SL291; (E, F) SL322; (G, H) SL356. MTSL at any of the indicated
four positions in tau results in the same two peaks of broadening upon initiation of aggregation, corresponding to the regions VQIINK280

and VQIVYK311.
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5A,B). Furthermore, we engineered a cysteine residue at a
remote site in the C-terminus of tau (aa 413) and found that
MTSL at this position produced some minimal broadening
around residues 416 and 430 (Figure 5C,D) but did not
produce the specific broadening seen in Figure 3. These data
suggest that this broadening (Figure 3) is a specific para-
magnetic relaxation enhancement effect of MTSL at positions
258, 291, 322, and 356.

Enhanced line broadening is a direct function of the
fraction of oligomer, f, the correlation time of the specific
residue, τ, and an inverse function of the distance, r, between

MTSL and the specific residue raised to the sixth power (PRE
∞ fτ/r6). Since identical regions in tau are specifically
broadened in response to MTSL located at various positions,
we propose that line broadening must be dominated by a
combination of the proximity of the nitroxide to a particular
nuclear spin as well as the flexibility of the region including
that nuclear spin. We imagine that the PHF6 hexapeptide
regions make transient contact that both stiffens the region
and brings the nitroxide label to the vicinity. To test if these
regions are flexible in the monomer, we labeled 15N-tau187

with MTSL directly and under these conditions did not

FIGURE 4: Mass spectrometry of SL-tau187. MTSL was reacted with 15N-tau187 at residue 322. The spin-labeled 15N-tau187 (peak 2) and the
corresponding unlabeled 14N-tau187 mutant (peak 1) were mixed in 2:1 ratio and analyzed by ESI mass spectrometry in positive ion mode
(A) before heparin addition and (B) 2 h after addition of 90 µM 3 kDa heparin. Masses of peaks 1 and 2 remain unchanged after heparin
addition, demonstrating that the spin label does not exchange with free thiol in 14N-tau187.
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observe enhanced broadening at these regions (Figure 6).
Thus broadening is seen only in the oligomer as opposed to
the monomer, suggesting that these regions become stiff
specifically in response to aggregation, most likely due to
intermolecular contact between tau187 molecules at these
regions.

The two regions in tau187 displaying broadened resonances
(Figure 3) correspond to the motifs VQIINK280 and
VQIVYK311. It has previously been shown that a short
fragment of tau (N265-E335) containing VQIVYK311 can
bind to small immobilized peptides which themselves contain
either VQIINK280 or VQIVYK311 and that the sequence

VQIVYK311 is important for aggregation (15), being able to
aggregate into straight fibers on its own (41). Our data are
consistent with both motifs making intermolecular contact
with one or the other cognate sequence during the aggrega-
tion process, resulting in stiffening of each respective motif
and an increase in correlation time with consequent line
broadening.

While there is evidence to suggest that tau molecules in
mature fibers are homogenously stacked in parallel and in
register, the NMR data on the oligomer cannot easily be
explained by a single species. Parallel, in-register stacking
(Figure 7, structure A) can explain the line broadening in

FIGURE 5: PRE effect of free MTSL and MTSL linked to residue 413. (A, B) PRE effects from free MTSL derivatized with mercaptoethanol
were tested on 15N-tau. The ratio of peak intensities of 15N-tau alone vs 15N-tau in the presence of 300 µM MTSL-mercaptoethanol is
shown. (C, D) PRE effects of MTSL at position 413 in the C-terminus of tau.

FIGURE 6: Paramagnetic relaxation enhancements of 15N-tau187 labeled with MTSL. 15N-tau187 containing a single cysteine residue at position
258 was generated and labeled with MTSL as described in Materials and Methods. Line broadening was observed by HSQC analysis. In
the absence of heparin, MTSL caused broadening of adjacent residues but not residues within the VQIINK280 or VQIVYK311 regions,
suggesting that in the absence of heparin these regions are flexible. PRE effects are given as the ratio of MTSL-labeled to unlabeled
15N-tau187. Experiments were done at 100 µM tau protein in NMR buffer (see Materials and Methods).
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SL291, SL322, and SL356 but not in SL258 for which both
broadened peaks are of roughly equal intensity. The simplest
explanation involves multiple species that include structure
A as well as a form with parallel shifted register, B (Figure
7). If B forms, C must also form in corresponding amounts,
since B and C are identical structures if tau is unlabeled.
The coexistence of structures A, B, and C explain the pattern
of broadening that we observe. However, we cannot rule out
the existence of other complexes involving combination of
parallel and/or antiparallel arrangements. In all cases, the
amplitude of peak broadening was significantly less than that
expected if all tau molecules were present as an oligomer,
suggesting that the population of monomer over total
oligomer is favored. In summary, our data suggest that a
small heterogeneous population of oligomeric complexes
forms after initiation of aggregation as part of a search for
the specific species that is active in promoting fiber formation.

As further evidence that the oligomer may be an inter-
mediate species related to the fiber forming process, we
examined the time course of line broadening. Broadening
occurred transiently over time peaking between 1-2.5 h after
the initiation of aggregation (Figure 8). At 18 h, broadening
was significantly reduced. The transient nature of the
broadening has previously been observed by Mukrasch et
al. (38) and is consistent with an intermediate that initially
accumulates and then decays as substrate is depleted. In this
case, we speculate that disappearance of the oligomer
correlates with its sequestration into fibers as the heparin
runs out. This is consistent with studies showing that heparin
is limiting under the conditions of aggregation used for NMR
(Peterson et al., unpublished). Finally, to ensure that heparin-
stimulated aggregation results in fiber formation, we visual-
ized tau by EM after heparin addition. Copious fibers
reminiscent of bona fide PHFs were apparent in the SL258,

FIGURE 7: Possible tau complexes generated during aggregation. The region in tau between residues 258-∼400 is depicted. Asterisks
indicate the positions of single MTSL derivatizations in relation to the regions observed to be broadened: VQIINK280 and VQIVYK311.
Broadening seen with MTSL at SL258, SL291, SL322, and SL356 can be explained by a mixture of structures A, B, and C. Other structures
including antiparallel complexes are also possible.

FIGURE 8: Time course of peak broadening. PRE effects in SL291 were followed over time. Peak broadening was maximal at 1 and 2.5 h
and diminished over time, suggesting that formation of the soluble oligomer is transient. PREs are given as the ratio of broadening due to
paramagnetic vs diamagnetic MTSL as described in Materials and Methods and in the legend to Figure 3. SL322 displayed a similar time
course (not shown).
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SL291, SL322 and SL356 spin-label mutants 16 h after
heparin addition (Figure 9).

DISCUSSION

The aggregation of tau into paired helical filaments is
believed to be critical for the progression of Alzheimer’s
disease. Yet the mechanism by which tau, a soluble and
intrinsically unstructured molecule, undergoes self-assembly
to form insoluble filaments with regular secondary structure
is not known. Soluble oligomers have been identified as
intermediates in protein filament formation (42), including
tau fiber formation (43). Using multidimensional NMR
methods, we have identified a population of soluble oligo-
mers of tau that transiently accumulate upon initiation of
aggregation by heparin. Although we cannot say whether
one or more of these species are on the pathway to fiber
formation, the formation of these oligomers occurs specif-
ically during the aggregation process and correlates with
intermolecular interaction between the PHF6 and PHF6*
hexapeptide motifs of two tau molecules, these motifs of
which have been shown to be essential and sufficient for
aggregation (15, 41)

Tau has resisted all attempts of high-resolution structural
characterization by X-ray crystallographic or NMR methods.

A principal reason for this is that tau free in solution is an
intrinsically unstructured molecule under native conditions,
while fibrous tau, which is known to contain regular
secondary structure, is insoluble. Previous attempts to
crystallize the soluble protein resulted in fiber formation (12),
and the large size (441 amino acids) of full-length tau has
precluded high-resolution structural characterization by
NMR. Here, we have engineered a truncation fragment of
tau, tau187 (aa 255-441), which comprises all four micro-
tubule binding repeat regions along with the C-terminal tail
domain of the molecule. This fragment retains full aggrega-
tion activity and upon aggregation forms fibers identical to
those generated from full-length tau in vitro, or fibers isolated
from Alzheimer’s brain tissue (32).

Trimethylamine N-oxide (TMAO) is a natural osmolyte
found in marine animals that serves to counteract the protein
denaturing effects of high urea concentrations encountered
in the normal life of these organisms (44, 45). TMAO acts
by stabilizing the native fold of proteins and, in the absence
of denaturant, can promote the folding of proteins into their
native structures in vitro (46–49). In our hands, we found
that moderate concentrations of TMAO were critical to allow
assignment of 30 resonance peaks that were otherwise
unobservable, along with a large number of resonance peaks

FIGURE 9: Transmission electron microscopy of fibers formed from MTSL-tau187 mutants. MTSL-tau187 was analyzed for fiber formation
by transmission EM after 16 h of heparin-induced aggregation. (A) SL258; (B) SL291; (C) SL322; (D) SL356 (all at 120000× magnification);
(E) SL322 (80000× magnification).
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that were overlapping and unresolvable in the absence of
TMAO. In TMAO we were able to assign 85% of the
1H-15N HSQC resonance peaks in tau187.

We could not carry out experiments using spin-labeled
tau in the absence of TMAO due to the inability to assign
the majority of resonance peaks. Thus, one could argue that
the PRE effects that we observe may be a TMAO-specific
phenomenon. However, evidence suggests that our results
herein are relevant to tau aggregation in general. First, it
has previously been demonstrated that TMAO promotes the
ability of tau to assemble tubulin into microtubules (50) and
dramatically enhances the aggregation of tau187 to form fibers
(32), suggesting that TMAO acts to promote processes that
are physiologically relevant, consistent with its known
chaperone activity. Second, fibers formed in the presence of
TMAO are structurally identical to fibers formed without
TMAO, as observed by electron microscopy (32, 50). Third,
our results implicating the PHF6 and PHF6* hexapeptide
motifs as key tau interaction domains during aggregation
are consistent with previous studies (15, 41). Finally, the
secondary structure propensity of tau187 in our hands is the
same as that reported in previous studies carried out without
TMAO (36, 37).

NMR assignments for tau and a number of tau fragments
in the absence of TMAO have previously been reported.
Lippens et al. (51) first reported assignments of full-length
tau which corresponded to TP and SP motifs in the primary
sequence, followed by Smet et al. (52), who assigned 30%
of residues in full-length tau unambiguously and another 10%
with certainty between two possible amino acid choices.
These studies confirm the lack of abundant secondary
structure in tau. Eliezer et al. (36) reported the assignment
of 90 out of 98 amino acids in a fragment of tau, K19,
corresponding to the microtubule binding repeat region of
three-repeat tau, while Mukrasch et al. (38) made nearly
complete assignments of K19 and the corresponding frag-
ment from four-repeat tau, K18 (120 amino acids), with the
exception of several Gly residues. The largest fragment of
tau recently resolved by NMR is a 198 amino acid fragment,
corresponding to the four-repeat microtubule binding domain
plus neighboring flanking sequences, for which approxi-
mately 95% of the residues have been assigned (53). This
fragment is similar to tau187 in that it spans the four-repeat
region but differs by including the second proline-rich
domain and lacks the complete C-terminal tail. The published
assignments of these fragments agree with the assignments
we report in this study on tau187.

The enhanced relaxation of 1H-15N HSQC resonance
peaks in the presence of MTSL-14N-tau187 (Figure 3) suggests
that a soluble oligomer of two or more tau molecules must
form in response to heparin. Resonance broadening via an
intramolecular mechanism is not possible because 15N-tau187

does not contain MTSL in these experiments. Second, the
MTSL label does not exchange from 14N- to 15N-tau over
the time period in which our experiments were conducted
(Figure 4). Finally, the peaks of broadened residues in each
15N-tau mutant do not correspond to the location of the
MTSL label in the primary sequence of 14N-tau. Thus
resonance broadening must reflect intermolecular interaction
between tau molecules.

The large size of the fibers makes it unlikely that fibers
contribute significantly to the NMR signal, supported by the

fact that resonance peaks are sharp and that the association
kinetics of oligomer binding is most likely too slow for
detection by NMR. For example, an upper limit estimate of
1 million fibers in 1 µL would correspond to a concentration
of 10-12 M fiber ends. Even if the overall bimolecular
encounter between oligomer and fiber were diffusion con-
trolled (108 M-1 s-1), the apparent first-order association rate
constant (10-4 s-1) would be expected to be too slow to
produce the observed fast chemical exchange of monomers
into the fiber.

Previous studies have shown that the hexapeptide motifs,
VQIINK280 and VQIVYK311, within the microtubule-binding
region of tau can stably interact with each other as well as
with themselves when tested independently as peptides (15)
and that VQIVYK311 can aggregate into fibers on its own
(41). Our NMR data are consistent with these motifs being
sites of intermolecular interaction in the oligomer and, hence,
provide evidence that interaction at these sites may be key
during the process of aggregation. We propose that upon
interaction these regions stiffen, resulting in a decrease in
their correlation time. This is based on the fact that we see
broadening exclusively at these regions in each of the four
MTSL-labeled mutants as opposed to other regions in the
molecule that are presumably closer to the MTSL label but
are necessarily more flexible.

Studies suggest that in mature fibers tau molecules are
aligned homogensously in parallel and in register (21). By
comparison, our studies show that a population of soluble
oligomers of tau induced by heparin likely does not cor-
respond to a single species. Rather, multiple oligomeric
species likely exist including species that are not in register.
The minimum species to explain the enhanced relaxation
patterns is shown in Figure 7. Given this, two scenarios
(Schemes 1 and 2) for fiber formation are possible in which
the oligomerm designates a heterogeneous oligomeric
population.

In both schemes, tau monomers may transiently interact
to explore the energy landscape of possible complexes. The
idea that protein-protein association involves transient
complexes that eventually settle into the most thermody-
namically favored state(s) has been seen in other systems
(54). Interconversion between monomer and oligomer com-
plex is assumed to be rapid, suggested by the single, sharp
resonance peaks corresponding to individual residues ob-
served by HSQC analysis. The population of monomer is
favored over oligomer, suggested by the degree of peak
broadening, which is less than maximal. Our data do not
discern between Schemes 1 and 2. However, studies show
that tau dimers as opposed to monomers favor aggregation
kinetics (9), suggesting that Scheme 1 is more likely if this
is true.

Scheme 1

Scheme 2
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Recent NMR studies have identified potential residues in
tau that interact with both polyanion inducers of tau
aggregation and microtubules. Mukrasch et al. identified
heparin binding to the PHF6 and PHF6* motifs, while Sibille
et al. (37) reported high-affinity binding of heparin to residues
within PHF6. It is unclear from either of these studies,
however, whether or not the observed chemical shifts of these
residues can alternatively be attributed to tau-tau interactions
in response to heparin-induced aggregation. While Sibille
et al. (37) used a low MW (4.2 kDa) heparin species which
could bind but not cause aggregation of full-length tau, we
observed robust aggregation of tau187 initiated with a 3 kDa
heparin species. Like Mukrasch et al. (38) and Sibille et al.
(37), we propose that PHF6 and PHF6* are targets of
molecular interaction in response to heparin addition. But,
in contrast, we show unequivocally through the use of
paramagnetic versus diamagnetic MTSL spin-label probes
attached to 14N-tau187 that line broadening at these hexapep-
tide motifs in 15N-tau187 cannot be caused by heparin directly.
We attribute the observed PRE effects to intermolecular
tau-tau interactions triggered by heparin addition. Since we
do not know where heparin binds from this study, we do
not yet conclude that our results are mutually conflicting with
the results of Mukrasch et al. (38) and Sibille et al. (37).

Our studies demonstrate that soluble oligomers of tau
observable by NMR are generated during the process of
aggregation and fiber formation. We propose that the regions
VQIINK280 and VQIVYK311 are the major sites of intermo-
lecular interaction in the oligomer population during the early
process of aggregation and that these interactions that
generate the oligomer are triggered in response to heparin
addition possibly serving as seeds of nucleation. In the future,
it will be of interest to correlate defects in aggregation by
site-directed mutagenesis with possible changes in the
dynamics of the soluble oligomeric species of tau observable
by NMR methods. Ultimately, characterization of the kinetic
pathway of tau aggregation may guide the design of small
molecule therapeutic inhibitors of neurofibrillary tangle
formation.
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