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ABSTRACT: Alzheimer’s disease most closely correlates with the appearance of the neurofibrillary tangles
(NFTs), intracellular fibrous aggregates of the microtubule-associated protein, tau. Under native conditions,
tau is an unstructured protein, and its physical characterization has revealed no clues about the three-
dimensional structural determinants essential for aggregation or microtubule binding. We have found that
the natural osmolyte trimethylamineN-oxide (TMAO) induces secondary structure in a C-terminal fragment
of tau (tau187) and greatly promotes both self-aggregation and microtubule (MT) assembly activity. These
processes could be distinguished, however, by a single-amino acid substitution (Tyr310 f Ala), which
severely inhibited aggregation but had no effect on MT assembly activity. The inability of this mutant to
aggregate could be completely reversed by TMAO. We propose a model in which TMAO induces partial
order in tau187, resulting in conformers that may correspond to on-pathway intermediates of either
aggregation or tau-dependent MT assembly or both. These studies set the stage for future high-resolution
structural characterization of these intermediates and the basis by which Tyr310 may direct pathologic
versus normal tau function.

Alzheimer’s disease (AD)1 is characterized by the appear-
ance of two biochemical lesions: the extracellular amyloid
plaques and the intracellular neurofibrillary tangles. However,
it is the accumulation of the latter due to aggregation of the
microtubule-associated protein, tau, that correlates most
closely with disease progression (1). The normal function
of tau is the stabilization and organization of microtubules
(MTs), but under pathological conditions, tau undergoes
protein misfolding, leading to self-aggregation and fiber
formation (1, 2). The molecular mechanisms that govern the
folding of tau to its normal state, as opposed to the
pathological formation of fibers, are unknown.

Tau, under native conditions, exists as an unfolded, highly
flexible “random coil” (3-7). This is evidenced by a negative
maximum around 200 nm in the CD spectrum, a peak at
∼1645 cm-1 (amide I band) in the FTIR spectrum, the
absence of a clearly defined radius of gyration by X-ray
scattering, and an unusually large Stokes radius determined
by hydrodynamic methods (3-5, 7, 8) and by NMR studies
of selected tau peptides (9-12). As a consequence of its
unstructured nature, tau has resisted all attempts to crystallize
it for X-ray diffraction studies. Recently, multidimensional

NMR analysis of the MT-binding domain of tau has revealed
significant â-structure in regions that are critical for ag-
gregation (13).

Paired helical filaments (PHFs) can be assembled in vitro
from soluble, recombinant tau, typically in the presence of
either polyanionic cofactors such as heparin or surfactants
such as arachidonic acid (14). In contrast to monomeric tau,
tau fibrils display significant secondary structure. Most
studies report predominantâ-sheet or cross-â-sheet structure
in fibers generated from recombinant tau or PHF-tau isolated
from brain (15-19), while two studies to date report
significant R-helical content (20, 21). Nonetheless, the
presence of secondary structural elements in fibers suggests
that significant folding occurs during aggregation.

The folding pathway through which tau assembles into
filaments has been described on only a macroscopic level
(22). The mechanism of aggregation in vitro can be described
in three steps. The first step in the reaction is the stabilization
of an assembly competent intermediate that can be detected
by enhanaced thioflavin T (ThT) fluorescence (22, 23). On
the basis of its reactivity with ThT, it has been proposed
that this intermediate represents a partially folded form of
tau containing enrichedâ-sheet structure. The intermediate
appears before filament nucleation and is prone to self-
association. In the second step of aggregation, the assembly
reaction proceeds through an exponential growth phase.
Finally, net growth ceases, resulting in a constant polymer
mass in which filaments undergo steady-state assembly and/
or disassembly.

The native structure of a protein is influenced critically
by its solvent environment (24). Certain organisms that have
adapted to extreme environments have evolved small organic
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metabolites (osmolytes) that stabilize and protect intracellular
proteins from denaturation due to harsh environmental
stresses (25). A remarkable feature of these osmolytes is that
they retain their ability to promote the folding of naturally
unstructured or denatured proteins into their native structures
and, thus, act as chemical chaperones in the absence of
denaturing environmental stresses. The chemical basis for
protein stabilization by such osmolytes is best attributed to
an osmophobic effect that arises from the unfavorable
interaction of the protein backbone with osmolyte (26). While
specific protection of the native state is believed to be an
evolved function, the stabilizing effect of osmolytes is generic
to all proteins even if they did not evolve in the presence of
the osmolyte (25, 27, 28). TrimethylamineN-oxide (TMAO)
is an osmolyte found in marine elasmobranchs (sharks and
rays) (29) as well as in mammalian kidney cells (30), which
has evolved for protection against the denaturing effects of
high levels of endogenous urea. In vitro, the chaperone
activity of TMAO has been demonstrated in a number of
systems (31-34), including reduced carboxyamidated RNase
T1 and a destabilized mutant of staphylococcal nuclease A,
systems in which unfolded ensembles dominate under native
conditions but which attain nativelike structure and function
in the presence of TMAO (35). The cumulative data suggest
that TMAO may serve as a useful tool in the study of
structure and function in proteins that are naturally unstruc-
tured under physiological conditions.

Herein, we report that TMAO induces conformational
reorganization in a C-terminal fragment of tau and dramati-
cally accelerates both aggregation/fiber formation and tau-
dependent microtubule assembly. A point substitution, Y310A,
profoundly inhibits aggregation but has no effect on tau-
dependent microtubule assembly. The defect in aggregation
caused by this mutation can be completely reversed by
TMAO. Characterization of the critical conformer induced
by TMAO using high-resolution methods may be a crucial
step in our understanding of the structural basis for tau
aggregation.

EXPERIMENTAL PROCEDURES

Chemicals and Tau187 Protein. Full-length tau and a
C-terminal fragment of human tau corresponding to residues
255-441 (tau187) were overexpressed inEscherichia coli
using the pET vector expression system (Novagen). The
mutant [Y310A]tau187 was prepared using the standard
protocol of the Quickchange mutagenesis kit (Stratagene).
Proteins were purified by heat treatment followed by P11
phosphocellulose chromatography followed by reverse phase
HPLC, as previously described (36). The homogeneity of
tau proteins was analyzed by SDS-PAGE. Full-length tau
and tau187 concentrations were determined from the sum of
extinction coefficients of individual tyrosine residues at 280
nm. Heparin (average MW of 18 000) and thioflavin T were
from Sigma. Trimethylamine oxide dehydrate was obtained
from Sigma.

Fluorescence Measurements of Aggregation.Purified tau
was centrifuged at 52000g for 30 min. Polymerization was
initiated by addition of 0.11 mg/mL heparin to a 200µL
solution containing protein at different concentrations, 20
mM potassium phosphate buffer (pH 7), 1 mM DTT, and
25 µM ThT. Changes in ThT fluorescence were monitored

using an excitation wavelength of 450 nm and an emission
wavelength of 480 nm with a Fluorolog-3 spectrofluorometer
(Jobin Yvon-Spex), using a 3 mmsemimicro quartz cell.
Measurements were carried out at 25°C.

Transmission Electron Microscopy.Negative stain EM was
performed in a JEOL 1230 instrument operated at 80 kV.
Ten microliters of aggregation mix [0.11 mg/mL heparin,
20 mM potassium phosphate buffer (pH 7), and 1 mM DTT],
which contained 10µM tau187 incubated with or without
TMAO, was applied to a carbon-coated copper grid for 90
s, and then the grid was rinsed with H2O. Cytochromec was
applied for 20 s, and the grid was rinsed and then stained
with 1.5% uranyl acetate for 20 s.

Tubulin Assembly. Tubulin purified from bovine brain by
a standard procedure (Mitchison, 1984) was kindly provided
by L. Wilson. Tubulin assembly (at 25°C) was monitored
using absorbance at 350 nm as a measure of turbidity in a
Shimadzu (UV-1601) spectrophotometer as described by
Tseng (37). In brief, tubulin was thawed and then centrifuged
at 15000g for 10 min at 4°C. The supernatant was collected
and used for assembly reactions. Assembly was initiated by
the addition of tubulin (5µM) in the presence or absence of
200 mM TMAO, 1.5µM tau, or 5 µM paclitaxel; 1 mM
GTP, 1 mM DTT, 1 mM MgCl2, 1 mM EGTA, 0.1 mM
EDTA, and 100 mM Mes (pH 6.4) were always present.

Circular Dichroism Spectroscopy. CD spectra were ob-
tained using an AVIV 202 CD spectrometer. All measure-
ments were carried out at 25°C in a 1 mmpath length cell.
The scanning speed was 1 nm/s with a bandwidth of 1.0 nm
and a response time of 0.5 s. Background spectra of the
solvent mixture were recorded and subtracted from all
spectra.

Nuclear Magnetic Resonance.Proton NMR spectra were
collected at 500 MHz using a Varian INOVA instrument.
NMR samples contained 0.8 mM protein, 10 mM potassium
phosphate buffer (pH 6.5), and 10% D2O. TMAO was used
at 1.6 M. The sample temperature was controlled at 25°C
and calibrated using a standard sample of methanol. NOESY
spectra were collected using a method similar to that of
Fulton and Ni (38) except that the water flip-back pulse was
omitted. Double solvent signal suppression (water and
TMAO) was done with samples containing TMAO (39).

RESULTS

TMAO Induces Structure in Tau187. Human tau under
native conditions is best described as an unstructured
molecule when free in solution (3-7). Common wisdom
predicts that the formation of secondary or tertiary structural
elements is a prerequisite for biological function in proteins
in general. Given the known effects of TMAO on the folding
of proteins, we asked how TMAO may affect the folding of
a C-terminal fragment of human tau in terms of promoting
organized structure leading to function in this molecule. This
fragment (tau187) contains the complete MT-binding repeat
region (from residue 255 to the end) and promotes assembly
of tubulin into microtubules. In addition, tau187 undergoes
heparin-induced aggregation to form fibers reminiscent of
those found in AD brain tissue.

Analysis by circular dichroism (CD) spectroscopy of tau187

confirms an unstructured protein (Figure 1), consistent with
existing structural information about full-length tau (4, 8).

Effects of TMAO on Tau Aggregation Biochemistry, Vol. 45, No. 11, 20063685



The unfolded nature of tau187 is indicated by a negative peak
around 200 nm (40). In the presence of TMAO (from 200
mM to 2 M), circular dichroism experiments revealed a
significant increase in the level of secondary structure,
defined principally by the transition of the molar ellipticity
at 200 nm from negative to positive values, and a shift in
the spectrum to longer wavelengths (Figure 1). A broad peak
at ∼215 nm, typical ofâ-structure, and a small shoulder at
222 nm, typical ofâ-turns, develop with an increase in
TMAO concentration. It was not possible to estimate the
relative secondary structure composition of tau in the
presence of TMAO, due to the strong interfering absorbance
of TMAO at wavelengths of<200 nm.

The increase in the level of structure in tau187 suggested
by the CD data in response to TMAO is supported by proton
NMR analysis. Figure 2 compares the fingerprint regions of
tau187 in the absence and presence of TMAO. The narrow
dispersion of the alpha and peptide chemical shifts in both
spectra is consistent with a largely unstructured polypeptide,
probably undergoing interchange through a range of con-

formations. Although site-specific assignments of chemical
shifts cannot be made using these data, it is clear that TMAO
alters the composition of the mix of conformers present, as
reflected by a significant number of altered chemical shifts.
There are more CRH-NH cross-peaks apparent for tau187

in the presence of TMAO, a situation that may arise because
TMAO slows the rates of some conformational interconver-
sions, leading to narrow spectral lines of some conformations
since more CRH-NH cross-peaks are apparent in the
presence of TMAO. A similar effect of TMAO on spectra
of a molten globule state has recently been reported (41).

TMAO Enhances the Ability of Tau187 To Promote Mi-
crotubule Assembly. The chaperone activity of TMAO has
previously been demonstrated by the enhanced ability that
this agent confers on full-length tau to promote MT assembly
(37, 42-44). Consistent with reports about full-length tau,
we observed a robust increase in the rate of MT assembly
promoted by tau187 in the presence of 200 mM TMAO
(Figure 3). However, neither our data nor those previously
published discern whether these effects of TMAO are
attributable to effects specifically on tau, tubulin, or both.
We therefore asked if TMAO could enhance the assembly
of MTs induced to polymerize by paclitaxel. Figure 3 shows
that TMAO has essentially no effect on the kinetics of MT
assembly when polymerization is initiated with paclitaxel
instead of tau. Although it is possible that the mechanisms
of paclitaxel- versus tau-induced MT assembly may be
distinct, these data suggest that TMAO acts specifically on
tau to enhance its MT assembly activity.

TMAO Promotes Aggregation of Tau187. We investigated
the effects of TMAO on the kinetics of tau187 aggregation.
The time course of aggregation was followed by thioflavin

FIGURE 1: Circular dichroism spectroscopy of tau187 and [Y310A]-
tau187 as a function of TMAO concentration. CD spectra of wild-
type tau187 or [Y310A]tau187 (each at 40µM) were acquired in 10
mM potassium phosphate buffer (pH 6.8) at 25°C, in the absence
of heparin. (A) Wild-type tau187 alone (0) (trace 1) and tau187 with
0.2 M TMAO (×) (trace 2), 1 M TMAO (3) (trace 3), or 2 M
TMAO (O) (trace 4). (B) [Y310A]Tau187 alone (0) (trace 1) and
[Y310A]tau187 with 0.2 M TMAO (×) (trace 2), 1 M TMAO (3)
(trace 3), or 2 M TMAO (O) (trace 4). The experiment was repeated
at least three times.

FIGURE 2: Proton NMR spectroscopy at 500 MHz. Fingerprint
region of NOESY spectra from the tau187 fragment in the absence
(red) and presence (blue) of 1.6 M TMAO at 25°C. The protein
concentration was 0.8 mM; the pH was 6.0. The NOESY mixing
time was 200 ms. The experiment was repeated more than three
times.
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T fluorescence, whose emission intensity is enhanced upon
binding of the dye to tau aggregates. This method has been
extensively used in previous studies of tau fiber formation
(23, 45) and is considered a specific test of amyloid formation
in general (46). Using this assay, we found that tau187

underwent heparin-induced aggregation with an initial rate
(Vi) of 1753 cps/min (Figure 4A). In the presence of 0.2 or
1 M TMAO, the initial rate of aggregation was significantly
enhanced (Vi ) 15 685 or 99 541 cps/min, respectively)
(Figure 4A). In the latter case, the initial rate of aggregation
was enhanced 50-fold. To be sure that the aggregation
process resulted in fiber formation, we visualized the final
aggregates by electron microscopy. Negative stain electron
microscopy (Figure 5A) showed that all filaments (after
aggregation for 15 h) resembled straight filaments typical
of those found in vivo, with diameters ranging from 17 to
28 nm and showing hints of twisting. Thus, TMAO acceler-
ates the formation of filaments that appear similar in
morphology to those classically observed in AD (7, 47)
(Figure 5B).

We determined the effect of TMAO on the critical
concentration for aggregation of tau187 by thioflavin T
fluorescence or, alternatively, by solution turbidity measured
by optical density at 350 nm. Results obtained by both
methods were comparable. Heparin-induced aggregation to
steady-state polymer mass was associated with a critical
concentration of 3.8µM tau in the absence of TMAO (Figure
6A). The critical concentration for tau was decreased to 1
µM in 0.2 M TMAO and to<1 µM in 1 M TMAO (Table
1). Thus, while TMAO appears to act principally by
increasing the rate of aggregation, there was a significant
effect on lowering the free energy of binding of tau187 to the
polymer end.

FIGURE 3: Effect of TMAO on microtubule assembly activity of
tau187and [Y310A]tau187. Microtubules were assembled from purified
tubulin (see Experimental Procedures) in the presence or absence
of TMAO, wild-type tau187, [Y310A]tau187, or paclitaxel. Microtubule
assembly was monitored by turbidity at OD350. The initial conditions
corresponding to each trace are 5µM tubulin with the following:
buffer alone (- - -), 0.2 M TMAO (1), 1.5 µM tau187 (O), 1.5 µM
tau187 and 0.2 M TMAO (b), 1.5 µM [Y 310A]tau187 (0), 1.5 µM
[Y310A]tau187 and 0.2 M TMAO (9), 5 µM paclitaxel (×), and
5 µM paclitaxel and 0.2 M TMAO (/). The experiment was
repeated more than three times.

FIGURE 4: Effect of TMAO on heparin-induced aggregation of
tau187. (A) Wild-type tau187 or (B) [Y310A]tau187 (each at 10µM)
was preincubated for approximately 2 h in aggregation buffer (see
Experimental Procedures) containing 0 (0), 0.2 (4), or 1 M TMAO
(O). Aggregation was then initiated by addition of heparin (0.11
mg/mL) (arrow), and aggregation was monitored by enhanced
thioflavin T fluorescence. The inset in panel B shows a small but
measurable increase in the aggregation rate of [Y310A]tau187 in the
presence of 0.2 M TMAO. The experiment was repeated more than
three times.

Table 1: Effect of TMAO on the Critical Concentration for
Aggregation of Wild-Type Tau187 and [Y310A]Tau187a

experimental
condition

critical concentration
for wild-type tau187

(µM)

critical concentration
for [Y310A]tau187

(µ M)

buffer >100b >100b

buffer and 2 M TMAO >100b,c >100b,c

buffer and heparin 3.8( 0.2 55.5( 0.5
buffer, heparin,

and 0.2 M TMAO
1 ( 0.5 4.1( 1.1

buffer, heparin,
and 1 M TMAO

<1 1.9( 0.2

a Wild-type tau187 or [Y310A]tau187 was incubated for 48 h at 25°C
in 20 mM potassium phosphate (pH 7.0) and 1 mM DTT under the
specified conditions (0.11 mg/mL heparin). Aggregation was monitored
by thioflavin T fluorescence by using an excitation wavelength of 450
nm and an emission wavelength of 480 nm. Mean values( the standard
deviation calculated from three independent experiments are reported.
b No aggregation was detected; the reported value represents a lower
limit on the critical concentration.c The same results were obtained at
0.2, 0.4, and 1 M TMAO.
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Role of Tyr310. A region of six amino acids,306VQIVYK 311,
within the microtubule-binding region of tau has previously
been shown to be essential for the aggregation of tau in vitro
(3). A single residue within this motif, Tyr310, is critical (45).
A critical role for tyrosyl residues in protein aggregation has
been reported for the amyloid forming protein, acyl phos-
phatase, in which the most dramatic effects upon aggregation
occurred upon individual substitution of two specific tyrosine
residues in this protein (48). We therefore tested the role of
Tyr310 in the aggregation of tau. When Tyr310 was changed
to alanine, we found that in the absence of TMAO the
resulting mutant ([Y310A]tau187) did not undergo heparin-
induced aggregation (Figure 4B). However, in 0.2 M TMAO,
the aggregation rate of the mutant (Vi ) 31.8 cps/min) was
slightly but measurably enhanced, while in 1 M TMAO, the
initial rate of aggregation of the mutant (Vi ) 106 384.73
cps/min) was completely restored to that of wild-type tau187

(Figure 4B). The source of the defect was a 14-fold elevated
critical concentration in the mutant versus that of wild-type
tau187, and this defect was restored by TMAO (Table 1).

In contrast to its deleterious effects on aggregation,
substitution of Tyr310 with alanine had virtually no effect on
the ability of tau to promote MT assembly, either in the
absence or in the presence of TMAO (Figure 3). This was
true over a range of concentrations of the wild type and
[Y310A]tau187. That is, at all concentrations that were tested,
no significant differences between the wild type and mutant
tau in terms of their ability to promote MT assembly were
observed.

DISCUSSION

AD is characterized by the aggregation of tau, leading to
appearance of the neurofibrillary tangles. While not proven,
it is strongly believed that tau aggregation is critical to
neurodegeneration. The biochemical mechanism that pro-
motes tau folding in the aggregation process is not known;
thus, agents or mutations that promote or hinder the
aggregation pathway may serve as useful tools in investigat-
ing the aggregation mechanism. One such agent is the natural
osmolyte, TMAO, which is noted for its ability to fold
proteins into their native structures from an unstructured state,
often with recovery of full biological activity (26, 31). In

FIGURE 5: Transmission electron microscopy of fibers formed from tau187 in the absence or presence of TMAO. Wild-type tau187 was
subjected to aggregation as described in the legend of Figure 1. (A) Fibers after aggregation for 20 h in buffer. (B) Fibers after aggregation
for 20 h in buffer containing 0.2 M TMAO. The experiment was repeated more than three times.

FIGURE 6: Determination of critical concentrations for (A) wild-
type tau187 and (B) [Y310A]tau187. Proteins were incubated in 20
mM potassium phosphate buffer (pH 7.0), 1 mM DTT, and 0.11
mg/mL heparin for 48 h at 25°C at the indicated concentrations.
The relative amount of aggregated tau was determined by thioflavin
T fluorescence by using an excitation wavelength of 450 nm and
an emission wavelength of 480 nm. The dotted line represents the
best fit to the experimental data. The error bars represent the
standard deviation values calculated from three independent
measurements. The critical concentration value is determined by
extrapolation to thex-axis.
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this paper, we have shown that TMAO induces a structural
reorganization in tau and accelerates both tau-dependent MT
assembly and tau aggregation when tubulin and heparin,
respectively, are present. Our long-term goal is to identify
the structural elements induced by TMAO that are crucial
for function.

It has been reported that TMAO does not accelerate the
heparin-induced aggregation of human tau, using a tau
construct that lacks the second N-terminal repeat sequence
(43). In our hands, we found that TMAO at 1 M did enhance
the aggregation of full-length human tau but that this rate
enhancement was much attenuated compared to that of tau187

(not shown). In addition, a high concentration of TMAO
caused little structural change in full-length tau as measured
by CD spectroscopy, whereas tau187 displayed a significant
gain in the level of secondary structure under these condi-
tions. These observations are consistent with the N-terminal
half of tau being inhibitory upon aggregation (R. George,
unpublished data;14). One explanation may be that the
N-terminus inhibits the structural changes necessary for
aggregation by directly interacting with relevant structural
determinants. We therefore chose tau187, which lacks the
N-terminus, as opposed to full-length tau as a model system
in which to study changes in tau structure that are possibly
linked to aggregation. Tau187 comprises all four MT-binding/
repeat domains, assembles MTs, and undergoes aggregation
to form fibers that are similar to those isolated from AD
brain (Figure 5). TMAO not only dramatically enhances the
initial aggregation rate of this fragment but also significantly
lowers the critical concentration for polymerization. In a
reversible polymerization process, the critical concentration
is the concentration of free monomer during steady-state
assembly/disassembly of the polymer and corresponds to the
equilibrium dissociation constant (Kd) for the binding of free
monomer to the polymer end (49). Thus, TMAO appears to
enhance both the rate and affinity of binding of tau to the
nucleus or fiber end to ultimately drive aggregation and/or
fiber formation. This may be attributable to a net increase
in the level of one or more intermediate species (B and C;
see Figure 7) on the aggregation pathway induced by TMAO.
The Y310A point mutation inhibits aggregation by increasing
the critical concentration for aggregation, and this defect is
reversed by TMAO. Notably, the same mutation has no effect
on MT assembly, although TMAO enhances this process
dramatically (37, 43, 44). We thus propose that while species
C and B are on the aggregation pathway, B and D lie on the

MT assembly pathway, and net interconversion of B and D
is unchanged in the Y310A mutant (Figure 7).

TMAO has been shown to accelerate aggregation and fiber
formation in bothR-synuclein (50) and amyloid-â peptide
(51). In our studies, we found that TMAO promotes the
formation of critical structure(s) in tau which we believe are
relevant to filament formation in vivo, because (1) aggregates
of tau react with thioflavin T, suggesting that the induced
structures are amyloid-like, and (2) filaments formed after
aggregation for several hours display morphology similar to
that of filaments isolated from AD brain tissue examined
by EM. We speculate that in the absence of TMAO the
structural conformers critical for aggregation or MT assembly
are poorly populated and that TMAO induces their formation
and the absence of heparin also traps them in soluble form
(see Figure 7). This is based on our observation that in 2 M
TMAO alone fiber formation is not induced (Table 1); rather,
tau187 remains soluble, as demonstrated by high-speed
centrifugation (not shown). The robust aggregation triggered
by the subsequent addition of heparin suggests that TMAO
serves to lower the free energy barrier of a rate-limiting step
on the pathway to filament formation.

Substitution of a single amino acid, Tyr310, with Ala
profoundly compromises the ability of tau to aggregate yet
has no effect on the structural changes induced by TMAO
measured by CD (Figure 1). Thus, at least by this criterion,
it is not envisioned that this substitution is likely to have a
gross effect on protein folding. Tyr310 lies within the
VQIVY 310K motif which, as a sequence, has been shown to
be essential for aggregation (3, 45). This is likely due to the
strongâ-sheet inducing properties of V, Y, and I (52), as
â-sheet propensity has been shown to strongly correlate with
protein aggregation in general (53). The dramatically at-
tenuated ability of [Y310A]tau187 to undergo aggregation is
likely explained by the intrinsically weak preference for
alanine inâ-sheet structure (52). Another tau mutant, Y310E,
has also been shown to be defective in aggregation (3),
consistent with the lowâ-sheet inducing propensity of Glu
(52). However, compared to Ala and Glu, Phe is more similar
to Tyr in â-sheet inducing propensity (52), and we found
the Y310F -substituted mutant to be similar to the wild type
in terms of aggregation rate (not shown).

The change in CD spectra of the mutant versus wild-type
tau does not directly correlate with the respective changes
in aggregation rate in response to TMAO. Therefore, we
conclude that the specific conformer that is critical for

FIGURE 7: TMAO promotes both tau aggregation and tau-dependent MT assembly. Under native conditions, in the absence of TMAO, tau
exists mainly as an unstructured polypeptide (A). We propose that addition of TMAO favors the formation of partially ordered intermediates
(B, C, and D) that lie on the pathways to both aggregation and/or MT assembly. A point mutation, Y310A, directly opposes the effects of
TMAO on the aggregation, but not MT assembly, pathway. We propose that [C], [B]; hence, the mutation has no detectable effect on
MT assembly.
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aggregation must not be observable by CD. Thus, while
TMAO induces a significant gain in the level of secondary
structure that can be observed by CD, the exact relationship
between this gain in structure and the potential for aggrega-
tion is not known.

In summary, we propose that TMAO may induce some
partial order in tau corresponding to multiple tau conformers
that support either MT assembly in the presence of tubulin
or alternatively aggregation in the presence of heparin (Figure
7). The ability of TMAO to rescue mutants that are defective
in aggregation mirrors its ability to rescue disease-related
mutations (43) or certain phosphorylated forms of tau (37,
42), both of which confer defects in MT assembly. In the
future, the use of TMAO in combination with high-resolution
structural methods may provide an unprecedented glimpse
into the structural basis for tau aggregation.
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