
Characterization of Two VQIXXK Motifs for Tau Fibrillizationin Vitro†

Wenkai Li‡,§ and Virginia M.-Y. Lee*,‡

Center for NeurodegeneratiVe Disease Research, Department of Pathology and Laboratory Medicine, and Department of
Biochemistry and Molecular Biophysics, UniVersity of PennsylVania School of Medicine, Philadelphia, PennsylVania 19104

ReceiVed July 14, 2006; ReVised Manuscript ReceiVed October 31, 2006

ABSTRACT: Tau proteins are building blocks of the filaments that form neurofibrillary tangles of Alzheimer’s
disease (AD) and related neurodegenerative tauopathies. It was recently reported that two VQIXXK motifs
in the microtubule (MT) binding region, named PHF6 and PHF6*, are responsible for tau fibrillization.
However, the exact role each of these motifs plays in this process has not been analyzed in detail. Using
a recombinant human tau fragment containing only the four MT-binding repeats (K18), we show that
deletion of either PHF6 or PHF6* affected tau assembly but only PHF6 is essential for filament formation,
suggesting a critical role of this motif. To determine the amino acid residues within PHF6 that are required
for tau fibrillization, a series of deletion and mutation constructs targeting this motif were generated.
Deletion of VQI in either PHF6 or PHF6* lessened but did not eliminate K18 fibrillization. However,
removal of the single K311 residue from PHF6 completely abrogated the fibril formation of K18. K311D
mutation of K18 inhibited tau filament formation, while K311A and K311R mutations had no effect.
These data imply that charge change at position 311 is important in tau fibril formation. A similar
requirement of nonnegative charge at this position for fibrillization was observed with the full-length
human tau isoform (T40), and data from these studies indicate that the formation of fibrils by T40K311D
and T40K311P mutants is repressed at the nucleation phase. These findings provide important insights
into the mechanisms of tau fibrillization and suggest targets for AD drug discovery to ameliorate
neurodegeneration mediated by filamentous tau pathologies.

Tau is a family of microtubule (MT)1 associated proteins
that promote the stability of the cytoskeleton through
interactions with MTs (1-3). Neurofibrillary tangles (NFTs)
consisting of pathological tau filaments are hallmark lesions
of Alzheimer’s disease (AD) and related neurodegenerative
tauopathies such as corticobasal degeneration, progressive
supranuclear palsy, Pick’s disease, and frontotemporal de-
mentia and parkinsonism linked to chromosome 17 (FTDP-
17) (3). NFTs are composed of paired helical filaments
(PHFs) or straight filaments assembled from abnormal tau
and accumulate in neurons and glia (3, 4). Since tau
pathologies are mechanistically linked to a large number of
age-related neurodegenerative diseases, they are potential
targets for the development of therapeutic interventions.

Initial insights into the sequence requirements for tau
fibrillization came from studies of PHFs derived from the

AD brain that led to the identification of a pronase-resistant
core in tau filaments consisting of the highly conserved MT-
binding domain of all six tau isoforms (5-8). This implied
that the region in tau containing either three or four
alternatively spliced MT-binding repeats (i.e., 3R or 4R tau)
is the integral core element of pathological tau filaments.

Modeling tau fibrillizationin Vitro encountered difficulties
initially but is now possible (9). Studies of tau fibrillization
using recombinant full-length human 3R tau and tau frag-
ments containing the MT-binding repeats have provided
compelling evidence for the essential role of the positively
charged MT-binding repeat region in tau fibrillization (10-
12). Significantly, sulfated glycosaminoglycans, heparin (13,
14), and other polyanion cofactors such as RNA (15, 16)
and arachidonic acid (17, 18) were shown to induce or
accelerate tau polymerization into fibrils with properties
characteristic of amyloid. Thus, the identification of condi-
tions for in Vitro assembly of tau into PHFs has paved the
way for elucidating the molecular mechanism of tau amy-
loidogenesis.

A recent report suggests that two small fragments of the
tau MT-binding repeat region,265KVQIINKK 272 at the
beginning of the second MT repeat and247VRSKIGSTEN-
LKHQPGGGKVQIINKK272 spanning the first and second
MT repeat, also produce AD-like tau filaments (19). More
recently, it has been shown that two VQIXXK motifs in the
second (R2) and third (R3) MT-binding repeats of tau,275-
VQIINK 280 (PHF6* in R2) and306VQIVYK 311 (PHF6 in R3),
are important forâ-sheet structure development and the
initiation of tau fibril formation (9, 20, 21). However, the
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functional differences between PHF6 and PHF6* remain
unclear.

Here we show that deletion of either PHF6 or PHF6*
affected the assembly of the human K18 tau construct, but
only the absence of the former made K18 incompetent for
fibrillization. Further mutagenesis studies of the PHF6 motif
in K18 indicated that a positively or neutrally charged residue
at 311 is required for the nucleation and fibrillization of tau.

MATERIALS AND METHODS

Chemicals.Low molecular weight heparin sodium salt
(MW ≈ 5000 Da) was purchased from MP Biomedicals,
LLC (Aurora, OH). The amyloid-binding dye thioflavine T
(ThT) was obtained from Sigma (St. Louis, MO).

Cloning, Expression, and Purification of Proteins.The
longest wild-type (WT) human tau isoform (T40) with 441
amino acid residues and tau fragments consisting of the MT-
binding region of WT 4R tau (K18) (starting from Q244
and ending with E372 and numbering of the amino acid
sequences is according to T40) (Figure 1A) were cloned into
theNdeI andEcoRI restriction sites of the bacterial expres-
sion vector pRK172. The cDNAs coding for the mutant tau
proteinsK18∆PHF6,K18∆PHF6*,K18∆PHF6&6*,K18∆7R4,
K18∆PHF3,K18∆PHF3*,K18∆K280,K18∆K311,K18∆K280&K281
(∆KK), K18K280P, K18K311P, K18K311A, K18K311D,
K18K311R, T40K311A, T40K311D, T40K311R, T40K311P,
and T40∆K311 (see Figure 1A) were engineered by creating
the corresponding nucleotide substitutions and deletions in
the WT cDNA using complementary sets of synthetic single-
stranded primers bearing the mutant sequence and the
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The correct reading frames of all of the plasmids
were confirmed by DNA sequencing. The proteins were
expressed inEscherichia coliBL21(DE3) RIL strain. Bac-
teria were grown in TB media containing ampicillin at 37
°C and induced with isopropyl-â-D-thiogalactopyranoside at
a final concentration of 0.8 mM when the OD reached 0.6.
After agitation for 2 h, cells were harvested by centrifugation.
The pellet was resuspended in high-salt RAB buffer [0.1 M
MES, 1 mM EGTA, 0.5 mM MgSO4, 0.75 M NaCl, 0.02 M
NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1%
protease inhibitor cocktail (100µg/mL each of pepstatin A,
leupeptin, TPCK, TLCK, and soybean trypsin inhibitor and
100 mM EDTA), pH 7.0] and homogenized. The cell lysates
were heated to 100°C for 10 min, rapidly cooled on ice for
20 min and centrifuged at 70000g for 30 min. Supernatants
were dialyzed into FPLC buffer A [20 mM piperazine-N,N′-
bis(2-ethanesulfonic acid), 10 mM NaCl, 1 mM EGTA, 1
mM MgSO4, 2 mM DTT, 0.1 mM PMSF, pH 6.5], applied
onto a HiTrap Sepharose HP IEX cation-exchange column
(Amersham Pharmacia Biotech, Inc., Piscataway, NJ), and
eluted with a 0-0.4 M NaCl gradient using an A¨ KTA basic
FPLC system (Amersham Pharmacia Biotech, Inc., Piscat-
away, NJ). The fractions were checked for the presence of
the tau proteins by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Coomassie
Blue R-250 staining. Those containing the desired tau profile
were pooled together and dialyzed against 100 mM sodium
acetate buffer, pH 7.0. Proteins were concentrated using an
Amicon YM-10 centrifuge concentrator (Millipore Corp., Bed-
ford, MA). Protein concentrations were determined using the

FIGURE 1: Human tau isoforms, mutants, and constructs. (A)
Diagram of human tau isoforms, mutants, and constructs. The top
bar shows the longest tau isoform tau40 (441 amino acids) in
the CNS. The C-terminal half of tau contains three or four
pseudorepeats (∼31 residues each, R1-R4) together with their
proline-rich flanking regions (P) that constitute the MT-binding
domain. Repeat R2 and the two near N-terminal inserts (I1 and I2)
may be absent due to alternative splicing. Two VQIXXK motifs,
i.e., 275VQIINK 280 (designated as PHF6*) and306VQIVYK 311

(designated as PHF6), at the beginning of R2 and R3 (solid) are
reported to be important for PHF formation because they induce
â-sheet structure. The corresponding N-terminal segment of the
fourth repeat region 7R4 (337VQIINK 343, solid) is predicted to
possessâ-sheet-forming potential. The first three amino acids (i.e.,
VQI) of PHF6* and PHF6 are named PHF3* and PHF3, respec-
tively. Construct K18 comprises only four repeats (R1-R4), and
construct K19 comprises only three repeats (R1, R3, and R4). The
mutant∆K280 occurs in FTDP-17. K280 and the corresponding Lys
residue in R3, K311, were deleted or mutated to Ala, Asp, Arg, and
Pro. Since the residue following K280 is another Lys, K281, a
construct with both Lys residues deleted was also generated. K311

in T40 was also mutated to Ala, Asp, Arg, and Pro. (B) Coomassie
Blue R-250-stained SDS-polyacrylamide gel of purified human
recombinant tau proteins. Five hundred ng of each protein was
loaded on the gel. (C) A representative Coomassie Blue R-250-
stained SDS-polyacrylamide gel for sedimentation analysis of
K18 fibrillization. K18 was assembled at a concentration of 20µM
in 100 mM sodium acetate, pH 7.0, 50µM heparin, 2 mM
DTT, and 0.04% sodium azide at 37°C for 48 h by continuous
shaking at 1000 rpm. S and P represent supernatant and pellet,
respectively.
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bicinchoninic acid protein assay (Pierce, Rockford, IL) with
bovine serum albumin as a standard.

Filament Assembly.Filament assembly was started by
making a master mix of 20µM tau protein in 100 mM
sodium acetate, pH 7.0, in the presence of 2 mM DTT and
0.04% sodium azide. After heat treatment at 55°C for 10
min, a final concentration of 50µM low molecular weight
heparin was added to induce the assembly, and samples were
dispensed immediately into PCR tubes followed by shaking
on a tabletop Eppendorf Thermomixer R at 37°C at 1000
rpm. The progress of aggregation was monitored by ThT
fluorescence assay and electron microscopy (EM). Experi-
ments were repeated with at least two different batches of
purified proteins.

ThioflaVine T (ThT) Fluorescence Assay.At each time
point, 10µL of each sample was taken out and loaded onto
a 96-well plate for fluorometric reading. ThT (90µL) diluted
in 100 mM glycine buffer (pH 8.5) was added to the samples
such that the final concentration of ThT was 5µM. The
excitation wavelength and emission wavelength of the
fluorometer were set to 450 and 510 nm, respectively.

Sedimentation Analysis.Samples left after fluorometric
assay were centrifuged at 100000g for 30 min to generate a
pellet fraction containing fibrils and a supernatant containing
unassembled tau protein. SDS sample buffer (10 mM Tris,
pH 6.8, 1 mM EDTA, 40 mM DTT, 1% SDS, 10% sucrose)
was added to pellets and supernatants, which were heated
to 100°C for 5 min. The samples were run on SDS-PAGE
gels containing 10% or 15% polyacrylamide (22), and the
percentages of tau protein in the supernatants and pellets were
quantified by densitometry of the Coomassie Blue R-250-
stained gels using ImageQuant 5.0.

NegatiVe Staining EM.Negative staining EM was per-
formed to confirm filament assembly and examine the
morphology of tau fibrils and their structural intermediates.
Briefly, 5 µL of the resuspended pellet was placed on 300
mesh carbon-coated copper/nickel grids for 5 min, washed
five times with phosphate-buffered saline for 5 min each,
stained with 2% uranyl acetate, and visualized with a Joel
1010 transmission electron microscope (Peabody, MA).
Images were captured with a Hamamatsu digital camera
(Bridgewater, MA) using AMT software (Danvers, MA).

Size Exclusion Chromatography.To determine whether
oligomers were formed by T40 and T40K311 mutants, size
exclusion chromatography was performed on an A¨ KTA basic
FPLC system (Amersham Pharmacia Biotech, Inc., Piscat-
away, NJ). About 300µg of tau protein that had been
assembled at 37°C for 15 days was loaded onto a Superose
6 column and eluted with 100 mM sodium acetate buffer
containing 2 mM DTT (pH 7.0) at a flow rate of 0.5 mL/
min. For T40, T40K311A, and T40K311R, the samples were
centrifuged for 2 min at 12000 rpm with a tabletop centrifuge
to remove the filaments but not the oligomers before being
loaded. The chromatography fractions were checked for the
presence of tau proteins by SDS-PAGE, and the gel was
either silver stained with the SilverQuest silver staining kit
from Invitrogen (Calsbad, CA) or stained with Coomassie
Blue R-250.

TANGO Calculation.TANGO, a computer algorithm for
prediction of aggregating regions in unfolded polypeptide
chains, can be accessed on the worldwide web at http://
tango.embl.de/. Default parameters and conditions were used

for calculation, i.e., pH) 7, temperature) 298.15 K, ionic
strength) 0.02 M, TFE concentration) 0, and protein
stability ) -10 kcal/mol.

RESULTS

PHF6 but Not PHF6* Is Required for Tau Fibril Forma-
tion. Previous studies have shown that two VQIXXK motifs,
PHF6* and PHF6 at the N-termini of the second (R2) and
the third repeat (R3) of the MT-binding domain of tau (K18),
promote tau polymerization with their relatively high po-
tential of adoptingâ-sheet structure (20, 21) (Figure 1A).
Additionally, secondary structure prediction of tau protein
indicates that the beginning of the fourth repeat (R4),
designated as 7R4, might also formâ-structure though the
sequence is quite different from PHF6* and PHF6 (Figure
1A). To determine the contributions of each of these
N-terminal tau MT repeat sequences, i.e., PHF6*, PHF6, and
7R4, to tau fibrillization, we deleted these sequences singly
or in combination (see Figure 1A) and generated recombinant
WT and mutant tau proteins inE. coli. Purified recombinant
tau proteins (Figure 1B) were incubated in the presence of
heparin for different lengths of time, and the extent to which
tau fibrils were formed was determined by (1) fluorometric
assays to quantify the amount ofâ-pleated sheet structures,
(2) sedimentation analysis to monitor the amount of fibrils
that is pelletable (Figure 1C), and (3) negative staining EM
to verify the formation of straight filaments and/or PHFs.
Using these methods, we show that deletion of both
hexapeptide motifs (PHF6* and PHF6) in K18 rendered the
mutant K18∆PHF6&6* unable to form tau filaments (Figure
2), supporting previous claims that PHF6* and PHF6 are
important for tau fibrillization (20, 21). To determine if both
or only one of them is required for tau fibrillization, PHF6*
and PHF6 were individually deleted from R2 and R3 to
generate K18∆PHF6* and K18∆PHF6 mutants. The filament
formation assay showed that polymerization of K18∆PHF6*
was significantly decreased but not abolished. On the other
hand, K18∆PHF6 failed to fibrillize (Figure 2A). These
results suggest that PHF6 is vital for tau fibril formation
while PHF6* is not. However, PHF6* does facilitate this
process. These ThT fluorescence assay results were con-
firmed by sedimentation analysis and EM (Figure 2B,C).

Since the seven amino acids at the beginning of the fourth
repeat are predicted to give rise toâ-sheet structure (23),
we hypothesized that they might also contribute to tau
fibrillization in a mode similar to PHF6 and PHF6*. To
address this issue, we deleted these residues and generated
the K18∆7R4 tau fragment. Unexpectedly, the fibrillization
of this K18 mutant was not reduced but instead greatly
accelerated (Figure 2A), suggesting that this motif impedes
the fibrillization process. The enhanced fibril formation of
the K18∆7R4 mutant was verified by sedimentation analysis
andEM(Figure2B).After24h incubation,K18,K18∆PHF6*,
and K18∆7R4 all formed straight filaments and PHF-like
structures similar in morphology to those produced with T40
and authentic PHFs isolated from AD brains (Figure 2C)
(24). Although incubation of K18∆PHF6 failed to show a
detectable ThT fluorescence signal (Figure 2A), rare globular
structures and short filaments were seen by EM, suggesting
that K18∆PHF6 may be sufficient to drive nucleation but
not elongation (Figure 2C). By contrast, similar incipient
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spherical structures were not detected with the double
deletion mutant K18∆PHF6&6* (Figure 2C).

The ConserVed VQI Motifs in PHF6 and PHF6* Are Not
Essential for Tau Fibrillization.To determine if the con-
served amino acid residues VQI of the VQIXXK motifs in
PHF6 and PHF6* are required for tau fibrillization, VQI tau
deletion mutants K18∆PHF3* and K18∆PHF3 were gener-
ated (Figure 1A,B). Compared to K18∆PHF3*, the fibrilli-
zation of K18∆PHF3 appeared to be more attenuated.
However, the fibril assembly of neither K18∆PHF3* nor
K18∆PHF3 was abolished (Figure 3A). Sedimentation
analysis further supported the data from fluorometric assay
(Figure 3B). Despite the slower rate of fibrillization, the
appearance of filaments formed by these tau mutants, as
examined by EM, was similar to that of WT K18 fibrils (data
not shown).

The Role of C-Terminal Lysines in PHF6 and PHF6* of
K18 for Fibrillization. Since both PHF6 and PHF6* contain
a conserved lysine residue at the C-terminus, we examined
the effects of deleting this amino acid residue from either
PHF6* (∆K280) or PHF6 (∆K311) on K18 fibril formation.
Previous studies have identified∆K280 as an autosomal
dominantly inherited FTDP-17 tau gene mutation (25, 26),
and recent studies suggest that recombinant∆K280 mutant
tau polymerizesin Vitro more readily than its WT counterpart
in the presence of heparin (27). Similar to these previous
studies, we found that K18∆K280 fibrillized much faster than
K18. The assembly of K18∆K280 reached a plateau after 4
h while only 20% of K18 was fibrillized (Figure 4A). On
the other hand, K18∆K311 was unable to form fibrils even
after 48 h of incubation (Figure 4A). Similar results were
also obtained when K311 was substituted by proline, aâ-sheet
breaker. But K18K280P continued to fibrillize albeit at a
much slower rate than K18 and K18∆280 (Figure 4B).

Since another lysine normally occurs at residue 281 in
human tau, removal of either K280 or K281 would keep the
VQIXXK motif intact. For this reason, we examined the
effect of eliminating both lysine residues simultaneously on

FIGURE 2: Filament assembly of K18, K18∆PHF6*, K18∆PHF6,
K18∆PHF6&6*, and K18∆7R4. (A) ThT fluorescence assay of
thefilamentassemblyofK18,K18∆PHF6*,K18∆PHF6,K18∆PHF6&6*,
and K18∆7R4. Conditions for filament assembly are described
under Materials and Methods. AFUs, arbitrary fluorescence units.
Error bars represent SD;n ) 3. (B) Sedimentation analysis of the
filamentassemblyofK18,K18∆PHF6*,K18∆PHF6,K18∆PHF6&6*,
and K18∆7R4 in (A). Tau proteins in the supernatants and pellets
were quantified by densitometry of the Coomassie Blue-stained gels.
One of two representative gels was used for quantification. (C)
Negative staining EM of the 24 h samples of K18, K18∆PHF6*,
K18∆PHF6, K18∆PHF6&6*, and K18∆7R4 assembled in (A). For
comparison, PHFs formed by T40 after 15 days are also shown.
Procedures of EM study are described under Materials and Methods.

FIGURE 3: Filament assembly of K18, K18∆PHF3*, and K18∆PHF3.
(A) ThT fluorescence assay of the filament assembly of K18,
K18∆PHF3*, and K18∆PHF3. AFUs, arbitrary fluorescence units.
Error bars represent SD;n ) 3. (B) Sedimentation analysis of the
filament assembly of K18, K18∆PHF3*, and K18∆PHF3 in (A).
One of two representative gels was used for quantification.
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tau fibrillization. Sedimentation analysis conducted with K18,
K18∆K280, and K18∆KK (i.e., ∆K280 and∆K281) showed
that the double deletion mutant K18∆KK assembled even
faster than K18∆K280. Indeed, significant amounts of tau
filaments appeared immediately after heparin was added
(Figure 4C) with maximum fibril numbers achieved in less
than 4 h (data not shown) while K18∆K280 and K18
produced very few fibrils at this early time. Representative
EM images of each K18 mutant construct after assembly
for 24 h show that the morphology of the filaments is quite
similar to that of K18 filaments illustrated in Figure 2C (data
not shown). Consistent with the inability of K18∆K311 to
form fibrils (Figure 4A), no oligomers or filaments were
detected by EM. Thus, while K280 and/or K281 in PHF6* are
dispensable for K18 fibrillization, K311 in PHF6 is essential,
suggesting different roles of C-terminal lysine residues of
PHF6* and PHF6 in mediating K18 tau fibril formation.

To further investigate the role of K311 in K18 fibrillization,
we generated a series of point mutations replacing this lysine
with either negatively charged (K311D), neutral (K311A),
or positively charged (K311R) residues. Both K18K311A

and K18K311R retained the ability to form fibrils with the
latter fibrillizing even faster than K18 in both ThT assays
and sedimentation analyses (Figure 5A,B). However, the
fibrillization was completely abolished with the introduction
of a negatively charged residue at K311 in the mutant of
K18K311D (Figure 5A,B). EM studies indicated that the
morphology of the fibrils formed by K18 (Figure 2C),
K18K311A, and K18K311R (Figure 5C) were analogous
whereas K18K311D and K18K311P did not even form
oligomers or short filaments (Figure 5C). These findings with
K18 mutants suggest that the charge at position 311 is
important for the initiation of tau fibrillization.

Similar K311 mutations were introduced into the largest
full-length human tau isoform (T40), and the recombinant

FIGURE 4: Role of Lys in PHF6 and PHF6* in tau filament
assembly. (A) ThT fluorescence assay of the filament assembly of
K18, K18∆K280, and K18∆K311. AFUs, arbitrary fluorescence
units. Error bars represent SD;n ) 3. (B) ThT fluorescence assay
of the filament assembly of K18, K18K280P, and K18K311P.
AFUs, arbitrary fluorescence units. Error bars represent SD;n )
3. (C) Sedimentation analysis of the filament assembly of K18,
K18∆K280, and K18∆KK. One of two representative gels was used
for quantification.

FIGURE 5: Filament assembly of K18, K18K311A, K18K311D,
K18K311R, and K18K311P. (A) ThT fluorescence assay of the
filament assembly of K18, K18K311A, K18K311D, K18K311R,
and K18K311P. AFUs, arbitrary fluorescence units. Error bars
represent SD;n ) 3. (B) Sedimentation analysis of the filament
assembly of K18, K18K311A, K18K311D, K18K311R, and
K18K311P. One of two representative gels was used for quantifica-
tion. (C) Negative staining EM of the 24 h samples of K18K311A,
K18K311D, K18K311R, and K18K311P assembled in (A).
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proteins were expressed and purified for tau fibrillization
assays. Due to the slow kinetics of T40 fribrillization, the
assay was performed for up to 15 days. Consistent with the
assembly properties of K18K311 mutants described above,
T40K311A and T40K311R retained the ability to fibrillize
as monitored by both ThT assay (Figure 6A) and sedimenta-
tion analysis (Figure 6B). T40K311A fibrillized faster than
T40 at earlier time points, but T40K311R assembled into
fibrils at a slower rate. The flanking sequences N- and
C-terminal to the MT-binding repeat region of K18 in T40

probably contribute to these slightly different behaviors. As
expected, T40K311D, T40K311P, and T40∆K311 could not
fibrillize (Figure 6A,B and Supporting Information, Figure
1B), and the lack of tau oligomers and filaments was further
demonstrated by EM (Figure 6C and Supporting Information,
Figure 1C).

The background level fluorescence reading and the
nonexistence of oligomers and short fibrils in the assembly
of T40K311D and T40K311P suggest that their fibrillization
fails at the nucleation phase rather than the elongation phase.
To further confirm the abrogation of nucleation, we per-
formed size exclusion chromatography on wild-type and
mutant samples after 15-day assembly. As predicted, the
chromatograms of T40, T40K311A, and T40K311R showed
two major peaks, a large peak eluted earlier followed by a
smaller peak (Figure 7A,B,D). SDS-PAGE showed that both
peaks were tau, and under nonreducing conditions, the large
peak migrated partially as high molecular weight species but
not the small one (Figure 7F). Apparently, the first one is
an oligomer peak, and the second one is a monomer peak.
The monomeric nature of the second peak was also verified
by comparing with the trace of unassembled T40 on our size
exclusion chromatography (data not shown). In contrast, the
chromatogram of T40K311D and T40K311P showed the
presence of only a single peak at the same elution volume
as T40 monomers (Figure 7C,E). Thus, our gel filtration data
are consistent with the results from ThT assays and EM
analyses that T40K311D and T40K311P are unable to
nucleate for fibril formation.

DISCUSSION

Tau is a highly soluble protein that does not possess any
significant secondary structures in the normal state (2, 28).
Although the role of tau aggregates in AD and the other
related neurodegenerative diseases is still a matter of debate,
accumulating evidence implicates these tau lesions in the
onset and/or progression of tauopathies (29-31). As a result,
therapeutic strategies are being pursued to inhibit tau
fibrillization or to dissolve filamentous tau lesions (32-35).
The major structural elements of tau tangles are PHFs and
straight filaments (4, 36). The key part of tau protein for
fibril formation lies in its MT-binding repeat region, which
fibrillizes more readily than the full-length molecule inin
Vitro assays (8, 10, 37-39). Furthermore, two VQIXXK
motifs within R2 and R3 have been proposed to be critical
for tau fibrillization through the initial formation ofâ-struc-
ture in this natively unfolded protein (9, 20, 21).

The first question we addressed was whether or not the
N-terminal sequences of R2, R3, and R4 were essential for
tau fibrillization. Using K18 and T40 constructs, we showed
that only deletion of PHF6 within R3 abolished tau fibrilli-
zation, suggesting that this amino acid stretch is essential
for tau to assemble into pathological filaments, while
removing the PHF6* motif within R2 reduced the kinetics
of this process. Thus, contrary to the previous report (21),
tau fibrillization does not require participation of both
VQIXXK motifs. In fact, it has been demonstrated that
although R2 can enhance tau fibrillization, it is not required
(10-12) even though PHFs are highly abundant in neuro-
degenerative tauopathy brains where four-repeat tau isoforms
predominate (40-42).

FIGURE 6: Filament assembly of T40, T40K311A, T40K311D,
T40K311R, and T40K311P. (A) ThT fluorescence assay of the
filament assembly of T40, T40K311A, T40K311D, T40K311R, and
T40K311P. AFUs, arbitrary fluorescence units. Error bars represent
SD; n ) 3. (B) Sedimentation analysis of the filament assembly of
T40, T40K311A, T40K311D, T40K311R, and T40K311P. One of
two representative gels was used for quantification. (C) Negative
staining EM of the 24 h samples of T40K311A, T40K311D,
T40K311R, and T40K311P assembled in (A).
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The discovery that K18∆7R4 fibrillizes more rapidly than
K18 suggests that 7R4 may serve to prevent tau aggregation
despite its location in the pronase-resistant PHF core region
(43). Since glutamate is known to be aâ-sheet breaker, the
existence of two glutamate residues in 7R4 may explain its
inhibitory effects on tau fibrillization. It is plausible that
similar properties are associated with the equivalent region
in R1 (244QTAPVPM250) because of the presence of another
â-sheet breaker proline. Thus, while R2 and R3 probably
are integral elements of tau fibrils, R1 and R4 may play
modulatory roles in the tau fibrillization process (20). Indeed,
a recent report demonstrated high self-aggregation abilities
for R2 and R3 peptides but low self-aggregation abilities
for R1 and R4 peptides (44). Since we observed that no fibrils
were formed by the double deletion K18 mutant in which
both PHF6 and PHF6* were absent and that the nucleation
phase also was disrupted, these and other data presented here
lead us to conclude that PHF6 is critical for the elongation
of tau filaments, while either of the VQIXXK motifs may
be sufficient for nucleation of tau fibrillization.

Interestingly, the shared sequence of VQI in both VQIXXK
motifs is not essential for tau fibril formation. Moreover,
fibrillization studies of a series of peptides derived from
PHF6 suggest that the fibril core of PHF6 lies in the VYK
region, and even the N-acetylated YK dipeptide forms large
crystalline-like spherical and globular structures reminiscent
of those formed by WT tau (45), while other studies imply
that Y310 plays an essential role in tau fibrillization (20, 46).
Thus, it is reasonable to hypothesize that an aromatic residue
at position 310 interacts with another aromatic residue of
the neighboring monomer byπ-stacking and stabilizing the
association ofâ-sheet structures between tau molecules, as
does Y181 in cytolysin during its oligomerization and inter-
subunit â-strand alignment (47). A most recent report on
the structure of core tau sequences around the PHF6 region
actually provides strongest support to our hypothesis (48).
Accordingly, it will be important to determine if278INK280,
the three amino acids in PHF6* corresponding to309VYK 311

in PHF6, represents the core of PHF6*.
The important role of K311 in PHF6 in tau fibrillization is

in stark contrast to the inhibitory role of K280 in PHF6*. It
has been recognized that several of the tau mutations linked
to FTDP-17, e.g.,∆K280 and P301L, have a particularly
marked effect in promoting tau aggregation (3, 21, 27, 49-
53). Similar to previous studies, we found that the deletion
of K280 enhanced tau fibrillization. Moreover, a K280 and K281

double deletion mutant (i.e., K18∆KK) fibrillized even faster.
However, deletion of K311 had exactly the opposite effect
and resulted in the inability of tau to fibrillize. Our data
suggest the importance of K311 in mediating the part of PHF6
or 309VYK 311 in tau fibril formation.

We propose that the two VQIXXK motifs are significantly
different in their ability to modulate tau fibrillization. While
K280 and K281 play inhibitory roles in tau aggregation, K311

is required for tau to assemble into fibrils. The different roles
of the lysine residues in tau fibril formation can be appreci-
ated by examining the sequences around the lysine residues.
Using TANGO, a statistical mechanics algorithm that correct-
ly predicts sequence-dependent aggregation of 250 peptides
and proteins including tau sequences (54), we tried to under-
stand the potential roles of different Lys residues (Figure 8).
In K18, only the region around PHF6 is calculated to possess

FIGURE 7: Size exclusion chromatography analysis of T40 (A),
T40K311A (B), T40K311D (C), T40K311R (D), T40K311P (E).
All samples were prepared as described under Materials and
Methods. Samples were shaken at 37°C for 15 days for assembly,
and monomeric and oligomeric wild-type and mutant T40 were
separated using a Superose 6 column and eluted with 100 mM
sodium acetate buffer containing 2 mM DTT (pH 7.0). For T40,
T40K311A, and T40K311R, the samples were centrifuged for 2
min at 12000 rpm with a tabletop centrifuge to remove the filaments.
(F) SDS-PAGE analysis of the oligomer and monomer peaks of
T40, T40K311A, and T40K311R. An 8% SDS-polyacrylamide
gel was run with 20µL samples loaded for each lane, and the gel
was silver stained. Key: O, oligomer peak fraction; M, monomer
peak fraction; R, reducing agent (DTT) in the SDS-PAGE sample
buffer; N, no reducing agent in the SDS-PAGE sample buffer;
K311A, T40K311A; K311R, T40K311R. The arrowhead denotes
oligomeric tau, and the arrow points to monomeric tau.
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â-aggregation potential (Figure 8A). This is in agreement
with our observation that only PHF6 is essential for tau
filament formation (Figure 2). However, a secondâ-ag-
gregation motif emerges around the PHF6* region when K280

and K281 are removed in K18∆KK (Figure 8A). This may
explain why K18∆KK forms filaments more readily than
K18. By contrast, the deletion of K311 in K18∆K311 removed
the onlyâ-aggregation potential in PHF6, thereby producing
a mutant incompetent for fibril formation (Figure 8A).
Finally, the distinct assembly behavior of K18, K18∆KK,
and K18∆K311 is reflected by the TANGO score for overall
â-aggregation (Figure 8B). Thus, the abundant lysine residues
(44 in T40) at different locations within tau protein probably
serve intrinsically different functions.

Our mutagenesis studies of K311 also demonstrate the
significance of charge at 311 since only positive or neutral
substitutions facilitate tau fibrillization whereas substitution
to a negative residue even completely eliminated the ability
of tau to nucleate. Though hydrophobic interactions are well
accepted as a driving force forâ-sheet structure formation,
some investigators have also pointed out the contribution of
charge-charge interactions in this process. Selected substitu-
tion of charged residues in Aâ peptide, such as D23K, was
shown to be able to avert its folding into aâ-sheet
conformation (55). The relationship between electrostatic
charges and protein conformation seems far more compli-
cated. Some determinants probably include the other residues
within the sequence, the pH of the system, and the local
environment of the charged residues.

The identification of PHF6 as an essential motif and K311

in PHF6 as the key residue for tau aggregation may offer
new strategies in the development of potential therapeutics
for neurodegenerative tauopathies. PHF6 peptide can specif-
ically associate with full-length tau, probably through
interaction with the PHF6 region (data not shown). It is
possible that a modified PHF6 peptide, especially at the key
K311 position, could inhibit tau fibrillization. For example,
substitution with or inclusion ofâ-structure breakers such
as proline and/or glutamate or utilization of stereochemically
differentD-amino acids could allow the peptide to retain its
ability to bind to tau protein and stabilize its normal
conformation, preventing misfolding, nucleation, and/or
elongation of the protein. This approach has been adopted
to reverse the formation ofâ-sheet-rich aggregated structure
and deposition ofâ-amyloid and prion protein PrP plaques
both in Vitro andin ViVo (56-62). For tau, this may be more
difficult because the intracellular location makes it less
accessible. Another strategy might be to modify the K311

residue of tau with small molecules to disrupt the function
of PHF6 in tau aggregation either through the introduction
of a â-structure breaking group or a negative charge, which
can probably inhibit its assembly process just as the K311D
mutation does. Here the biggest challenge is how to ensure
the specificity of the modification, considering the existence
of so many lysines in tau. With the progress in clarifying
the principles governing tau aggregation, development of
effective therapies to interfere with aggregation formation
in tauopathies will become more efficient.
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