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a b s t r a c t

In Alzheimer’s disease (AD), tau protein is abnormally hyperphosphorylated and aggregated into paired
helical filaments (PHFs). It was discovered recently that tau is also O-GlcNAcylated in human brains. And
O-GlcNAcylation may regulate phosphorylation of tau in a site-specific manner. In this work, we focused
on the fourth microtubule-binding repeat (R4) of tau, which has an O-GlcNAcylation site—Ser356. The
aggregation behavior of this repeat and its O-GlcNAcylated form was investigated by turbidity, precipi-
tation assay and electron microscopy. In addition, conformations of these two peptides were analyzed
with circular dichroism (CD). Our results revealed that O-GlcNAcylation at Ser356 could greatly slow
down the aggregation speed of R4 peptide. This modulation of O-GlcNAcylation on tau aggregation
implies a new perspective of tau pathology.

� 2008 Elsevier Inc. All rights reserved.
There are two hallmarks in Alzheimer’s disease (AD): senile pla-
ques and neurofibrillary tangles (NFTs) [1]. NFTs are aggregations
of paired helical filaments (PHFs), which are mainly comprised of
abnormally phosphorylated tau [2–4]. Tau protein is abundant in
both central and peripheral nervous systems. The main function
of tau is to stimulate and stabilize microtubule assembly from
tubulin subunits [5]. It binds to microtubules with the microtu-
bule-binding domain (MBD). The MBD contains four copies of a
highly conserved 18-amino acid repeat, namely, R1, R2, R3, and
R4. These repeats are separated from each other by a less con-
served 13- or 14-amino acid inter-repeat (IR) domains [6].
Although tau protein is water-soluble and shows little tendency
to aggregate under physiological conditions, it dissociates from
microtubule and aggregates into PHFs in the brains of AD patients
[7,8]. In the process of tau aggregation, the microtubule-binding
domains are believed to play critical roles [9–12]. As aggregation
of tau leads to toxicity in neurons, it is important to clarify the
aggregation mechanism and develop a way to prevent this patho-
logical aggregation.

It was discovered recently that tau protein was modified by
O-GlcNAcylation (O-GlcNAc) in human brains [13]. O-GlcNAc is a
type of protein O-glycosylation, by which the monosaccharide
b-N-acetylglucosamine (GlcNAc) attaches to serine/threonine resi-
dues via an O-linked glycosidic bond [13]. For the O-GlcNAc, it was
suggested that the sugar residue might transiently block phosphor-
ll rights reserved.
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ylation site [14], or directly be involved in receptor binding inter-
action. And it might also alter the conformation of the peptide
backbone [15,16]. In Alzheimer’s disease, abnormal phosphoryla-
tion is believed to contribute to the conformation change and
aggregation of tau protein [17–23]. However, whether and how
O-GlcNAc is involved in the modulation of PHFs formation is not
clear.

Ser356, located in the fourth microtubule-binding repeat (R4),
is both the abnormal phosphorylation site [24] and the O-GlcNAcy-
lation site [13] in tau protein. Furthermore, it is reported that
O-GlcNAc might negatively regulate phosphorylation at Ser356 in
vivo [13]. Our group has reported that R4 repeat is able to self-
aggregate in vitro, and phosphorylation at Ser356 can modulate
this process [19]. In this study, we focus on the effect of O-GlcNAc
on the aggregation behavior of R4. Since different O-GlcNAc sites
may have different effects on filament formation, it is advanta-
geous to study the effect of only one confined O-GlcNAcylation site
on a tau peptide. On the other hand, analysis of the effect of O-Glc-
NAc at defined sites is hampered by the low specificity of protein
kinases and the highly dynamic turnover of O-GlcNAc in vivo. So
we employed the synthetic O-GlcNAcylated peptide in our study.

In this study, peptide R4 and its O-GlcNAcylated form gR4 of the
human tau protein (Table 1) were synthesized using the solid phase
synthetic strategy. The conformational differences between R4 and
gR4 were analyzed using circular dichroism (CD). The aggregation
behavior of R4 and gR4 was examined by turbidity, precipitation as-
say, and electron microscopy. The results showed that O-GlcNAc at
Ser356 negatively regulated the self-aggregation of R4 peptide.
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Fig. 1. Circular dichroism (CD) spectra of peptide R4 and glycopeptide gR4.

Table 1
Synthetic peptides corresponding to the fourth repeat domain of the human tau441
sequence

Tau peptide Sequence amino acids Repeat number

R4 V Q S K I G S L D N I T H V P G G G 350–367/fourth repeat
gR4 V Q S K I G gS L D N I T H V P G G G 350–367/fourth repeat

The subscripted g stands for O-GlcNAcylation.

Fig. 2. The aggregation course of peptide R4 and glycopeptide gR4 as monitored by
turbidity. Peptides were dissolved in PBS, pH 7.4, to a final concentration of 200 lM
and incubated at room temperature. The assembly time course of peptide R4 and
glycopeptide pR4 is plotted versus the incubation time according to the turbidity at
405 nm. The values are means ± SD, n = 6 replicate wells, from a single microplate.
*P < 0.05, **P < 0.01 (Student’s t-test).
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Materials and methods

Peptide synthesis. Peptides were synthesized on Fmoc-Wang
resin using the standard Fmoc/tBu chemistry and O-ben-
zotriazol-N,N,N0,N0-tetramethyluronium hexafluorophosphate/
1-hydroxybenzotriazol (HBTU/HOBt) protocol [25]. The amino
acids were commercially available except for Fmoc-Ser(Ac3-b-O-
GlcNAc)-OH, which was prepared by a literature procedure
[16]. The peptides and all protecting groups except the O-acetyl
groups on the N-acetyl glucosamine were cleaved from the resin
with TFA containing phenol (5%), thioanisole (5%), ethanedithiol
(2.5%), and water (5%) for 120 min [26]. The crude peptides were
purified by reverse-phase HPLC by using an ODS-UG-5 column
(Develosil) with a linear gradient of 20–50% acetonitrile containing
0.06% trifluoroacetic acid as an ion-pairing reagent. Purified OG-
peptide with acetyl-protecting GlcNAc(OAc)3 was deprotected by
0.1 M NaOMe in methanol and finally purified by SepPak-C18 col-
umn. The integrity of each peptide was verified by ESI-MS. The se-
quences of the synthetic peptides are listed in Table 1.

Circular dichroism. The peptides (200 lM) were dissolved in
phosphate buffer, pH 7.4, (10.0 mM Na2HPO4). CD spectra were re-
corded on a Jasco model J-715 spectropolarimeter (JASCO, Tokyo,
Japan) at 298 K under a constant flow of nitrogen gas. Typically a
quartz cell with a 0.1 cm path length was used for spectra recorded
between 190 and 250 nm with a 1-nm scan interval. CD intensities
reported in the figure are expressed in mdeg.

Monitoring of aggregation of R4 and gR4 by turbidity. The peptides
(200 lM) were dissolved in PBS buffer, (137.0 mM NaCl, 3.0 mM
KCl, 10.0 mM Na2HPO4, and 2.0 mM KH2PO4, ionic strength
�160.0 mM, pH 7.4). The same method was used to prepare pep-
tide samples utilized for electron microscopy and precipitation
assay. To study aggregation, peptides (200 lM) were incubated at
room temperature in a nonbinding surface 96-well plate. The
aggregation was monitored each day at the same time via turbidity
measurements at 405 nm on Wellscan MK3 instrument (Labsys-
tems Dragon Co., MA, USA).

Precipitation assay for peptide aggregation. Peptides (200 lM, dis-
solved in PBS buffer) were incubated at room temperature in
1.5 mL Eppendorf tubes. At the same time each day, the solutions
were centrifuged (12,000g, 4 �C, 0.5 h) to precipitate insoluble fila-
ments. The concentrations of peptides in supernatant were deter-
mined by UV absorption at 214 nm. UV measurements were
performed on HP 8453 spectrophotometer (Hewlett Packard,
USA) using quartz cuvettes (1-cm light path).

Transmission electron microscopy. Filaments were viewed by
electron microscopy. Negative staining of the sample was per-
formed on formvar- and carbon-coated 300-mesh copper grids.
Samples were loaded on the grid and left for 2 min for absorption
and then stained with 1% tungstophosphoric acid for another
2 min. After drying in a desiccator overnight, the samples were
viewed on a JEOL-1200EX electron microscope (JEOL, Japan) at
100 kV.

Statistical analysis. The results are expressed as mean val-
ues ± SD, n > 3. Multiple comparisons were performed using Stu-
dent’s t-test, and differences with p < 0.05 were considered
significant, and with p < 0.01 were considered very significant.
Results

O-GlcNAc at Ser356 induced conformational change in peptide R4

To study the conformations of the R4 and gR4 peptides, CD
spectra was obtained in the region of 190–250 nm in aqueous solu-
tion (Fig. 1). The CD spectra for peptide R4 is characterized by a
strong negative apex at 201 nm, and a flat-like pattern around a
small negative apex at 221 nm. This indicated that there were
some a-helical structure and a large amount of random coil [27].
On the other hand, gR4 peptide produced a different spectra pat-
tern. O-GlcNAc at Ser356 shifted the strong negative apex from
201 to 204 nm. This difference showed that O-GlcNAc slightly al-
tered the conformation of the peptide backbone. However, no
remarkable structural changes were induced by O-GlcNAc.

Effect of O-GlcNAc on R4 aggregation

Aggregating study was performed in PBS, a buffer widely used
to mimic the physiological condition [28,29]. Electron microscopy,
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turbidity, and precipitation assay all corroborate that both peptide
R4 and glycopeptide gR4 are able to self-aggregate.

The kinetic process of aggregation was monitored by the time-
dependent turbidity assay at 405 nm. As shown in Fig. 2, both R4
and gR4 exhibited the typical aggregation course, which had a
short lag phase followed by rapid aggregation and eventually
reached a plateau. However, the lag phase of R4 lasted for 23 h,
which was 21 h shorter than that of gR4. This indicated that the
nucleation of peptide R4 is considerably easier than that of glyco-
peptide gR4. Furthermore, at the plateau phase, the turbidity of R4
was significantly higher than gR4. This showed that the aggrega-
tion of R4 reached a higher final degree.

Precipitation assay was employed to assess the time-dependent
formation of insoluble filaments [30] (Fig. 3). As shown in Fig. 3,
after a lag phase, the peptide concentration in supernatant of R4
decreased sharply, which showed that R4 aggregated into insoluble
0 20 40 60 80 100
1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

Fig. 3. Precipitation assay for filaments formation. R4 and gR4 were dissolved in
PBS, pH 7.4, to a final concentration of 200 lM and incubated at room temperature.
The solutions were centrifuged (12,000g, 4 �C, 0.5 h) to precipitate insoluble
filaments. The concentrations of peptides in supernatant were determined by UV
absorption at 214 nm. The values are means ± SD, n = 3.

Fig. 4. Electron microscopy images of in vitro filaments of peptide R4 (left) an
filaments in a nucleation–elongation pattern. However, the con-
centration of gR4 in supernatant remained unchanged during
95 h. This indicated that, unlike R4, gR4 formed aggregates which
could not be precipitated by the centrifugation at 12,000g. To
sum up, precipitation assay demonstrated that R4 and gR4 formed
different kinds of aggregates.

The result of electron microscopy showed that, in contrast to
the typical long filament of peptide R4, glycopeptide gR4 formed
some shorter and thinner filaments (Fig. 4). Transmission electron
microscopy confirmed that O-GlcNAc at Ser356 also modulated the
filament form of R4 peptide.

Discussion

Emerging data indicates that O-GlcNAcylation may play an
important role in Alzheimer’s disease [31,32]. Recently, it is
reported that tau is modified by O-GlcNAcylation in human brains.
Whereas the effects of phosphorylation on the conformation and
aggregation of tau protein have been intensely studied, little is
known about the role of O-GlcNAc on aggregation behavior of
tau. In this study, O-GlcNAc at Ser356 significantly slowed down
the nucleation and aggregation speed of peptide R4. This modulat-
ing effect of O-GlcNAc on aggregation of the tubulin-binding motif
might offer some clues on its role in AD. The negative regulation of
O-GlcNAc on tau aggregation might be physiologically protective
in vivo.

The different aggregation behavior of peptide R4 and glycopep-
tide gR4 might be explained by the different conformations of R4
and gR4. As seen from the CD spectra, O-GlcNAc had somewhat
altered the conformation of R4 peptide. However, no remarkable
conformational change was induced by O-GlcNAc. Then how does
O-GlcNAc modulate the aggregation behavior of peptide R4? A pos-
sible explanation is that O-GlcNAc might affect the kinetics of con-
version of the native structure to a filament-like structure [33]. In
other words, O-GlcNAc might alter the structural proclivity among
different conformational states, which results in different aggrega-
tion behavior.

In conclusion, we have demonstrated that R4 repeat of tau is
capable of self-aggregation and O-GlcNAc at Ser356 can slow down
the process of aggregation in vitro. These results imply that O-Glc-
NAcylation at Ser356 might serve as an aggregation regulator in
the progression of Alzheimer’s disease. This study may be valuable
d glycopeptide gR4 (right). The black bar in the figure represents 100 nm.
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in future research to clarify the role of O-GlcNAcylation in Alzhei-
mer’s disease and other tauopathies.
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