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ABSTRACT: The aggregation of tau protein is one of the hallmarks
for Alzheimer’s disease, resulting in neurodegeneration. The
peptidomimetics strategy to prevent tau aggregation is more specific
over other small molecules. In the present study, we analyzed the effect
of amyloid-β-derived peptidomimetics for inhibiting heparin-induced
tau aggregation in vitro. These peptides and their derivatives were
known to prevent aggregation of amyloid-β. KLVFF is a hydrophobic
sequence of the pentapeptide that prevented tau aggregation as
observed by thioflavin S fluorescence, transmission electron micros-
copy, and circular dichroism spectroscopy. P4 and P5 also prevented
assembly of tau into aggregates and formed short fibrils. The β-sheet
breaker LPFFD was however ineffective in preventing tau aggregation.
The peptides further demonstrated reversal of tau-induced cytotoxicity
in a dose-dependent manner. Our results suggested that these peptides
can also be used to inhibit tau aggregation and also, toxicity induced by tau could be considered as potential molecules that have an
effect on tau as well as amyloid-β.

■ INTRODUCTION

Protein misfolding and aggregation are common feature of
neurodegenerative disease that occur because of a character-
istic protein−protein interaction. Alzheimer’s diseases (AD) is
one of the neurodegenerative diseases caused because of
misfolding and aggregation of tau and amyloid-β. Failure in
developing successful therapeutics for inhibiting amyloid-β
pathology has now turned the focus toward tau protein.1 Tau is
a natively unfolded, microtubule-associated protein that
interacts and helps in stabilizing microtubules.2,3 The AD
triggers pathological modifications of tau, leading to the loss of
interaction with microtubules and their disassembly.4 This
causes loss of axonal integrity and neuronal degeneration.
Although protein−protein interactions are indispensable for
various cellular functions, the altered protein interactions are
evidenced in neurodegenerative disorders.5 Hence, modulating
these pathological interactions has been proposed as
therapeutics in neurodegenerative diseases.6 Several small
molecules from plants, fungal origin molecules, and synthetic
molecules were employed to prevent protein aggregation.7−9

In this scenario, designing a molecule that can specifically
interact and dissociate these amyloid tangles would be the ideal
approach.10,11 Peptides and peptidomimetics are one of the
strategies that can break pathological interactions and prevent
protein aggregation.12 The amino acid sequences carry
information for both, structured organization as well as
disorder of the protein. Understanding this nature of amino
acids aids in designing peptides that can be used to prevent

protein−protein interactions. The two hexapeptides, VQIINK
and VQIVYK, play a major role in tau aggregation.13,14 The
rationally designed peptides with each amino acids substituted
with proline in the hexapeptide sequence prevented their
aggregation.15 The macrocyclic arrangement of hexapeptides
inhibited tau aggregation by capping the growth of
aggregates.16 Similarly, tau-derived peptides were designed to
understand the interface formed during tau aggregation.17

These peptides inhibited tau aggregation by capping and
preventing the electrostatic interactions in the interface. In the
present work, we have studied the effect of amyloid-β-derived
peptides in preventing tau aggregation. These peptides were
previously evaluated for their role in inhibiting amyloid-β
aggregation and preventing metal-induced cytotoxicity.18,19

Initially, the amyloid-β paradigm was extensively studied in AD
and several small molecule inhibitors were screened, which also
includes amyloid-β-derived peptides.20,21 The hydrophobic
peptide sequence KLVFF was studied by different groups;
KLVFF and its modified forms inhibited aggregation of
amyloid-β and also reduced their toxicity.22 In the present
study, we have analyzed the efficacy of LPFFD and KLVFF as
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control peptides in preventing tau aggregation, along with
peptides P3, P4, P5, and P6. In addition, LPFFD and its
modified forms were the β-sheet breakers known to prevent
aggregation of amyloid-β.23−25 The peptidomimic modulators
were deigned based on the amyloid-β recognition unit
(KLVFF). In general, amyloid-β aggregation is predominantly
driven by hydrophobic interactions, which is later stabilized by
multiple hydrogen bonding. We envision blocking the
hydrogen bonds by introducing thymine, with multiple
hydrogen bond forming capacity (P3) and further introducing
sarcosine units to prevent lateral association during aggregation
(P4 and P5). These synthetic modifications have successfully
led to the development of effective amyloid-β aggregation
modulators.18 The knowledge of these peptides is limited and
the role of these peptides are not well known in tau
hypothesis.26 This study would address the viewpoint of
screening peptides with dual properties of inhibiting aggregates
of tau and amyloid-β. The peptidomimetics KLVFF, P4, and
P5 prevented tau aggregation, as analyzed by thioflavin S
(ThS), transmission electron microscopy (TEM), and circular
dichroism (CD) analysis; furthermore, the nontoxic nature of

these peptides in neuro2a cells suggest them to be a possible
lead toward AD therapeutics.

■ RESULTS AND DISCUSSION
Amyloid-β-Derived Peptides KLVFF, P4, and P5

Prevented Tau Aggregation. The accumulations of amyloid
proteins, amyloid-β, and tau are the hallmarks of AD.2,27 The
increasing number of AD incidents every year indicates an
alarming situation to develop therapeutics against AD.28

Several approaches have been tried and failed in preventing
these pathological accumulations. Peptidomimetics are one of
the strategies widely studied in the aspect of amyloid-β
aggregation. However, its role in tau aggregation is not known;
in this present study, we have screened amyloid-β peptides
LPFFD, KLVFF, and their derivatives P3−P6 in tau
aggregation (Table S1 and Figures S1−S5). These peptides
were studied to inhibit amyloid-β aggregation and their metal
chelation property was elucidated to prevent metal-induced
toxicity in AD.18,19 These peptides were now employed to
understand their potency of inhibiting tau aggregation
provided which, it would exhibit the dual role in preventing
amyloid-β as well as tau aggregation. The longest isoform of

Figure 1. Domain organization of full-length tau and amyloid-β-derived peptides (A). Full-length tau orchestrates assembly and stability of
microtubules. It consists of the N-terminal projection domain with two inserts, I1 and I2 and proline-rich region followed by four repeats that acts
as the microtubule-binding domain. The microtubule domain functions to interact with tubulin and aids in its assembly to the microtubules. During
AD pathology, the aberrant PTMs and cellular insults modulate aggregation of tau, viz., microtubule-binding domain. (B) Synthetic peptides
LPFFD and its derivatives P3 to P6 composed of thymine and N-methyl glycine, i.e., sarcosine (Sr). (C) Structure of amyloid-β-derived
peptidomimetics used in the present study to analyze their effect in preventing tau aggregation.
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tau has 441 amino acids with an N-terminal projection domain
that aids in spacing microtubules and a proline-rich domain
that harbors kinase-binding sites; followed by C-terminal
repeats R1−R4 (Figure 1A).29 These repeats play a key role in
microtubule assembly and during aggregation the hexapeptide
motifs VQIINK and VQIVYK in R2 and R3 serve as nucleating
sites for aggregation.13,30 In the present study, the effect of
amyloid-β-derived peptides (Figure 1B) on heparin-induced
tau aggregates have been analyzed by ThS fluorescence.
LPFFD and KLVFF were the control peptides and P3−P6
were their derivatives (Figure 1C). It was observed that P5 was
most effective in inhibiting tau aggregation, followed by P4 and
KLVFF, whereas LPFFD, P3, and P6 showed no inhibition
(Figure 2A). Similarly, amyloid-β aggregation inhibition was
studied by LPFFD derivatives,31,32 where these peptides
reduced fluorescence, indicating inhibition of aggregation.
LPFFD is a β-breaker that has no role in inhibiting tau
aggregation in our studies, whereas KLVFF prevents tau
aggregation. This might indicate that tau forms hydrophobic
interactions initially, which is prevented by KLVFF. The
higher-order aggregates formed in the presence and absence of
peptides were analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Tau protein in
the absence of peptides showed distinct higher-order
aggregates above 150 kDa; the intensity of these higher-
order aggregates was reduced in the presence of P4 and P5
(Figure 2B). This observation clearly indicates the inhibitory
effect of P4 and P5 on tau aggregation.
KLVFF, P4, and P5 Transit Tau toward Random Coil

Conformation. Tau exhibits random coil conformation of
native conditions and undergoes transition to β-sheet on

aggregation.33−35 In AD, the change of tau conformation leads
to the pathological assembly of tau into aggregates.36 CD
spectroscopy was performed to analyze the change in tau
conformation because of peptides. The soluble tau (indicated
in black) shows minimum ellipticity at 198 nm and additional
arm at 214 nm, indicating random coil conformation. The
transition of the wavelength is from 198 to 213 nm. Moreover,
the intensity at 214 nm also increases, indicating aggregation of
tau control (Figure 2C).37 Amongst the peptides, P5 followed
by KLVFF and P4 drive tau conformation to random coil
conformation and show reduction in intensity at 214 nm
(Figure 2D). In the presence of LPFFD, P3, and P6, tau
conformation was altered to β-sheet conformation where
LPFFD shows a high intensity at 214 nm when compared to
other peptides and tau control.24 This observation was in
accordance with ThS fluorescence and SDS-PAGE analysis.

Peptides Impede Fibrillization of Tau. An electron
microscopy analysis showed the change in tau morphology
upon incubating with peptides. The heparin-induced aggre-
gates of tau exhibit long fibrillar morphology with a darkly
stained appearance because of uranyl acetate (Figure 3A).
However, tau formed short, broken filaments like morphology
upon incubating with KLVFF, P4, and P5 (Figure 3C,E,F),
whereas LPFFD, P3, and P6 showed no inhibition (Figure
3B,D,G). This observation suggests the effective role of
peptides in inhibiting tau aggregation. These observations
were in accordance with our ThS fluorescence data. Previous
studies with these peptides also showed inhibition of amyloid-
β aggregation, indicating the effective role of KLVFF, P4, and
P5 in preventing aggregation of both, tau and amyloid-β.18,38,39

Figure 2. Tau aggregation inhibition by peptides. (A) In vitro heparin-induced hTau40Wt aggregation resulted in increased fluorescence. A
decrease in ThS fluorescence was observed in LPFFD-treated tau, indicating aggregation inhibition; similarly, peptide P5 also showed a decrease in
fluorescence. P3, P4, and P6 did not affect tau aggregation and showed ThS fluorescence similar to hTau40Wt. (B) SDS-PAGE resolved the higher-
order aggregates of tau above 150 kDa. These aggregates were evident in tau control and in the presence of peptides; however, their intensity was
reduced by P4 and P5. This indicates the inhibitory effect of P4 and P5 on tau aggregation. (C) Heparin induced β-sheet conformation of tau
(indicated in red) as observed by CD spectroscopy. The peptides P4, P5, and KLVFF prevented conformational changes and exhibited random coil
conformation of tau. However, in the presence of other peptides, LPFFD, P3, and P6 tau exhibited β-sheet conformation. (D) Maximum
absorbance of tau in the far-UV region in the presence of peptides indicates that P5 showed a minor shift in the spectra when compared to other
peptides.
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Thus, our study indicates the inhibitory role of KLVFF, P4,
and P5 in preventing tau aggregation.
Peptides Attenuates Tau-Induced Toxicity in SH-

SY5Y Cells. From the in vitro assays so far, it is evident that
the peptides show promising tau disaggregation properties.
Further, to evaluate the effect of the peptides on tau aggregate
toxicity toward cells, we first examined if the peptides
themselves exhibited any cytotoxicity on SH-SY5Y neuro-
blastoma cells. The cells were incubated with the various
peptides at different concentrations for 12 h and the viability of
cells and the cell morphology were analyzed by methylthiazo-
lyldiphenyl-tetrazolium bromide (MTT) assay and micros-
copy, respectively (Figure 3). The peptides showed approx-
imately 60−70% cell toxicity at the highest concentration of
100 μM.
Studies showed that the tau aggregates exert cytotoxicity

probably because of hyperphosphorylation40 or microtubule
dysfunction inside the cell.41−43 Hence, to evaluate whether
the tested peptides can reduce tau aggregate-mediated toxicity
in neural cells, we incubated the cells with both tau aggregates
and peptides and toxicity was measured by MTT. As shown in
Figure 4A,B, tau aggregates (hTau40wt) when incubated alone
showed 70% cell toxicity. However, in the presence of
peptides, the cytotoxic effect was significantly attenuated in a
dose-dependent manner, which was evident from increased cell
viability. At lower concentrations of peptides (10 μM), none of
the inhibitors could increase the cell viability. Nevertheless,

with increased concentrations of peptides (50 & 100 μM),
there was a significant decrease in cell toxicity. Similar effects
were observed in microscopic images.

■ CONCLUSIONS

The amyloid-β-derived peptides were studied for their
aggregation inhibition effect on amyloid-β. In our present
study, we have analyzed the effect of these peptides on tau
aggregation and observed that KLVFF, P4, and P5 prevented
in vitro tau aggregation. These peptides decreased ThS
fluorescence in heparin-induced tau aggregation and P4 and
P5 reduced the higher-order aggregates as evidenced by SDS-
PAGE. The random coil conformation of tau was maintained
by P5, followed by KLVFF and P4. The TEM micrographs also
suggested the inhibition of tau assembly into fibrillar
aggregates. In conclusion, the inhibitory role of these peptides
on tau and their nontoxic nature suggest them to be of
therapeutic importance in overcoming AD by targeting tau
aggregation.

■ MATERIALS AND METHODS

Chemical and Reagents. Luria broth was purchased from
HiMedia; ampicillin, ethylene glycol tetraacetic acid (EGTA),
phenylmethylsulfonyl fluoride (PMSF), MgCl2, NaCl, diso-
dium phosphate, and monopotassium phosphate were
purchased from MP. Isopropyl β-D-1-thiogalactopyranoside

Figure 3. LPFFD and its derivatives prevent tau fibrillization. (A) The tendency of tau assembly into fibrils was mapped by TEM where their
morphology is visualized as long and fibrillar aggregates. (B) Control peptide LPFFD prevents fibrillization of tau and forms short-length
aggregates. (C−G) Similar to the control peptide, treatment with KLVFF, P4, and P5 resulted in inhibition of tau assembly into aggregates and P3
and P6 showed no inhibition.
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(IPTG), dithiothreitol (DTT), protease inhibitor cocktail,
heparin, and sodium azide were purchased from Calbiochem.
2-(N-Morpholino)ethanesulfonic acid (MES), bicinchoninic
acid (BCA), bovine serum albumin, BES, MTT, and ThS were
purchased from Sigma. Copper grids with carbon type-B, with
400 mesh (01814-F) for TEM were purchased form Ted Pella,
Inc. SH-SY5Y cells were purchased from ATCC (CRL-2266),
and Dulbecco’s modified Eagle medium (DMEM)-F12,
penicillin−streptomycin mixture, trypsin−ethylenediaminete-
traacetic acid, and fetal bovine serum (FBS) were purchased
from Thermo Scientific Pvt. Ltd.
Synthesis of Peptidomimetics and Purification. The

control peptide (LPFFD) and N-methyl glycine (sarcosine: Sr)
substituted peptidomimetics; P3 (thymine-Lys-Leu-Val-Phe-
Phe), P4 (thymine-Sr-Leu-Sr-Phe-Sr-Ala), P5 (thymine-Lys-
Sr-Val-Sr-Phe-Sr) and P6 (Gly-His-Lys-Sr-Val-Sr-Phe-Sr) were
synthesized following standard 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry on an automated peptide synthesizer from
Syro II (MultiSynTech).18 Rink amide resin (Novabiochem)

was used as a solid support for the peptidomimetic synthesis.
Fmoc-protected sarcosine (Sr) was prepared and directly used
for the synthesis of P4 and P5 in the peptide synthesizer.
Hexafluorophosphate benzotriazole tetramethyl uronium was
used as a coupling reagent for amino acids in the presence of
N,N-diisopropylethylamine with dimethylformamide (DMF)
as solvent. For deprotection of Fmoc, 40% piperidine in DMF
was used. P3 and LPFFD were synthesized with a coupling
time of 1 h per amino acid, whereas for P4, P5, and P6 the
coupling time was increased to 2 h to obtain higher coupling
yields. All the peptides and peptidomimetics were purified
using a reverse-phase preparative high-performance liquid
chromatography (HPLC) on the C18 column at 40 °C.
Product purity was greater than 98% as ascertained by
analytical HPLC. The molecular masses of the peptides and
their mimetics were verified with HRMS (Q-TOF).

Preparation of Tau Protein. Expression of tau protein
was induced by 0.5 mM IPTG in BL21* at 37 °C.
Postinduction cells were incubated for 4 h before harvesting

Figure 4. Evaluation of tau-induced cytotoxicity in the presence of different concentrations of peptides. (A) Cell viability of SH-SY5Y cells in the
presence of peptides. Cells were incubated with different concentrations of peptides; LPFFD, KLVFF, P3, P4, P5, P6 and (10−100 μM) for 12 h
and the viability was measured by MTT assay. DMEM media was used to dissolve the indicated peptides, used as untreated control and set to 100%
viability. (B) Full-length tau aggregates (hTau40wt) at 5 μM concentration in the absence or presence of indicated concentrations of peptides
(LPFFD, KLVFF, and P3−P6) was added to the SH-SY5Y cells and incubated for 12 h at 37 °C. The cell toxicity was measured by MTT assay.
(C−G) Cell imaging. Images of the cells post incubation for 12 h with peptides at various concentrations in the absence and presence of 5 μM tau.
The cells were observed under a bright field microscope with a magnification of 20×.
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by centrifugation at 4000 rpm for 10 min. The cells were
homogenized at 15,000 PSI using a constant cell disruption
system and purified by cation-exchange chromatography
followed by size-exclusion chromatography as described
previously.44 The lysate was extracted in 50 mM MES pH
6.8, 1 mM EGTA, 1 mM PMSF, 2 mM MgCl2, 5 mM DTT,
and protease inhibitor cocktail. NaCl and DTT were added to
a final concentration of 0.5 M and 5 mM, respectively, and
heated for 20 min at 90 °C. The resultant lysate was cooled
and subjected to centrifugation at 40,000 rpm at 4 °C for 45
min. The supernatant was dialyzed overnight in the above
buffer with 20 mM MES buffer and 50 mM NaCl (buffer A).
The dialyzed protein was centrifuged and loaded onto
preequilibrated Sepharose fast-flow column (GE17-0729-01).
The bound protein was eluted by linearly increasing the NaCl
gradient to 1 M. The fractions obtained from ion exchange
chromatography were pooled, concentrated, and loaded onto a
HiLoad 16/600 Superdex 75 pg column (GE28-9893-33). The
protein concentration was measured by a BCA assay.
Aggregation Inhibition Assay. Tau aggregation was

induced by heparin at 4:1 ratios (tau/heparin) in an assembly
buffer composed of 20 mM BES pH 7.4, 25 mM NaCl, 1 mM
DTT, 0.01% NaN3, and protease inhibitor cocktail.8,45 The
effect of peptides on tau aggregation was studied in the
presence of 200 μM peptides with 20 μM tau. This mixture
was incubated at 37 °C and ThS fluorescence was measured at
the time interval of 24 h, till 96 h.
ThS Fluorescence Assay. The extent of tau aggregation

was studied by ThS assay as described previously.8 Tau
aggregation results in the formation of β-sheet structures,
which was probed by ThS. ThS binds to the β-sheet structure
and fluorescence, indicating aggregation, whereas incorpora-
tion of peptides that may result in decrease in ThS
fluorescence shows inhibition of tau aggregation. The
fluorophore was prepared in 50 mM ammonium acetate at
pH 7.0. Tau was incubated with ThS at a 1:4 ratio (tau/ThS),
that is, 2 μM of tau was added along with 8 μM of ThS to 384
black well plate. ThS fluorescence was measured at 521 nm
upon exciting the fluorophore at 441 nm. The measurements
were recorded in triplicate in a Tecan Infinite 200 PRO
multimode microplate reader and the kinetics was plotted
using SigmaPlot 10.0.
SDS-PAGE Assay. Tau aggregate formation was analyzed

by SDS-PAGE. At 96 h, 20 μL of tau protein was aliquoted
from the reaction mixture and resolved on 10% SDS-PAGE
gel. SDS-PAGE was run by using a Mini-PROTEAN System
from Bio-Rad.8,45

CD Spectroscopy. The change in tau conformation from a
random coil to a β-sheet was analyzed by CD spectroscopy as
described previously.44 Tau was diluted to 3 μM in 50 mM
phosphate buffer, pH 6.8, and the spectra were recorded in the
far-UV region at 25 °C in Jasco J-815 by using a 1 mm path
length cuvette. The measurement parameters were as follows;
the wavelength range was 250−190 nm, data pitch of 1.0, and
100 nm/min scanning speed. The spectra were plotted by
using SigmaPlot 10.0.
TEM Analysis. In vitro tau aggregation results in deeply

stained, long fibrillar aggregates, as observed by TEM. Tau (1
μM) was collected at the end of 96 h and spotted onto 400
mesh carbon-coated copper grids. The excess protein was
removed by incubating the grid in water for 30 s, which was
followed by staining using 2% uranyl acetate for 2 min. The
grid was dried before imaging by Tecnai T20, at 120 kV.7,8

Cytotoxicity Assay. The SH-SY5Y cells were cultured in
DMEM-F12 media (Gibco) supplemented with 20% FBS, 100
U/mL penicillin, and 100 U/mL streptomycin. Subconfluent
cells were trypsinized and 25,000 cells/well were seeded in a
96-well plate (100 μL/well) and allowed to adhere overnight at
37 °C. Tau (5 μM) and the peptides at different
concentrations (10, 25, 50, and 100 μM) were dissolved in
DMEM. The negative control, represented by control, was
prepared as a medium without any molecules and treated in
the same manner. The medium (100 μL) with or without the
tau or peptides was added to each well. After 12 h of
incubation at 37 °C, cell viability was evaluated by thiazolyl-
blue-tetrazolium-bromide (MTT) assay as per the manufac-
turer’s instructions. Briefly, 10 μL of 0.5 mg/mL MTT was
added into each well and further incubated for 4 h at 37 °C.
Later, 100 μL of dimethyl sulfoxide was added into each well
and the color intensity was measured using a microplate reader
at 570 nm. Each treatment was performed in triplicate. Further,
to monitor the cell viability in the presence of peptides, the
cells were treated with 100 μL of DMEM containing 5 μM full-
length tau aggregates (hTau40wt), followed by the indicated
amounts of peptides. The full-length tau aggregates alone was
used as control. The cell viability was evaluated as described
earlier using the MTT assay and the results are represented as
percentages.

Microscopy. SH-SY5Y cells subjected to cytotoxicity
studies were also scanned for bright field-time-series images
using a fluorescent microscope (Olympus microscope-TH4
200 Shinjuku, Tokyo Japan) at 20× magnification.

Statistical Analysis. The data was analyzed by Student’s t-
test, two-tailed and unpaired at 95% confidence interval; and
represented in terms of mean ± sem. The statistical
significance was represented as ***, **, and *, which indicated
a p value < 0.001, <0.01, and <0.05 respectively; and the p
value > 0.05 was represented as ns.
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