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ABSTRACT: Molecular self-assembly, a phenomenon widely observed
in nature, has been exploited through organic molecules, proteins, DNA,
and peptides to study complex biological systems. These self-assembly
systems may also be used in understanding the molecular and structural
biology which can inspire the design and synthesis of increasingly
complex biomaterials. Specifically, use of these building blocks to
investigate protein folding and misfolding has been of particular value
since it can provide tremendous insights into peptide aggregation
related to a variety of protein misfolding diseases, or amyloid diseases
(e.g., Alzheimer’s disease, Parkinson’s disease, type-II diabetes). Herein,
the self-assembly of TK9, a nine-residue peptide of the extra membrane
C-terminal tail of the SARS corona virus envelope, and its variants were
characterized through biophysical, spectroscopic, and simulated studies,
and it was confirmed that the structure of these peptides influences their
aggregation propensity, hence, mimicking amyloid proteins. TK9, which forms a beta-sheet rich fibril, contains a key sequence
motif that may be critical for beta-sheet formation, thus making it an interesting system to study amyloid fibrillation. TK9
aggregates were further examined through simulations to evaluate the possible intra- and interpeptide interactions at the
molecular level. These self-assembly peptides can also serve as amyloid inhibitors through hydrophobic and electrophilic
recognition interactions. Our results show that TK9 inhibits the fibrillation of hIAPP, a 37 amino acid peptide implicated in the
pathology of type-II diabetes. Thus, biophysical and NMR experimental results have revealed a molecular level understanding of
peptide folding events, as well as the inhibition of amyloid-protein aggregation are reported.

The formation of nanostructures through molecular self-
assembly has been demonstrated to be a ubiquitous process

in nature as seen by organic molecules (polymers), proteins,
peptides, and DNA. These nanostructures have been charac-
terized by their highly ordered aggregate formation through
noncovalent interactions (e.g., electrostatic, hydrogen bonds, van
der Waals, and aromatic π-stacking and cation-π). The emerging
field of nanotechnology has exploited self-assembly systems due
to the key advantage that their physical, chemical, optoelectronic,
magnetic, and mechanical properties are tunable via control of
their size and shape.1 Interestingly, all the aforementioned
noncovalent forces are quite weak in nature, individually, but
cumulatively they support the self-organization of simple units
into complicated and controlled structures.2 Despite tremendous
research efforts, the relative involvement of these forces in self-
assembly processes is yet to be more clearly understood.
Recently, substantial attention has been intended for the rational
design and structural analysis of peptide-based self-assembly due

to their widespread diversity in chemical, structural, and
functional aspects.1,3 Furthermore, the complex nature of
biomolecules limits the comprehensive understanding of the
factors controlling the self-assembling properties. To examine
this in more detail, short peptides or peptide fragments can be
constructed relatively quickly and may serve as the competent
building blocks for self-assembled systems, thus avoiding the
complexities of forming and studying large protein structures.
Self-assembled peptide systems have also been utilized in

studying protein-folding events in order to provide insight into
the thermodynamic properties of protein folding and misfolding.
These investigations have also helped gain information about
specific structural motifs adopted by specific amino acid
sequences and combinations which may be responsible for
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protein misfolding and amyloid formation. Therefore, studying
the self-assembly of peptides has been utilized as an important
tool for analyzing the local structure (e.g., secondary structure) of
peptide fragments in the context of the global protein structure.4

These peptide nanostructures are generally formed from beta
(β)-sheet motifs, although a few helical-based assemblies have
also been reported.5−8 On the basis of various structural,
chemical, and physical properties, they are classified according to
the following categories: (a) lipid-like peptides, (b) surfactant
peptides, (c) amphiphilic peptides, (d) aromatic dipeptide
motifs, (e) cyclodextrin-based polyionic amino acids from
known self-assembled proteins, (e) cyclic peptides, and (f)
arbitrarily chosen peptide sequence based on amino acid
properties.9 The unique supramolecular assemblies can be
readily tuned bymodifying structural properties such as changing
the amino acid sequence or conjugating chemical groups or by
varying experimental parameters such as pH or solvent. Peptide
nanostructures have also been utilized in vast miscellaneous
fields, from antibacterial agents to molecular electronics, with a
great achievement and therefore have become of great interest to
study.10,11

Importantly, investigating self-assembly systems at the
molecular level have been of particular value in studying the
complex phenomena behind the aggregation of amyloid proteins
and aggregation of other proteins related to fatal protein
conformational disorders.12 It has been found that amyloid-
related diseases (e.g., Alzheimer’s disease (AD), prion diseases,
Type II diabetes, Parkinson’s disease, and Huntington’s disease)
are connected by the aggregation of relatively unstructured
monomers into a β-sheet-rich fibrillar aggregates.13,14 In spite of
the diversity in sequence homology, the fibrillar networks have
similar morphologies; however, the precise biochemical/
biophysical pathways and mechanism of protein fibrillation still
remain elusive. Self-assembled short peptides have the potential
to serve as model systems to studying amyloid aggregation by
simplifying the study of amyloidosis as seen in a study by Lynn
and co-workers.15 This can help to probe specific protein−
protein interactions between the small peptide assemblies and
translate this information to elucidating the aggregation

properties of the native peptide/protein. Furthermore, small
peptide fragments from amyloid proteins (KLVFF in amyloid-β
and NFGAIL in hIAPP) have been demonstrated to have
inhibitory properties, thus modifying or in some cases halting the
aggregation pathway. Therefore, studying self-assembled peptide
fragments may also help potentially uncover possible motifs that
may be utilized for amyloid inhibition and eventually therapeutic
applications.
In the present study, we have investigated and analyzed the

self-assembly of a nine-residue peptide (hereafter denoted as
TK9) and its derivatives taken from the sequence of the carboxyl
terminal (55−63) of SARS corona virus envelope protein
(Scheme 1).16 Generally, corona viruses are enveloped and this
enveloped (E) region may be the main culprit in causing
virulence related to various respiratory diseases such as common
colds, bronchiolitis, and acute respiratory distress syndrome in
humans and others.17 The E regions are peptide fragments
consisting of 76−108 amino acids and composed of a flexible
region at both N- and C-terminals and α-helical transmembrane
(TM) region.18 This region has been shown to adopt a mainly
helical structure in the presence of SDS micelles, suggesting that
a membrane surface may influence its secondary structure.18

Upon mutation of the 56VYVY59 region of the C-terminal tail in
the SARS corona virus, the secondary structure has changed to a
more discrete β-structure.18

To gain further insight about whether the short peptide, TK9,
and its variants have a self-assembling tendency, we carried out
detailed biophysical and high resolution analyses of TK9. These
data demonstrated that TK9 self-assembles and forms a β-sheet
secondary structure in solution. To support our experimental
findings and also to extract the atomic level interactions acting as
a driving force for this self-assembly process, we performed
molecular dynamics (MD) simulations. Furthermore, we also
studied the ability of TK9 to inhibit the aggregation of a 37-
residue human islet amyloid polypeptide protein (hIAPP) in
order to obtain possible structural motifs that may be beneficial
for the mitigation of hIAPP aggregation. Previous studies have
shown that unstructured hIAPP monomers aggregate to form
toxic intermediates and amyloid fibers that composed of β-sheet

Scheme 1. (A) SARS CoV-E Sequence with the TK9 Region Shown in Blue, (B) The Three-Dimensional Solution Structure of
SARSCoV-E Protein in SodiumDodecyl Sulfate (SDS)Micelle,a and (C) The Primary Amino Acid Sequence of TK9 or Its Shorter
Fragments

a2MM4.pdb. The C-terminal tail, Thr55−Lys63 adopted alpha helical conformation in micelle, marked by circle, used in this study.
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peptide structures that are implicated in type II diabetes.
Therefore, there is considerable current interest in developing
compounds to inhibit hIAPP aggregation and islet cell toxicity. In
this context, the amyloid-inhibiting ability of TK9 could be useful
and aid in the development of potent amyloid inhibitors.

■ MATERIALS AND METHODS
Materials and Preparation of Stock Solutions. The

parent peptide, TK9, and its shorter fragments (Scheme 1) were
synthesized on a solid phase peptide synthesizer (Aapptec
Endeavor 90) using Fmoc protected amino acids and Rink
Amide MBHA resin (substitution 0.69 mmol/g; Novabiochem,
San Diego, California) by following a solid phase peptide
synthesis protocol described elsewhere.19,20 The C-termini of the
peptides were amidated. All the crude peptides were further
purified by reverse phase HPLC (SHIMADZU, Japan) using a
Phenomenix C18 column (dimension 250 × 10 mm, pore size
100 Å, 5-μm particle size) by linear gradient elution technique
using Water and Methanol as solvent both containing 0.1% TFA
as the ion pairing agent. The purity and molecular weight of the
eluted peptides were confirmed by MALDI-TOF (Bruker,
Germany). 4,4-Dimethyl-4-silapentane-1-sulfonic acid (DSS)
and deuterium oxide (D2O) were purchased from Cambridge
Isotope Laboratories, Inc. (Tewksbury, MA). Thioflavin T dye
was purchased from Sigma-Aldrich (St. Louis, MO). Throughout
the experiment HPLC grade water was used for sample
preparation. hIAPP was purchased from Genscript (Piscataway,
NJ). hIAPP was prepared by dissolving the peptide in
hexafluoroisopropanol (Sigma-Aldrich) followed by lyophiliza-
tion. Peptide stock was dissolved in 100 μM HCl (pH 4),
sonicated for 1 min, diluted into the appropriate buffer system,
and kept on ice until use.
Circular Dichroism. All circular dichroism experiments were

performed on Jasco J-815 spectrometer (Jasco International Co.,
Ltd. Tokyo, Japan) furnished with a Peltier cell holder and
temperature controller CDF-426L at 25 °C. The peptide
concentrations were 25 μM for all CD measurements. The
samples were scanned between 190 to 260 nm wavelength at a
scanning speed of 100 nmmin−1. The data interval was 1 nm and
path length 2.0 mm. All data-points are the result of an average of
four repetitive scans. All experiments were performed in 10 mM
phosphate buffer of pH 7.0. Each spectrum was baseline
corrected with reference to buffer. The data obtained in mill
degrees were converted to molar ellipticity (ME) (deg·cm2·
dmol−1) and plotted against wavelength (nm).
Fluorescence Assays. Tyrosine fluorescence experiments

were performed using Hitachi F-7000 FL spectrometer with a 0.1
cm path length quartz cuvette at 25 °C. Intrinsic tyrosine
fluorescence property was used to monitor the self-assembly
property for tyrosine containing peptides TK9, TY5, YR5 using
an excitation wavelength of 274 nm and emission in a range of
290−370 nm.21 The excitation and emission slit both were 5 nm.
The peptide concentrations were 25 μM throughout the
experiment. Thioflavin-T (ThT) experiments were performed
on a BioTek multiplate reader using an excitation wavelength of
440 nm and emission wavelength of 485 nm. Samples were
prepared by adding hIAPP (10 μM) to a buffer solution (10 mM
phosphate, 150mMNaCl, pH 7.4) containing ThT (20 μM) and
varying concentrations of TK9 monomer (0.5−2 equiv). TK9
aggregates for the ThT assay were prepared by incubation at 37
°C for 7 days.
Dynamic Light Scattering. DLS experiments were

performed using Malvern Zetasizer Nano S (Malvern Instru-

ments, UK) equipped with a 4 mW He−Ne gas laser (beam
wavelength = 632.8 nm) and 173° back scattering measurement
facility. All samples were filtered using 0.25-μm filter paper
(Whatman Inc., NJ) and degassed before use and measured at
298 K using a low volume disposable sizing cuvette. The peptide
concentration was kept at 10 μM in phosphate buffer (pH 7.0)
during the duration of the experiment.

Nuclear Magnetic Resonance. The synthetic peptide,
TK9, and its analogues were dissolved in milli-Q water (pH 7.0).
All NMR spectra were recorded at 298 K using Bruker Avance III
500 MHz NMR spectrometer, equipped with a 5 mm SMART
probe. Two-dimensional total correlation spectroscopy
(TOCSY) and rotating frame Overhauser effect spectroscopy
(ROESY) spectra of TK9 were acquired in water containing 10%
D2O and 2,2-dimethyl-2-silapentane 5-sulfonate sodium salt
(DSS) as an internal standard (0.0 ppm for methyl protons). The
peptide concentration was kept at 1 mM for the sequential
assignment and relaxation studies, respectively. TOCSY mixing
time was set to 80 ms using the MLEV-17 spin-lock sequence to
ensure coherence transfer via scalar couplings, whereas a 150 ms
spin-lock mixing time was used for ROESY experiments. The
TOCSY and ROESY experiments were performed with 456 t1
increments and 2048 t2 data points. The residual water signal was
suppressed by excitation sculpting techniques. The spectral
widths were set to 10 ppm in both dimensions with a saturation
delay of 1.5 s. Data acquisition and data processing were carried
out using Topspin v3.1 software (Bruker Biospin, Switzerland).
The two-dimensional NMR data were assigned and analyzed

using SPARKY22 program. The cross peak intensities measured
from ROESY spectra were qualitatively classified as strong,
medium, and weak, which were then converted to upper bound
distance limits of 3.0, 4.0, and 5.5 Å, respectively. The lower
bound distance was constrained to 2.0 Å to avoid van der Waals
repulsion. The backbone dihedral angle (phi, ϕ) was varied from
−30° to −120° to restrict the conformational space for all
residues. Finally, Cyana 2.1 software was used for structure
calculation with the help of distance and dihedral angle
restraints.23 Several rounds of refinement were performed and
the distance constraints were accustomed accordingly. A total of
100 structures were calculated, and 20 conformers with the
lowest energy values were selected to present theNMR ensemble
and staring structure for coarse grain molecular dynamics
simulation.
A series of one-dimensional proton NMR spectra for TK9 and

its analogues were recorded at different time intervals to
determine their aggregation tendency. The spectra were acquired
with water suppression with a spectral width of 12 ppm, 128
transients, a relaxation delay of 1.5 s. The spectra were processed
and plotted with TopSpin software (Bruker, Switzerland) using a
line broadening of 1.0 Hz.
Saturation transfer difference (STD) NMR experiments for a

sample containing TK9 (0.5 mM) and hIAPP monomers (10
μM) were carried at 25 °C for 12 h consecutively with an interval
of 15 min using a Bruker 600MHz NMR spectrometer equipped
with a cryo probe. The peptide, hIAPP or its fibril was irradiated
at −1 (on-resonance) and at 40 ppm (off-resonance) for a
duration of 2 s and 128 scans were coadded to get the spectrum.
The selective irradiation was achieved by a train of Gaussian
pulses with 1% truncation for a duration of 49 ms with an interval
of 1 ms at 50 dB.

Relaxation Studies. To gain access the atomic level
dynamics present one-dimensional spin−spin (T1) and spin−
lattice (T2) relaxation experiments for TK9 were performed

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00061
Biochemistry 2015, 54, 2249−2261

2251

http://dx.doi.org/10.1021/acs.biochem.5b00061


using 500 MHz Bruker Avance III NMR spectrometer. T1
experiments were performed using the same protocol that we
published earlier with different inversion recovery delays starting
from 50 ms to 5 s.24 Similarly, T2 measurements were carried out
using the CPMG sequence for a set of delays: 2, 6, 32, 100, 200,
400, 800, 2000, 3000, and 4000 ms.25

Scanning Electron Microscopy (SEM). The incubated
peptide solutions were deposited on a glass slide (1 cm2) and
dried oven night in air. The slide was then coated with gold for
120 s at 10 kV voltage and 10 mA current. The samples were
viewed on a ZEISS EVO-MA 10 scanning electron microscope
equipped with a tungsten filament gun operating at 10 kV.
Transmission Electron Microscopy (TEM). The 500 μM

peptide stock solutions were incubated at room temperature for
25 days and 10 μL aliquots of the solution were placed on 300
mesh Formvar/carbon coated copper TEM grids (Ted Pella,
Redding, CA 96049, USA). It was allowed to adsorb on TEM
grid for about 3−4 min, and excess volume was removed with
filter paper. The grid was negatively stained with 5% (v/v) freshly
prepared uranyl acetate in water. After 5 min excess dye was
removed, and the grids were viewed on a JEOL JEM 2100 HR
TEM microscope operating at 80 kV. A set of TEM samples for
TK9 were also viewed on a Philips Model CM-100 transmission
electron microscope (80 kV, 25000× magnification). Digital
images were acquired using Gatan Digital Micrograph 2.3.0
image Capture Software.
Coarse-Grained Molecular Dynamics Simulations.

Coarse-grained (CG) molecular dynamics (MD) simulation of
TK9 was performed using Martini model.26,27 Using this model,
TK9 is mimicked by 24 beads in a single chain, as shown in Figure
S1, Supporting Information. Simulation system was built with 20
chains of beaded TK9 placed randomly in a box of size 12 nm.
Energy minimization was initially conducted on peptide in a
vacuum using the steepest descent method with a maximum step
size of 0.01 nm and a force tolerance of 10 kJ mol−1 nm−1.
Solvation of the system was carried out with 59652 CG water
molecules (each CG water molecule corresponds to 4 all atom
water molecules). The solvated system was further minimized
using the same parameters as that of energy minimization in a
vacuum. Then MD simulation was performed using NPT. The
velocities were assigned according to the Maxwell−Boltzmann
distribution at 320 K. Temperature was kept at 310 K by the
Berendsen method with a time constant of 0.3 ps, and the
pressure was maintained at 1 bar with a time constant of 3 ps and
a compressibility of 3 × 10−5 bar−1. The periodic boundary
conditions (PBC) were applied. The nonbonded Lennard−
Jones (LJ) and electrostatic interactions were calculated using a
cut off of 1.2 nm. Furthermore, the standard shift function in
GROMACS was used to reduce undesired noise.28 Specifically,
the LJ potential and electrostatic potentials were shifted to zero
from 0.9 and 0.0 nm, respectively, to the cut off distance (1.2
nm). A time step of 30 fs was used and the trajectory was saved
every 150 ps for analysis. The simulation duration was 1 μs.
Structural changes in the assembly during the simulation run are
captured at different time steps as shown in Figure S2,
Supporting Information.
Reverse Construction of All Atom System. Reconstruc-

tion of all atom (AA) system from CG was carried out to regain
the atomic details (Figure S3, Supporting Information). At first,
AA particles were placed near to the corresponding CG beads
and coupled to CG beads by harmonic restraints. This restrained
the system further and then was processed by simulated

annealing (SA); the final relaxed atomic model was obtained
by the gradual removal of the restraints.29

The reconstruction simulations were started from the
snapshot at 999 ns of the CG simulations as illustrated in Figure
S3, Supporting Information. The atomistic simulations were
carried out with a 2 fs integration time step, and the temperature
was controlled by coupling to a Nose−́Hoover thermostat with a
time constant of 0.1 ps.30 Because of the random initial
placement of the atomistic particles, no constraints were applied
in the reconstruction simulations, except for SPC water.
For the simulations of the TK9, the 53 a6 parameter set of the

GROMOS united atom force field was used.31 The system was
simulated within periodic boundary conditions. Nonbonded
interactions were calculated using a triple-range cut off scheme:
interactions within 0.9 nm were calculated at every time step
from a pair list, which was updated every 20 fs. At these time
steps, interactions between 0.9 and 1.5 nm were also calculated
and kept constant between updates. A reaction-field contribution
was added to the electrostatic interactions beyond this long-
range cut off, with ϵr = 62. In the simulations of bulk SPCwater, a
win range cut off scheme was used, with a single cut off at 0.9 nm
and a pair list up dated every 20 fs. Here, a long-range dispersion
correction was applied in addition to the reaction field. Other
simulation parameters are as given in Table S1, Supporting
Information.

■ RESULTS
Design Considerations for TK9 and Its Variants. The

SARS-CoV envelope region (CoV E) (Scheme 1A) contains a
relatively hydrophobic C-terminal region (Scheme 1B),
composed of an α helix (α-helix) at the trans-membrane
followed by a β-structured region, 55TVYVYSRVK63, or TK9,
which has been considered an essential sequence content for its
function. This region has been predicted to be responsible for
directing the protein to the Golgi region.18,32,33 It should be
mentioned that this type of motif remains conserved in other
corona viruses and is abundantly expressed in infected cells and
may also be critically involved in viral protein assembly.34,35

Fourier transform infrared (FT-IR) spectroscopy investigations
have also shown that this portion of the protein can intrinsically
adopt both a random coil and β-sheet conformation in the
absence of a membrane environment.32 The folding domain (β-
structured region), which contains the sequence of TVYVY-
SRVK and its fragments (Scheme 1B), contains residues and
sequences similar to those of amyloid proteins. This has led to
the hypothesis that TK9 may have similar properties to the
folding domains of amyloid proteins (e.g., amyloid-β), where
certain residue regions have limited water solubility and adopt a
β-sheet structure and may aggregate to form amyloid-like fibrillar
species. This observation has made TK9 and its derivatives
insightful nanostructure systems to study protein assembly and
mechanism of folding.36 Specifically, residues I46−V62 contain
branched and bulky side chains which may favor the formation of
β-sheet structures.37 The first five residues of TK9, TY5
(TVYVY) (Scheme 1C) also contain a peptide motif
demonstrated to form amyloid-like fibrils; therefore, this short
peptide fragment and its derivatives, namely, TY5, YR5, and SK4
(Scheme 1C), were chosen as model systems to give possible
insights into amyloid folding events. These sequence motifs
containing branched, hydrophobic residues as well as residues,
which can form H-bonds, have been shown to have a higher
aggregation propensity as seen with a Leu-Enkephalin mutant
and VEALYL.38−41
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TK9 and TY5 Are More Prone to Aggregation with
Increased Incubation Time. Dynamic light scattering (DLS)
is an analytical method used to establish the size distribution of
an ensemble of particles from Brownian motion property in
solution.42 Here, we employed DLS to access the size
distribution of the supramolecular structures formed during
different incubation periods. It is seen that freshly prepared TK9
or its analogues, TY5, YR5, and SK4 (Scheme 1C) show a narrow
size distribution pattern with a hydrodynamic diameter of ∼54
nm (Figure 1A and Figure S4, Supporting Information). The

narrow distribution confirms that the peptides are monomer in
freshly dissolved solution at early time points. However, with
increasing the incubation time period for TK9, TY5, and YR5,
the size distribution profile became wider, which accounts for the
presence of polymeric subunits in solution (Figure S4). After 15
days of incubation, clear distinctions in the hydrodynamic
diameters were observed for the peptides. TK9 and TY5 showed
the highest change in hydrodynamic diameter, whereas YR5
showed a moderate change in size distribution only after 25 days
of incubation (Figure S4). On the other hand, SK4 showed a
negligible amount of change in hydrodynamic diameter within a
period of 25 days of incubation, which suggests its lower

aggregating propensity. This trend pointed out that aromatic
amino acids (Tyr) of these peptides may contribute significantly
to the shape and size of their nanostructure assemblies and that
polar amino acids may not directly influence their size. Overall,
our DLS results proved a similar aggregation behavior of the
parent peptide TK9 and its N-terminal fragments TY5 and YR5
can be seen after 25 days of incubation.
Furthermore, circular dichroism (CD) spectroscopy was used

to monitor the secondary structure of the peptide fragments at
different incubation time (Figure 1B−E). Freshly prepared TK9
and its truncated shorter fragments showed a strong negative
maximum at ∼195 nm, characteristic of random coil
conformation of the peptides or proteins (Figure 1B−E).
Interestingly, after 15 days of incubation, samples containing
TK9 and TY5 showed a distinct β-sheet type CD spectral
signature consisting of positive maximum at 200 nm and a
negative maximum at 215 nm due to n−π* and π−π* transition
(Figure 1B,C). In contrary, the CD spectrum of YR5 showed two
peaks, one at ∼198 nm and another broad peak at ∼215 nm
(Figure 1D). Similarly, SK4 showed a large broadening of peaks
(Figure 1E). This result clearly signifies that both YR5 and SK4
are highly dynamic in nature, and there may be conformational
exchange between random coils to β-sheet in a dynamic state
(Figure 1D,E). Overall the CD data identified that TK9 and TY5
undergo structural reorganization from random coil to β-sheet
over time, while the other fragments are not prone to this similar
conformational change.

Morphology of TK9 and Its Variants. To understand
further about the morphological change of the nanostructures of
the peptide self-assembly, various electron microscopic
techniques such as transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) were employed. TEM
data revealed that freshly prepared TK9 did not show any
measurable structure (data not shown), which is in very good
agreement with the CD data (Figure 1B). However, TEM
analysis of the sample containing TK9 alone with 10 days of
incubation displayed a dense fibrillar network which has slight
amorphousity and unbranched characteristics (Figure 2A and
inset, respectively), suggesting that the peptide region is able to
form β-sheet morphology, which could be in good agreement
with the TEM images of β-sheet forming amyloid fibrils
originated from either Aβ or hIAPP.43 The effect of fibrillation
was pronounced for both TK9 and TY5 which contain beta
branched amino acids such as Thr1-Val2-Tyr3-Val4-Tyr5
residues. In addition, these residues are prone to form a plane
of β-sheet structures (Figure 2B). The structure of TK9
emphasized that the rate of nucleation for the β-sheet formation
could be slower due to the presence of two positive charge
residues, Arg7 and Lys9 at the C-terminal of the peptide
sequence, but our DLS data suggest that they fibrilize with similar
kinetics. In contrast, YR5 and SK4 did not show any defined
nanostructure by TEM (data not shown), which could be
attributed to the sole presence of charged residues at the C-
terminal of TK9 sequence which did not allow the peptides to
self-assemble.
Subsequently, SEM experiments were performed to under-

stand the self-assembly propensity of TK9 and its analogues after
incubation at 37 °C for several days (Figure 2C,D). TK9
exhibited well-defined, branched, long rod-like fibers (Figure
2C) after 25 days. The truncated analogue TY5 showed a dense
nanotubular architecture (Figure 2D). These results indicate that
both TK9 and TY5 form fibrils in solution. In contrary, the
central region of the peptide sequence YR5 showed an

Figure 1. (A) Dynamic light scattering (DLS) plot for TK9 (red), TY5
(blue), YR5 (green), and SK4 (pink); the hydrodynamic diameter for
different peptides is plotted at different time intervals. (B−E) Circular
dichroism (CD) plots of secondary structure of TK9 and its fragments
measured after freshly preparation and incubation with 15 days.
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amorphous-like architecture rather than uniformly well-defined
fibers and tubes (Figure S5, Supporting Information). The C-
terminal truncated peptide SK4 consisting of the charged
residues (Ser6, Arg7, and Lys9) did not allow the peptide to
adopt any particular structure (Figure S5). Taken together, TK9
and TY5 self-assembled to adopt a well-defined nanostructure
confirmed by both TEM and SEM.

Fluorescence Measurements to Monitor Peptide
Aggregation. The intrinsic fluorescence property of tyrosine
(Tyr) for TK9, TY5, and YR5 was used as a probe to determine
structural perturbation of the peptides upon incubation and the
putative role of the interactions involved. It is noteworthy to
mention that there are two Tyr residues in each of the peptide.
The intensity for emissionmaxima of Tyr was increased gradually

Figure 2. Transmission and scanning electron micrographs showing fibrillar nanostructure morphology for TK9 (A and C) and TY5 (B and D),
respectively.

Figure 3. (A) Tyrosine fluorescence of TK9 (red), TY5 (black), and YR5 (blue) monitoring increase in Tyr fluorescence signal as peptide aggregates.
(B) Thioflavin T (ThT) fluorescence assay measuring β-sheet-rich fibril formation of freshly dissolved TK9 (black) and after 16 days of TK9 incubation
(red).
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with increasing the incubation time period for TK9 as well as
TY5 and YR5 (Figure 3A). This enhancement was attributed to
the change in the local environment of the fluorophore from a
hydrophilic to a more hydrophobic environment. Initially, the
Tyr residues were randomly oriented in solution where solvent
molecule could easily quench their fluorescence intensity.
However, the fluorescence emission maxima increased almost
4 times for TK9 and TY5 from 5 days of incubation time to 25
days of incubation time (Figure 3A). In contrast, the emission
maxima of YR5 increased much less compared to that of TK9
(Figure 3A). Conversely, the incremental increase in fluores-
cence intensity of emission maxima for YR5 was negligible and
reached a plateau after 25 days of incubation (Figure 3A),
suggesting YR5 may not form an ordered aggregate in solution.
Furthermore, thioflavin T (ThT) assays was performed to

measure the higher order aggregation of TK9 over time. It is
noteworthy to mention that ThT is small molecule and
specifically binds to the β-sheet rich amyloid fibrils.44 Figure
3B shows the fluorescence intensity of ThT, binding to peptide,
TK9. The freshly dissolved TK9 incubated with ThT
demonstrated very low fluorescence intensity. However, as

TK9 was allowed to self-assemble for 16 days, a greater extent of
fluorescence intensity of ThT at approximately 490 nm was
displayed, indicative of the presence of a β-sheet rich species.
This result further confirms that the aggregation propensity of
TK9 in solution increases over time. Collectively, these results
suggest that the noncovalent π−π stacking interaction between
the Tyr residues in the supramolecular structures of the
aggregated states create a hydrophobic environment (β-sheet
structure) where the entrance of water molecule is restricted and
hence enhances the fluorescence emission maxima and interacts
with the ThT dye.

1H NMR confirms the aggregation propensity of TK9.
NMR spectrum of TK9, or its analogues, exhibited well-resolved
narrow amide proton peaks indicating that the peptides are
highly dynamic in aqueous solution (Figure 4). A 2D TOCSY, in
conjunction with ROESY, spectrum was used to assign the peaks
(Figure S6). The ROESY spectrum of TK9 contained intra-
residue αN (i, (i) as well as sequential, αN (i, i+1) ROEs between
backbone and side chain resonances (Figure S6A), however, no
medium range αN (i to i+2/i+3/i+4) or long-range αN (i to ≥i
+5) cross peaks were observed, indicating that the peptide does

Figure 4. (A) Amide proton chemical shift regions of 1H NMR spectra of TK9 (A), TY5 (B), YR5 (C), and SK4 (D); (E) average decrease in peak
intensity for each peptide. Spectra obtained after 0, 15, and 25 days incubation period are overlaid.

Figure 5. Residue-wise relaxation profile for freshly prepared TK9 (blue) and 25 days incubated TK9 (red). (A) Longitudinal relaxation rate (R1) and
(B) transverse relaxation rate (R2) are plotted for each residue of TK9.
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not adopt any folded conformation (Figures S6 and S7). In
addition,ΔHα values of the residues did not show any pattern of
secondary structure (data not shown). A total of 47 ROEs (Table
S2) were used to calculate the random coil structure of TK9
(Figure S7).
To determine the extent of aggregation as a function of time,

we collected a series of 1D 1H NMR spectra of all the peptides in
different time intervals of incubation. Figure 4 shows the amide
proton chemical shift regions for TK9 and its analogues at the
same time intervals. While freshly prepared peptides exhibited
well-dispersed narrow peaks from amide protons, line broad-
ening was observed with time of incubation (Figure 4A−D).
TK9 and TY5 showed the highest amount of line broadening
with respect to time, whereas SK4 showed the least line
broadening (Figure 4E). The observed line broadening in NMR
spectra could be due to the formation of high molecular weight
peptide aggregation. This effect was further confirmed by proton
relaxation studies.

1H NMR relaxation studies are used extensively as a sensitive
probe to investigate the weak interactions (dissociation constant,
Kd ≈ μM to mM range) in peptide oligomerization.45 The
formation of highmolecular weight oligomers, associated with an
increase in correlation times, (τc) is revealed by a decrease in

longitudinal relaxation rates (R1) as reported in Figure 5A for the
N-terminal residues of TK9, Val2-Arg7 (Figure 5A). On the
other hand, the increase in the aggregation size of the species
resulted an increase in the transverse relaxation rates (R2) for all
the residues of TK9 in the aged sample as compared to that in the
freshly prepared sample as shown in Figure 5B. C-terminal
residues, Arg7 and Lys9 are more mobile showed less increment
of R2 values for the aged sample of TK9. Overall, the observed
relaxation data suggest the formation of high molecular weight
oligomers in aged samples of TK9.

Simulations Suggest That Both Local and Global
Orientation of TK9 May Influence Aggregation. The
above experimental result motivated us to determine the
mechanism of aggregation of a small peptide, TK9. Interestingly,
among the nine amino acid residues, there are two aromatic
amino acid residues, Tyr, three hydrophobic Val residues, two
positive charge Lys and Arg, and two β-branched amino acid
residues, Thr and Ser. The NMR derived extended conformation
of TK9 (Figure S6C) was used as an initial structure for the
coarse grained (CG) molecular dynamics (MD) simulation. It is
noteworthy to mention that the self-assembly of a short peptide
occurs at a microsecond time scale, and hence it is a time-
consuming process to carry out all atom MD simulation.46 To

Figure 6. (A) Pairwise hydrogen bond analysis between any twomonomers. Cumulative %H bond occupancy is calculated for respective residue pair in
each peptide. (B) Percentage of H-bond occupancy of respective residue in each monomer was calculated to understand the amino acid−solvent
interactions. Red bar represents the assembled and blue bar represents unassembled aggregation of each monomer of TK9. (C) Total number of
hydrophobic interactions for respective residue pair is calculated for all the peptides forming cluster. (D) Oligomeric structure of TK9 is stabilized by
hydrophobic hub consisting Tyr, Val, Ser, and Thr residues. Positively charged residues are exposed to water.
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overcome this problem, coarse-grained MD simulation was
adopted to study the aggregation of TK9 with 20 TK9 peptide
chains.
Figure S2 summarizes the stages of aggregation of TK9.

Interestingly, the scattered monomers started self-assembling
after 27 ns of simulation, and the cluster size increased as the time
progressed. Finally, after 999 ns of simulation, 15 out of 20 TK9
peptide chains were self-assembled to form the TK9 aggregate
(Figure S2). The remaining five TK9 monomers were still
scattered after 1 μs of simulation. Next, we wanted to understand
the driving force of the aggregation for TK9. The secondary
structure analysis of the assembled as well as the scattered
molecules was performed using the Stride web interface.47

Interestingly, we found that the 60% of conformation of the
assembled peptide possesses a beta turn and more than 35% of
conformation exists as random coil (Table S3).
Closer inspection indicated that the self-assembly of TK9

(Figure 6) was stabilized by a variety of interactions, such as H-

bonding, electrostatic, π-cation, and van der Waals. The C-
terminal positively charged Lys9 residue of TK9 contributed for a
H-bonding interaction with Thr1 and with Ser6. In addition, H-
bonding contributions were also observed between Thr1-Ser6,
Tyr3-Tyr5, Val4-Tyr5, Val2-Val4, and Thr1-Thr1 of TK9 in an
assembled state. Apart from the H-bonding interactions between
two self-assembled monomers, polar residues such as Arg7 and
Lys9 formed numerous intermolecular salt bridge interactions
(Table S4). Hydrophobic contacts were also observed between
Val2-Tyr3, Val4-Tyr3, Tyr5-Val4, Val2-Val4, Val2-Tyr5, and
Tyr3-Val8, which may also play an important role in the
aggregated form of TK9 (Figure 6). Interestingly, Tyr3-Tyr3,
Tyr5-Tyr5, and Tyr3-Tyr5 aromatic interactions between two
monomers of TK9 aggregates were crucial for stabilization. This
result was in very good agreement with the Tyr fluorescence
intensity enhancement in the aggregated state (Figure 6). A few
cation-π interactions between Tyr3-Arg7, Tyr5-Arg7, and Tyr5-
Arg9 were also observed in the fibrillar TK9 (Table S5).

Figure 7. (A) Comparative analysis of the average SASA for each residue in assembled and unassembled state. Black represents the assembled state while
red represents the unassembled state. (B) ΔSASA (ΔSASA = SASAunassembled − SASAassembled) values for each residue. (C) Surface view of cluster
illustrating polarities of residues with color discrimination.
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Solvent accessible surface area (SASA) data were evaluated to
suggest the conformation of the biomolecule. The SASA values
of each residue of TK9 aggregate as well as in the scattered
monomers after 1 μs of simulation were calculated (Figure 7),
and it was clear that the overall SASA values for all the residues in
the cluster or aggregated form was lower, whereas the same
amino acid residues in the scattered peptides (monomer) were
much higher. The standard deviation of SASA values of each
residue of scattered peptides was less compared to that of
aggregated peptides. This behavior could be due to folded
conformation in the aggregated form and hence they were less
accessible to the solvent. On the other hand, the short peptide
TK9 is highly dynamic in nature, and therefore the peptide is
more solvent exposed in the unfolded form. Interestingly, the C-
terminal residues, Arg7, Val8, and Lys9 showed comparably
higher SASA values both in the scattered as well as in the
aggregated form (Figure 7). Taken together, the central
stabilization of the assembly of TK9 was due to the strong van
der Waals interactions between hydrophobic Val residues as well
as between aromatic Tyr residues. In comparison, the Arg7 and
Lys9 residues of TK9 aggregates pointed toward the solvent to
form H-bond with the solvent water molecules.
TK9 Inhibits hIAPP Aggregation. In order to uncover the

potential role of the self-assembling TK9 peptide on amyloid
aggregation, it was coincubated with freshly dissolved hIAPP and
assayed using ThT to monitor β-sheet rich fibril formation. At a
stoichiometric concentration of TK9 monomer, hIAPP still
adopted a normal course of aggregation; however, the lag phase
was increased and the total fibrillar hIAPP fluorescence intensity
was decreased (Figure 8A). With the increased concentration of
TK9, hIAPP aggregation was completely diminished. Similarly,
incubation of freshly dissolved hIAPP with excess TK9 over 8 h

displayed mainly a random coil peptide in solution as shown by
CD experiments (Figure 8B). When TK9 fibril was added to
hIAPP solution, aggregation of hIAPP was slightly modified,
suggesting possible interactions between TK9 and hIAPP.
The inhibition of hIAPP aggregation by TK9 was further

confirmed by 1H STD NMR experiments. STD has become a
valuable technique to map the interaction of ligands with
biomolecules.48−50 Freshly prepared hIAPP monomers were
added to a solution of TK9 monomers and monitored by NMR
for more than 12 h. Receptor, hIAPP, as well as the ligand, TK9,
are low-molecular weight molecules; therefore, no STD signals
from TK9 in the presence of hIAPP monomers were observed
due to the fast tumbling of TK9. However, if hIAPP fibrillizes, it
should be possible to transfer the magnetization from the large-
size hIAPP fibrils to TK9 peptide in STD experiments. However,
the fact that we did not observe the STD signal within a period of
12 h indicates that hIAPP did not exist in fibrillar form (Figure
8C), as hIAPP (in the absence of TK9) completely fibrilizes
within 3 h at the same condition as seen by the ThT assay (Figure
8C). In addition, when TK9 monomers were incubated with
hIAPP fibrils, a pronounced STD signal was observed from
aromatic as well as aliphatic amino acid residues, indicating that
the aromatic and methyl protons are responsible for interacting
with fibrillar hIAPP. These observations confirm the ability of
TK9 to inhibit hIAPP aggregation to form an ordered secondary
structure.

■ DISCUSSION

According to the current trend in nanoscience, synthetic
amphiphilic small peptides emerge as versatile building block
for the fabrication of supramolecular architecture.51 The ability
of these peptides to assemble into ordered nanostructures may

Figure 8. (A) ThT fluorescence assay of hIAPP (black) solution incubated with 1 (red) and 2 (blue) equivalents of TK9; ThT aggregation of TK9
peptide in solution is shown in the green trace. (B) CD spectra of freshly dissolved hIAPP (black) and hIAPP incubated over 6 h with 2 equiv of TK9 at
the indicated time intervals of aggregation. (C) One dimensional 1H NMR spectrum of freshly dissolved TK9 in hIAPP monomer (top, reference
spectrum); STD spectrum in the presence of hIAPP monomer at t = 12 h (middle) and in the presence of hIAPP fibril (bottom).
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help to better understand the natural misfolding pathway of
systems such as amyloid proteins.52 In these systems, short
peptide fragments in the wild-type sequence (KLVFF for
amyloid-β and NFGAIL for hIAPP) have been identified to be
responsible for β-sheet formation thus more clearly investigating
the properties and features of small peptide assemblies can help
in better understanding larger protein systems.53−55 The self-
assembly regions have also served as a template to rationally
design amyloid inhibitors by blocking β-sheet formation;
therefore, short peptide fragments of amyloid proteins can also
help elucidate possible sequence motifs for therapeutic design
and development.56−58

The aim of this study has been to reveal self-assembly activity
of the ultrasmall peptide, TK9 and its variants through
biophysical, NMR and computational methods. TK9 and TY5
both contain branched, bulky amino acids and a specific
sequence (VxVx, Scheme 1) that has been shown to be prone
to amyloid-like aggregation.59 Over time, TK9 spontaneously
aggregated in aqueous solution as seen by DLS (Figure 1) to
adopt rod-like fibrillar morphology, confirmed by microscopic
studies (Figure 2). Interestingly, the aggregation was β-sheet
rich, examined by the increase in ThT fluorescence (Figure 3).
All four peptides adopt a random coil monomeric conformation
at early time points; however, CD experiments confirmed that
TK9 and TY5 form into a β-sheet containing fibrillar species after
incubation over days (Figure 1B,C). In addition, because of the
presence of the “amyloid aggregation-prone” sequence motif, a
further explanation for the aggregation propensity of TK9 and
TY5 may be the increase in hydrophobic and aromatic residues,
which may favor hydrophobic contacts and π−π interactions as
well as undergo a transition to β-sheet during self-assembly more
readily than peptides with aliphatic residues.59

Structurally different, YR5 and SK4, which do not contain the
aggregation-prone sequence, did not show this transition to β-
sheet, nor did they show an enhanced ThT fluorescence,
suggesting an ill-defined secondary structure. The distribution
profile of the peptides is also varied upon aggregation as
suggested by the DLS studies (Figure 1A). As the peptides were
incubated, the size of the species increased, which may be
attributed to the fibril-like aggregates formed in the case of TK9
and TY5. The π−π interactions could be the governing factor for
the folding of the peptide into supramolecular assemblies as seen
by Tyr fluorescence experiments (Figure 3). As TK9 is allowed to
self-assemble, it forms a hydrophobic core, which does not allow
for interactions with water, and thus an enhancement in the Tyr
fluorescence signal by neighboring Tyr residues. Coarse grain
MD simulation confirms that the self-assembled oligomer of
TK9 is stabilized by hydrophobic amino acid residues such as Tyr
and Val from individual monomers to form a hydrophobic hub
and all the charge residues such as Arg7 and Lys9 are exposed to
water (Figure 6). In contrary, the solvent quenches the
fluorescence intensity of TK9 or TY5 monomer (Figure 3).
However, a well-defined secondary structure of YR5, the central
region of TK9, was not observed. In order to probe the
mechanistic insights of self-assembly of a short peptide at an
atomic resolution, NMR spectroscopy was carried out.
Proton NMR and relaxation studies further confirm the

presence of high molecular weight oligomers in aged samples. In
1H NMR spectra, amide resonances are observed for all of the
peptides at initial time points. As the peptides are allowed to self-
assemble, significant line broadening is visible for TK9 and TY5,
whereas a lesser broadening is seen for YR5 and SK4 over the
time course (Figure 4). The line broadening observed for TK9 or

TY5 peptides confirms the low correlation times with milli-
second to microsecond time scale of motion between several
states of micelle-like aggregation. This dynamic behavior may
further confirm an aggregation process occurring in solution,
specifically the formation of high molecular weight assemblies
that tumble slowly in NMR time scale, which gave rise to an
increased rotational correlation time (Figure 5). The TOCSY
and ROSEY data, taken of freshly prepared monomers, show no
medium or long-range cross peaks (or ROEs), confirming the
absence of a well-defined secondary structure (possibly random
coil) prior to incubation (Figure S6).
Furthermore, the applications of these self-assembled peptides

are of great value since they do have interesting intrinsic
properties; however, their role in understanding protein−protein
interactions may also be useful. Investigations of the interaction
between amyloid proteins and other biologically relevant
proteins have been of great interest. Specifically, reports
regarding the interaction of cosecreted proteins, hIAPP and
insulin, has shed light into the involvement of a protein on
amyloid formation.60,61 Aforementioned, small peptide sequence
from the native protein have been utilized in the design of
amyloid inhibitors due to their ability to contain self-recognition
motifs which can interact with the target protein through
hydrophobic and electrostatic interactions and prevent polymer-
ization to fibrils.56,62,63 In order to study this, we tested the
inhibitory activity of TK9 against hIAPP, an amyloid protein
suggested to be a pathological feature of type-2 diabetes. Our
experimental results indicate that the amyloid-inhibition proper-
ties of TK9 monomers are concentration dependent as shown in
Figure 8. This observation is similar to that shown for amyloid-
inhibiting properties of a nine-residue peptide, NK9 (or
45NIVNVSLVK53) adopted from SARS CoV E-protein, against
the fibrillation of insulin.64 Interestingly, TK9monomers are able
to modify the aggregation kinetics of hIAPP and completely
inhibit the fibril formation upon incubation with an excess
amount of a TK9. This result was further verified by STD NMR
experiments, which showed that upon incubation of hIAPP
monomers with excess TK9 monomers, no pronounced STD
effect was observed indicating the presence of a small, insufficient
amount of hIAPP fibers. On the other hand, when TK9
monomers are present in a solution along with hIAPP fibrils, a
strong STD signal was observed, confirming an interaction
between the two peptides.
Overall, the study of self-assembled peptides nanostructures

can serve, as useful systems for understanding more global
systems, like amyloid proteins kinetics and aggregation at the
atomic level. Herein, the aggregation properties of TK9 and its
variants were characterized through biophysical, spectroscopic,
and simulated studies, and it was confirmed that the structure of
these peptides influence their aggregation propensity and fibrillar
morphology. TK9 underwent a transition to a more β-sheet-rich
structure, which adopted a fibril-like shape. These aggregates
were further investigated through simulations to understand
more clearly the possible intra- and interpeptide interactions at
the molecular level. As described here, self-assembly peptides
may also be useful templates for designing amyloid inhibitor.
These self-assembly systems may also be used in understanding
the molecular and structural biology, which will inspire the
design and synthesis of increasingly complex self-assembled
biomaterials for biomedicine. Furthermore, investigations to
probe the structural characteristics of these peptides in the
presence of membrane can also be of great value since the
amyloid beta or hIAPP protein interacts with membrane before
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going to fibrillation.65−67 Therefore, instead of using the entire
protein of amyloid-β or hIAPP in membrane, this peptide can be
a nanoindicator to understand the structural insight at the
membrane surface for the mechanism of the fibrillation process.
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