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Abstract

An N-terminal hepta-peptide sequence of yeast prion protein Sup35 with the sequence GNNQQNY is
widely used as a model system for amyloid fibril formation. In this study, we used a reproducible solubil-
isation protocol that allows the generation of a homogenous monomeric solution of GNNQQNY to uncover
the molecular details of its self-assembly mechanism. The aggregation kinetics data show that the
GNNQQNY sequence follows nucleation-dependent aggregation kinetics with a critical nucleus of size
~7 monomers and that the efficiency of nucleation were found to be inversely related to the reaction tem-
perature. The nucleus reduces the thermodynamic energy barrier by acting as a template for further self-
assembly and results in highly ordered amyloid fibrils. The fibers grown at different temperatures showed
similar Thioflavin T fluorescence, Congo-red binding and b-sheet rich structures displaying a characteris-
tic cross-b diffraction pattern. These aggregates also share morphological and structural identity with
those reported earlier. The mature GNNQQNY fibers did not exert significant oxidative stress or cytotox-
icity upon incubating with differentiated SHSY5Y cells. To our knowledge, this is the first study to exper-
imentally validate previous nucleus size predictions based on theoretical and molecular dynamics
simulations. These findings provide the basis for understanding the kinetics and thermodynamics of amy-
loid nucleation and elongation of amyloidogenic proteins/peptides associated with many systemic and
neurodegenerative diseases.

� 2020 Elsevier Ltd. All rights reserved.
Introduction

Synthetic peptide fragments that mimic the
formation of amyloid fibrils from full-length
amyloidogenic proteins are widely used to
understand the physico-chemical aspects of
protein aggregation under in vitro conditions.1–2

The shorter length peptides possess relatively
lower complexity thereby providing a suitable model
for in vitro studies.3–5 A seven residue sequence
td. All rights reserved.
‘GNNQQNY’ spanning from residue 7 to 13 of full
length Sup35, an eukaryotic prion protein, serves
as an useful model for understanding the structural
aspects of amyloids since two alternative arrange-
ments have been solved by X-ray crystallography.6

Furthermore, GNNQQNY can trigger the formation
of fibril-core in yeast Sup35 prion fibrils.3 In yeast,
Sup35 protein plays a major role in translation
termination and can undergo prion-like structural
conversion. Unlike other infectious and toxic prion
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proteins, prions formed by Sup35 are non-toxic and
are stably inherited for many cellular generations,
thus resulting in a characteristic phenotypic trait.7–10

This is due to functionally inactive state of Sup35
in prions leading to impaired translation termina-
tion.7–10

X-ray fibre diffraction from GNNQQNY amyloid-
like nanocrystals and fibrils show a characteristic
meridional reflection at ~4.7 �A and an equatorial
reflection at ~10 �A, arising from the inter-strand
(backbone) and inter-sheet (side chain) distances
respectively.11–13 These are characteristic of a
cross-b spine containing steric zipper structure in
which the b-strands run perpendicular to the long
fiber axis.3,14–16 GNNQQNY fibrils are long,
unbranched and display apple-green birefringence
upon binding to Congo-red and green-yellow fluo-
rescence in solution with thioflavin T.14 Previous
studies based on molecular dynamic simulations
and theoretical predictions have shown that
GNNQQNY undergoes nucleation-dependent
aggregation kinetics through which it forms fibrils
rich in parallel b-sheets.2,14,15,17,18 This involves
the formation of a metastable critical nucleus within
the monomer pool along the path of aggregation.
Once the nucleus is formed, further monomer addi-
tion occurs at a much faster rate leading to the elon-
gation of amyloid fibrils.19–21

Using structure-based theoretical energetics,
Nelson et al. (2005) predicted that three-to-four
GNNQQNY molecules constitute the metastable
nucleus formed during the aggregation.14 A differ-
ent study based on molecular dynamic simulations
suggested a nucleus of about four-five monomers
and five-six monomers at 280 K and 300 K, respec-
tively.18 A more recent study by Langkilde et al.
(2015) based on small angle X-ray scattering
(SAXS) and thioflavin T analyses suggested that
there was lack of intermediates during the fibrillation
process and hence proposed that the elongation
process is likely to proceed viamonomer addition.22

Although significant advancement has been
achieved in understanding the molecular structure
of amyloid fibers formed by GNNQQNY, the
in vitro kinetics and thermodynamics associated
with its assembly are yet to be elucidated.
Here, we used a solubilisation protocol that allows

the generation of homogenous monomeric solution
reproducibly. This enabled the study of aggregation
and nucleation kinetics analyses by quantitative
RP-HPLC-based sedimentation assay. The
sedimentation, thioflavin T fluorescence, right-
angle light scattering and seeding kinetics
analyses results experimentally reveal that the
GNNQQNY sequence follows nucleation-
dependent aggregation kinetics. The nucleation
kinetics analysis indicates the formation of a
critical nucleus of seven monomers that acts as a
template to drive the aggregation reaction under
physiological conditions (pH 7.4 and 37 �C). The
effect of temperature on aggregation and
2

nucleation was also evaluated. This study
provides experimental proof for the previous
predictions which are based on theoretical and
molecular dynamics simulations. The mature
GNNQQNY fibrils generated did not result in a
significant increase in cytotoxicity or cell death.

Materials and Methods

Materials

Uncapped GNNQQNY (>95% pure),
Trifluoroacetic acid (TFA), formic acid, Congo-red
and thioflavin T were purchased from Sigma
Aldrich. Uncapped PGQ9I (K2-Q9-PG-Q4-I-Q4-PG-
Q9-PG-Q9-K2) and PGQ9A (K2-Q9-PG-Q4-A-Q4-
PG-Q9-PG-Q9-K2) peptides were obtained from
Keck Biotechnology Centre, Yale University in
crude form and were then purified to near
homogeneity as reported in our previous
reports.23,24 Such model peptides are generally
used to understand the aggregation mechanism of
polyglutamine-containing sequences.23,25 HPLC-
grade acetonitrile and HCl were procured from
Merck and sodium-azide was from SD fine chemi-
cals Ltd. 500 mL of sterile 10X Phosphate-
buffered saline (PBS) was prepared by dissolving
NaCl (40 g), KCl (1 g), Na2HPO4 (7.2 g) and KH2-
PO4 (1.2 g) procured fromMerck as per Cold Spring
Harbor protocols.

Solubilization of peptides

GNNQQNY peptide (2 mg/mL) was solubilised in
milliQ-water acidified to pH 2.0 using HCl. The
resulting solution was gently swirled to ensure
complete solubilisation of the peptide and
ultracentrifuged for 2 h at 80, 000 rpm and 25 �C.
The top 2/3rd of the supernatant was collected
carefully without disturbing the bottom 1/3rd of the
solution that may contain the pre-aggregated
peptide and used for further studies. PGQ9I and
PGQ9A peptides were solubilised using our
previously established protocols.23,24,26

Mass spectrometry

5 mL of GNNQQNY peptide solubilized in water-
HCl (pH 2.0) was injected into time-of-flight (TOF)
mass analyzer provided with electrospray
ionization (ESI) source (Waters Q-TOF premier
HAB213). The m/z spectrum recorded at a mass
range of 50–3500 Da was plotted using OriginPro
8.5 data analysis and graphing software and the
purity was estimated by analyzing the observed
molecular ionization states of the peptide.26

Analytical size–exclusion chromatography
(SEC)

The GNNQQNY peptide solubilized in water-HCl
(306 mM) was adjusted to pH 7.4 by using 10X
PBS such that the final concentration of PBS in
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the reaction mixture becomes 1X. 100 mL of this
peptide solution was subjected to SEC analysis by
passing through Superdex peptide 10/300 GL
column (GE healthcare) connected to Bio-Rad
(Biologic Duoflow) fast protein liquid
chromatography (FPLC) system. The elution
profile of the peptide was monitored in 1X PBS
(pH 7.4) at a flow rate of 0.5 mL/min. The
absorbance of the peptide was recorded at
215 nm under a constant pressure of about 80
psi.24,26
Sedimentation assay

The peptide aggregation was monitored in PBS
(pH 7.4) at 37 �C, 23 �C and 4 �C. Sodium azide
(0.05%) was added to prevent microbial
contamination and growth.23,27–29 The aggregation
kinetics were monitored by measuring the decline
in monomer concentration as a function of time. At
regular time intervals, an aliquot of sample from
the ongoing aggregation reaction was subjected to
ultracentrifugation for 30 min at 25,000 rcf and
25 �C. The supernatant was collected, adjusted to
20% formic acid and then injected into RP-HPLC
to determine the monomer concentration based
on the predetermined standard curve (See
SI).30,31 Adding formic acid has been shown to pre-
vent aggregation in the vial by reducing the pH of
the sample.27
Light scattering (LS) and thioflavin T (ThT)
assays

These assays were performed as described
previously by taking 120 mL of ongoing
aggregation reaction sample in a Quartz
SUPRASIL Ultra-micro cell.24 The intensity of light
scattered by the sample was determined by setting
the emission and excitation wavelengths at 450 nm
and their slit widths at 2.5 nm. ThT fluorescence
intensity was measured by adding ThT stock to a
final concentration of 100 mM to the sample. This
was scanned by resetting the excitation wavelength
to 450 nm (slit width, 5 nm) and the emission wave-
length to 489 nm (slit width, 5 nm) using LS 55 spec-
trofluorimeter (Perkin Elmer). The blank was
subtracted from consecutive spectra which were
averaged to obtain the final LS and ThT spectra.
Seeding assay

Seeding assay was performed as described
previously.23,25 Seeding reactions were monitored
in PBS (pH 7.4) at 37 �C by adding the preformed
seeds (2%, wt/wt) grown at similar conditions. No
preformed seeds were added for the control reac-
tions used for comparison. The kinetics of aggrega-
tion was determined by measuring the
concentration of monomers at different time inter-
vals using sedimentation assay. The data were plot-
3

ted between monomer percentages and time (h) for
comparison.

Nucleation kinetics analyses

Different concentrations of freshly disaggregated
GNNQQNY were prepared in PBS at pH 7.4 and
incubated at 37 �C and 23 �C. The concentration
of the soluble monomer in the ongoing reactions
was measured at different time points using a
sedimentation assay. Monomer concentration
(mM) versus time2 (s2) graphs for each
concentration were plotted by taking as many data
points as possible within the initial 20% drop in
monomer concentration. The slopes from these
time2 graphs were used to construct log[initial
concentration (M)] versus log[slope] plots. The
slope obtained upon subjecting this plot to linear
curve fit was used to solve the equation, slope =
n* + 2, where n* is the size of the critical
nucleus.19,23,25,27,32

Thioflavin T (ThT) and Congo-red staining of
fibrils

Working standard solutions of 0.8 mg/mL of ThT
and 1 mg/mL of Congo-red solubilised in MilliQ-
water and filtered using 0.2 mm MDI syringe filter
were used to stain the mature amyloid fibers of
GNNQQNY. 10 mL of peptide solution was spread
on a fresh glass slide and allowed to air-dry. The
dry peptide film was then stained with a drop of
working standard solution of ThT and Congo-red.
The sample was incubated for 30 min, excess dye
was removed by washing with MilliQ-water and
subsequently air dried for 30 min. Bright-field
images and the corresponding ThT fluorescence
and Congo-red birefringence images were
captured using appropriate light filters on Leica
DM2500 fluorescent microscope.3,33

Fourier-transform infrared (FTIR)
spectroscopy

FTIR spectroscopy analysis was carried out using
Bio-ATR II cell mounted on Tensor 27, Bruker FTIR
instrument.23,24,34 GNNQQNY aggregates were
subjected to washing thrice by using milliQ-water
and then 50 mL was loaded on to the Bio-ATR II cell.
A total of 120 scans at a resolution of 4 cm�1 under
constant purging of nitrogen gas were collected at
room temperature and averaged for the final FTIR
spectra. The obtained spectra were auto-
corrected for water vapour and the buffer. The
resultant primary spectrum was then subjected to
second derivative analysis using nine-point smooth-
ing by Opus 7.2 spectroscopy software (Bruker
Optics).

Transmission electron microscopy (TEM)

Samples for transmission electron microscopy
analysis were prepared by inverting the carbon-
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coated side of a TEM grid on 5 mL of aggregate
sample, incubated for thirty seconds and the
excess sample was carefully blotted by using filter
paper.23,24,35 It was rinsed with 10 mL of milliQ-
water and then negatively stained by inverting on
5 mL of 2% uranyl acetate for 5–10 seconds. The
stained grids were left overnight to air-dry and then
imaged using a FEI-Tecnai G2 12 Twin (120 KV)
transmission electron microscope.
X-ray fiber diffraction

200 mL of 10 mg/mL GNNQQNY peptide was
incubated at 37 �C, 23 �C and 4 �C for several
days to generate mature fibers. The fibers were
then aligned by placing a droplet of approximately
20 mL of each sample between two wax-filled
capillaries and allowed to air-dry overnight. The
fiber samples were placed on a goniometer head
and mounted on a Rigaku X-ray diffraction
machine (Sevenoaks, UK) with rotating anode
(CuKa) and Raxis IV++ detector. The data was
recorded using specimen-to-film distance of
50 mm or 100 mm.36
Cytotoxicity and cell viability assays

Undifferentiated SHSY5Y human neuroblastoma
cells were differentiated using established
protocol.37,38 Briefly, the undifferentiated cells
(ATCC CRL-2266TM) were cultured at 37 �C and
5% CO2 incubator maintained in Dulbecco’s Modi-
fied Eagle Medium: Nutrient Mixture F-12 (DMEM/
F-12) (Life Technologies, United Kingdom), mixed
with 1% (v/v) L-glutamine (L-Gln) (Invitrogen), 1%
(v/v) penicillin/streptomycin (Pen/Strep) (Invitrogen)
and 10% (v/v) Fetal Calf Serum (FCS) (henceforth
called media). The undifferentiated cells were
seeded to 60% confluency to adhere for 24 h in a
CellCarrier-96 Ultra Microplates (Perkin Elmer),
which was followed by the media replacement with
a fresh media containing FCS reduced to 1% and
supplemented with 10 lM trans-Retinoic acid
(Abcam) for 5 days. A media exchange with fresh
media supplemented with the retinoic acid was
done after 2 days. At day 5, the cells were incubated
with a FCS-free media supplemented with 2 nM
brain-derived neurotrophic factor (BDNF) (Merck
Millipore). After 2 days, themedia was replaced with
FCS and BDNF free media and the cells were incu-
bated with fibers formed from GNNQQNY (5 mM
and 20 mM) and PGQ9A (5 mM and 20 mM) peptides
for 48 hours. Phosphate-buffered saline containing
no aggregates was used as negative control and
1 mM H2O2 was used as positive controls. Towards
the end of the incubation period, the cells were trea-
ted for 45 min with 5 mM CellROX Green reagent
(C10444, Life technologies UK) to evaluate the level
of oxidative stress. This was followed by incubation
for 15 min with ReadyProbes reagent (Life Tech-
nologies) to evaluate cell death. The cells were
imaged using Operetta CLS high-content imaging
4

system (PerkinElmer) using DAPI, FITC and TRITC
filters at 37 �C and 5% CO2. A minimum of three
independent experiments each containing at least
5000 cells were analysed using the Harmony soft-
ware automated analysis algorithm within the sys-
tem to ensure the reproducibility of the findings.39
Results and Discussion

Solubilisation and characterization of
GNNQQNY

Previous studies on GNNQQNY aggregation
have been unable to unambiguously resolve the
kinetics of aggregation perhaps due to
contamination with pre-aggregated peptide and
thus most studies have relied on in-silico
analysis.17,18 Here, we used an acid solubilisation
and centrifugation procedure that removed pre-
aggregated peptide and resulted in a monomeric
solution. SEC analysis of GNNQQNY showed a sin-
gle peak confirming the homogenous nature of the
solution (Figure 1(A)). The elution of GNNQQNY
(836.8 Da) after PGQ9I (1974.4 Da) but prior to
sodium azide (NaN3, 65 Da) further confirmed the
absence of higher order structures in the solubilised
fraction (Figure 1(A)). The identity and purity of
GNNQQNY was confirmed by ESI-MS which
showed a single peak at the expected m/z value
of 836.4 Da for monomer (Figure 1(B)).
These data established that water-HCl (pH 2.0)

solubilises GNNQQNY peptide which is likely to
be due to the low pH (2.0) that is well below the
isoelectric point (pI) of GNNQQNY (5.52). At low
pH, the GNNQQNY molecules are expected to
attain an overall positive surface charge. The
presence of same charge at the peptide surface
promotes its interaction with water, rather than
with other peptide molecules thereby making it
more soluble.40 Henceforth this procedure has been
followed to obtain the monomeric solution needed
for carrying out further experiments in this study.
Aggregation kinetics

The kinetics of aggregation was determined by
measuring the monomer concentration at different
time intervals based on the standard curve
generated using Kuipers and Gruppen method
(Figure S1).41 Kinetics based on sedimentation
assay at 1253 ± 12 mM showed a clear lag-phase
(nucleation-phase) for about 12 h of incubation dur-
ing which the drop in the monomer concentration
was found to be negligible (Figure 2(A), black
curve). About 25 h elapsed before an initial 20%
drop in monomer, during which the actual critical
nucleus is believed to form by a classical
nucleation-dependent aggregation mecha-
nism.27,32,42,43 Together, this data suggests a lag-
phase of about 20–25 h for GNNQQNY incubated
at an initial concentration of 1253 ± 12 mM, during
which energetically unfavourable nuclei are formed.



Figure 1. Characterization of soluble monomers of GNNQQNY. (A) Size-exclusion chromatography analysis of
GNNQQNY monomer in comparison with sodium azide (NaN3) and PGQ9I peptide. (B) ESI-MS analysis confirming
the monomeric (836.4 Da) state of the soluble fraction.

Figure 2. Aggregation kinetics analysis of GNNQQNY peptide. (A) Aggregation kinetics analyses at pH 7.4 and
37 �C based on sedimentation (Black), light scattering (Blue), ThT (Red) and seeding (Olive green) assays showing
nucleation-dependent aggregation. (B) Shows the temperature-dependent aggregation kinetics. Error bars indicate
standard deviation calculated from triplicate reactions.
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The formation of this high-energy species
(nucleus) is followed by a rapid decrease in
monomer concentration arising from the
elongation-phase, followed by an equilibrium or
stationary-phase where no further drop in
monomer concentration was observed (Figure 2
(A), black curve). The concentration of monomer
5

at the stationary phase is also termed as critical
concentration (Cr), at or below which the efficiency
of nucleation is almost negligible.19,20,27,32,44 The
initial delay in aggregation (lag-phase/nucleation-
phase) is due to highly unfavourable equilibria that
raise the thermodynamic energy barrier for poly-
merisation. The peak of the energy barrier that cor-
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responds to the transient critical nucleus species
makes the following downstream steps thermody-
namically favourable, thus promoting the
elongation.
The other characteristic features of a classical

nucleation-dependent aggregation kinetics
includes; (1) the elimination of lag-phase in
presence of preformed seeds or aggregates, (2)
lack of ThT fluorescence until the nucleation of b-
strands/b-sheets, and (3) the dependence of rate
of aggregation on the initial monomer
concentration.27,44 As expected, the addition of pre-
formed seeds (2%, wt/wt) greatly enhanced the rate
of aggregation of the same concentration of mono-
mer by spontaneously reducing the monomer con-
centration to about 25% in just 3–4 h of incubation
(Figure 2(A), olive green curve). This confirms the
abrogation of nucleation-phase (lag-phase), which
is primarily because the added aggregates reduce
the thermodynamic energy barrier by acting as tem-
plates for monomer addition and thus driving the
aggregation via the elongation phase.23,27,42–44

Indeed, this supports the templated aggregation
hypothesis reported in earlier study where the intro-
duction of in vitro generated amyloid seeds of
recombinant Sup35 protein can induce aggregation
in cells.45

Specific binding of ThT dye to assembled
structures result in enhanced fluorescence at
489 nm.46,47 However, enhancement in fluores-
cence of ThT was not observed until 12 h of incuba-
tion, confirming the absence of ThT positive
structures throughout the nucleation-phase (Fig-
ure 2(A), red curve). Fluorescence enhancements
during the elongation-phase lead to a plateau upon
reaching the equilibrium-phase. A similar trend was
observed using a LS assay which indicates the for-
mation of higher-order structures over time follow-
ing a short lag-phase (Figure 2(A), blue curve).
Thus, the kinetics monitored using the ThT fluores-
cence assay and LS assay complements the kinet-
ics observed using sedimentation assay (Figure 2
(A)). Increased ThT fluorescence and LS alongside
the decreased monomer concentration after the
lag-phase provides strong evidence for a
nucleation-dependent aggregation mechanism
(Figure 2(A)).
The concentration–dependence of GNNQQNY

aggregation was established by monitoring the
aggregation kinetics at six different staring
concentrations. Reducing the starting concentration
of the reaction resulted in an increase in the lag-
phase (Figure 3(A)). This confirms that the
efficiency of nucleation decreases upon reducing
the starting concentration.2,19,27,32,43,44 Collectively,
these observations support nucleation-dependent
aggregation kinetics for GNNQQNY and provide
experimental evidence for the speculations made
using theoretical and molecular dynamic simulation
studies.6,14,15,17,18 However, we do not exclude the
possibility of secondary nucleation occurring on
6

fiber/crystal surfaces as the current study does not
provide the means to test the contribution of this
mechanism.
The conclusions of this study deviate from the

recent study by Langkilde et al. (2015) where no
nucleus was observed during the fibrillation
process. Their study, where the initial monomer
concentration as high as 10.3 mM and 10.4 mM
were used, suggested that the elongation process
occurs most likely via monomer addition.22 As any
nucleation-dependent aggregation kinetics is gov-
erned by the initial monomer concentration, the free
energy of transition of monomers to fibrils is strongly
negative at very high initial concentra-
tion.14,19,27,32,43 This may explain why no oligomer
species or nucleus was observed. It is also possible
that the nucleus formed at such high concentration
is too small to be observed by SAX or too short
lived. To examine these questions, we went on to
measure the size of the critical nucleus formed dur-
ing aggregation.
Size of critical nucleus

In order to measure the size of the transient
critical nucleus (n*) formed on the path of
GNNQQNY aggregation, kinetics of aggregation
of different initial concentrations of peptide were
monitored (Figure 3(A)). As many time points as
possible were recorded for the first 20% drop in
the monomer concentration and were used to
construct the concentration (mM) versus time2

(Sec2) plots (Figure 3(B)). The time (Figure 3(A))
and time2 (Figure 3(B)) plots show a clear
concentration-dependence for the aggregation of
GNNQQNY. The log of slope of each linear time2

plot was plotted against the respective log of initial
concentration (M) to obtain a linear log–log rate-
concentration plot with a slope of 9.2 (Figure 3
(C)). Substituting this value in the equation,
slope = n* + 2, resulted in n* = 7.2 (Figure 3(C)).
This suggests a critical nucleus of size seven
(n* = 7, after round off), which means that seven
monomers associate to form a highly unstable
nucleus that drives the aggregation reaction
forward. The size of the nucleus observed in this
study is relatively larger (n* = 7) compared to the
previously reported theoretical (n* = 3–4) and
simulation (n* = 4–5 at 280 K and n* = 5–6 at
300 K) based studies.14,18 This is probably because
the aggregation reaction in this study was moni-
tored at physiological temperature (310 K) unlike
the previous studies where a lower temperature
was used.
Effect of temperature on aggregation

The effect of temperature on the nucleation event
was investigated by carrying out a thorough
temperature-dependent aggregation and
nucleation kinetics analysis. Comparison of the



Figure 3. Nucleation kinetics analysis of GNNQQNY. (A-C) Shows the nucleation kinetics at physiological
conditions of pH 7.4 and 37 �C. Concentration-dependent aggregation kinetics (A) from which the initial 20% drop in
the monomer concentration was plotted against time2 (s2) to generate linear time2 plot (B). The log of slope obtained
from (B) for each line plot was plotted against the log of respective initial concentration to obtain the log–log plot (C).
(D) Represents the log–log plot for the nucleation kinetics at pH 7.4 and 23 �C.
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kinetics of aggregation monitored at 37 �C with that
of 23 �C and 4 �C showed a reduction in the length
of lag-phase upon reducing the temperature
(Figure 2(B)). Briefly, the time taken for initial 20%
drop in monomer concentration was greatly
reduced from ~25 h observed at 37 �C (Figure 2
(B), black curve) to ~5 h at 23 �C (Figure 2(B), red
curve) and ~75 min at 4 �C (Figure 2(B), blue
curve). In agreement with this observation, the
nucleation kinetics analysis monitored at 23 �C
resulted in a critical nucleus of size six (n* = 6)
monomers, smaller than the nucleus (n* = 7)
observed at 37 �C (Figure 3(C and D)). We have
also monitored the nucleation kinetics at 4 �C, but,
it was not possible to quantify the size of the
critical nucleus due to the rapid aggregation rate
at the lower temperature (data not shown).
However, it is likely that a smaller nucleus exists
at 4 �C as compared to 23 �C. Overall, these data
suggest that the efficiency of nucleation increases
thereby decreasing the lag-phase with decreasing
7

the temperature of the aggregation reaction and
supports the observations reported by Nasica-
Labouze and Mousseau, 2012.18 In contrast, our
data does not agree with a more recent simulation
study which suggests that the clusters above the
critical aggregate size of 25 monomers can only
form fibril-like structures.48
Molecular and structural characterization of
the mature fibrils

The mature fibrils obtained at the end of the
aggregation reactions monitored at different
temperatures were stained using ThT and Congo-
red (CR). Using the bright-field imaging,
appropriate areas containing fibrils were chosen
and exposed under fluorescein gate for ThT and
polarized light for CR binding analysis (Figure 4).
Binding of ThT resulted in distinct bright yellow-
green fluorescence along the length of the fibrils
(Figure 4(A–C)). Similarly, when the CR stained
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samples were subjected to polarised light
microscopy, apple-green birefringence was
observed along the fibrils (Figure 4(D–F)).49 The
substantial enhancement of ThT fluorescence
emission and CR birefringence property makes
them particularly powerful and convenient tools for
amyloid detection.33,50 Previous studies have also
shown that the binding of these dyes is associated
with the presence of amyloid fibrils.33,46,47,50–52

Thus, the use of ThT in conjunction with CR sup-
ports the view that the observed aggregates are
amyloid-like.
The amyloid-like characteristics of GNNQQNY

aggregates were further confirmed by FTIR and
TEM analyses. Infrared spectroscopy analysis
showed a characteristic b-sheet band at
Figure 4. Detection of amyloid structures based on ThT an
yellow-green fluorescence of ThT highlighting the amyloid
under cross-polarized light showed characteristic apple-gree
amyloid fibrils generated at 37 �C, 23 �C and 4 �C, respecti

8

1631 cm�1 along with a corresponding minor
band at 1690 cm�1, indicating their
amyloidogenic nature (Figure 5(A)). The other
two bands represent the side chain NH2 defect
(1605 cm�1) and C@O stretching (1670 cm�1)
vibrations of Gln/Asn residues (Figure 5(A)).24

The aggregates generated via the seeding reac-
tion resulted in an IR spectrum that is similar to
the aggregates generated at all three different
temperature conditions (Figure 5(A)). TEM images
showed long unbranched fibrous-to-crystalline
structures similar to those reported earlier for
GNNQQNY (Figure 5(B–D)).22,36,49,53 Further-
more, the X-ray fiber diffraction data showed the
characteristic meridional (4.75 �A) and equatorial
(9.25 �A) diffraction signals, thus confirming the
d CR staining methods. (A–C) Showing the distinct bright
fibrils. (D–F) Congo-red stained samples when viewed
n birefringence. (A, D), (B, E) and (C, F) represents the
vely.



Figure 5. Morphological and structural characterization of mature amyloid fibrils generated at different conditions.
(A) Bio-ATR FTIR analysis of normal and seeded aggregates showing characteristic b-sheet bands at 1631 cm�1 and
1691 cm�1. (B–D) Electron microscopy data showing long unbranched fiber-to-crystalline structures generated at 37 �
C (B), 23 �C (C) and 4 �C (D). (E–G) X-ray fiber diffraction images showing the characteristic meridional (4.75 �A) and
equatorial (9.25�A) reflections confirming the cross-b containing amyloid cores for fibers generated at 37 �C (E), 23 �C
(F) and 4 �C (G).
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cross-b architecture of the aggregates generated
in this study (Figure 6(E–G)).3,14,15,36,49,53 From
these observations, it is evident that the final
aggregates generated at three different tempera-
tures (37 �C, 23 �C and 4 �C) are similar to each
other with respect to their molecular architecture
and structural morphology. The only striking differ-
ence observed is the size of the nucleus that is
proportional to the length of the lag-phase and
the reaction temperature.
9

In the field of short peptide assembly, there is
some confusion as to what an amyloid fibril is and
what is not. The mature aggregate structures
shown in Figure 5(B–D) appear to be amyloid-like
fibrous nanocrystals rather than simple amyloid
fibers. Previous studies have shown that
GNNQQNY is able to aggregate to form fibrils
which can transition into fibrous nanocrystals over
time or at high concentrations.36 Hence, it should
be noted that the initial structures formed by the



Figure 6. Toxicity data of GNNQQNY in comparison with controls. (A) Oxidative stress exhibited by GNNQQNY
and controls upon co-incubating with differentiated SHSY5Y cells for 48 h. (B) Percent cell death observed under
similar conditions. Error bars represent the standard deviation calculated from three independent experiments. The
statistical significance (*P < 0.05) was determined by subjecting the data through one-way ANOVA test.
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short peptides such as GNNQQNY are mostly fibril-
lar in nature, which in the due course of time
undergo re-arrangement into fibrous-to-crystalline
structures. These structures have the tinctorial
and diffraction properties of bona fide amyloid fib-
rils, but their dimensions of hundreds of nanometre
across mean that they have translational symmetry
in all three spatial dimensions, and this makes them
crystals by definition. Indeed, several groups have
solved the structures of short peptide assemblies
by X-ray crystallography because they are able to
form crystals.3,14,15,22,28,36,49,53 Though the fully
grown structures are mostly crystalline in nature,
we believe that their surfaces and edges still retain
some fibrous property to act as seeds. Therefore, it
is possible that the nucleation behaviour observed
under seeding kinetics analysis in this study was
of amyloid-like nanocrystals rather than the simple
amyloid fibrils.
Cytotoxicity and cell death analysis

The prion properties of the Sup35 protein
depends on the glutamine and/or asparagine (QN)
rich GNNQQNY sequence that triggers the
formation of fibril-core in yeast Sup35 prion
fibrils.3,10 Therefore, we decided to investigate the
toxicity of the GNNQQNY fibers using CellRox
Green oxidative stress assay and ReadyProbes
Live/Dead cell assay. Differentiated SHSY5Y cells
were incubated with mature GNNQQNY fibers gen-
erated under physiological conditions (pH 7.4 and
37 �C). After 48 h of incubation, no difference was
observed in the oxidative stress levels and percent-
age of dead cells in the cells treated with either 5 or
20 mM GNNQQNY aggregates in comparison to
PBS-treated cells (Figure 6(A and B)). This out-
come was compared with that of the fibers formed
by a polyglutamine-containing sequence PGQ9A
10
and H2O2 which have been previously shown to
be inducers of oxidative stress and cell death.54,55

Incubation of cells with 5 mM PGQ9A for 48 h didn’t
induce a significant increase in oxidative stress but
resulted in levels of significant cell death as com-
pared to GNNQQNY and PBS (Figure 6(A and
B)). Unlike 20 mM GNNQQNY, 20 mM PGQ9A
aggregates showed significant increase in oxidative
stress and cell death (Figure 6(A and B)). As
expected, the oxidative stress and cell death
induced by H2O2 was significantly higher than for
GNNQQNY and PBS (Figure 6(A and B)). Overall,
these data suggest that fibers formed by
GNNQQNY are non-toxic.
Conclusion

Here, we aimed to elucidate the in vitro
aggregation kinetics of GNNQQNY peptide that
was shown to form cross-b containing amyloid
structures. This was achieved by using a
solubilisation protocol that results in homogenous
monomer solution for studying the kinetics. The
results are consistent with the nucleation-
dependent aggregation kinetics model shown in
Figure 7.14 In this model, the usually disordered
monomers incubated above their critical concentra-
tion interact with one another, thereby promoting
the nucleation of b-strands, resulting in a critical
nucleus.24 The thermodynamic free-energy barrier
of its formation is generally higher and hence the
nucleation event is a highly unfavourable reaction.14

Hence, the size of the nucleus formed is dependent
on both the initial concentration and the tempera-
ture of the reaction. Interestingly, the size of the
nucleus formed and the length of lag-phase were
found to be proportional to the reaction tempera-
ture. The nucleation event is followed by a sponta-



Figure 7. Representative nucleation-dependent aggregation mechanism of GNNQQNY. The unordered
GNNQQNY monomers interact with each other through nucleation-phase and results in the formation of a
thermodynamically unstable species called nucleus. This nucleus grows spontaneously by further monomer addition
leading to the formation of mature amyloid fibers.
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neous reduction in the monomer concentration and
this phase is considered to be the elongation-
phase. During this phase, the nucleus acts as a
template for further monomer addition leading to
the formation of mature amyloid fibers.
Structural characterization of these fibers

confirmed the formation of long unbranched
amyloid fibrils with amyloid-like, cross-b
architecture and were found to be similar
irrespective of the temperature at which they were
grown. In agreement with the literature, the inter-
strand and inter-sheet distances within these
amyloid fibrils were 4.75 �A and 9.25 �A,
respectively. These structures were also positive
for ThT and CR binding. This study further
supports the previous theoretical and simulation-
based studies through in vitro experimental data.
The data generated here will provide the basis for
further understanding of the kinetics and
thermodynamics of GNNQQNY amyloid formation
as well as other amyloidogenic protein sequences
associated with several systemic and
neurodegenerative disorders. The inability of the
GNNQQNY aggregates to exhibit oxidative stress
and cytotoxicity and the associated stability arising
from the b-sheet rich architecture makes them
suitable for biotechnological and
nanotechnological applications.
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