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1 | INTRODUCTION

The misfolding of the prion protein and amyloid fibrils formation
are responsible for animal transmissible spongiform encepha-
lopathies (TSE), also named as prion diseases (Jaunmuktane &
Brandner, 2020; Wang et al., 2010), including bovine spongiform
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The formation of amyloid fibrils is critical for neurodegenerative diseases. Some
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investigate the effect of temperatures on amyloid fibrils formation in vitro using the
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mission electron microscopy, we found the well-organized HEWL amyloid fibrils at
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red florescence assays confirmed that the formation and growth of HEWL fibrils dis-
played a temperature-dependent increase, and 57°C produced the most amounts.
Meanwhile, the surface hydrophobicity of aggregates was greatly increased by ANS
binding assay, and p-sheet contents by circular dichroism analysis were increased
by 17.8%, 22.0% and 34.9%, respectively. Furthermore, the HEWL fibrils formed at
57°C caused significant cytotoxicity in SH-SY5Y cells after 48 hr exposure, and the
cell viability determined by MTT assay was decreased, with 81.35 + 0.29% for 1 uM,
61.45 + 2.62% for 2 uM, and 11.58 + 0.39% (p < .01) for 3 uM. Nuclear staining re-
sults also confirmed the apoptosis features. These results suggest that the elevated
temperatures could accelerate protein unfolding of the native structure and forma-
tion of toxic amyloid fibrils, which can improve understanding the mechanisms of the
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encephalopathy (BSE), scrapie of sheep or goat, and chronic wast-
ing disease of deer (Greenlee, 2019; Moreno & Telling, 2018). The
self-assembly of prion amyloid fibrils is accompanied by the ex-
posure of hydrophobic patches and conformational change from
a-helix into -sheet of the protein. Prion amyloid fibrils can cause
neurons death in vivo and exert neuronal cytotoxicity in primary
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neurons or human neuroblastoma SH-SY5Ycells in vitro (Morte
etal, 2011).

Human lysozymes with point mutations (e.g., 156T, D67H;
Pepys et al., 1993; Booth et al., 1997), and p. Leu102Ser (Nasr
et al., 2017) can form into amyloid fibrils which are critical for
human familiar amyloidotic disease. Normal human lysozymes can
form into amyloid fibrils at physiological pH 7.4 at high tempera-
ture of 57°C (De Felice et al., 2004). The wild-type of hen egg-
white lysozyme (HEWL) that is not associated with amyloid-related
diseases can also form into similar amyloid fibrils in vitro when ex-
posed to partially denaturing conditions (Krebs et al., 2000). HEWL
amyloid fibrils and prion fibrils share common morphology and
ultrastructure, and they have identical biochemical properties in-
cluding long-unbranched fibrils with an axis in the center, enriched
B-sheet structures, and increased surface hydrophobicity (Feng
et al., 2012; Wang et al., 2020). Various physiochemical conditions
have been reported to induce the formation of HEWL fibrils, such
as HCl solution of pH 1.6-pH 2.0 at 65°C (Feng et al., 2012; Ow &
Dunstan, 2013), glycine solution of pH 2.2 at 57°C (Mahdavimehr
et al., 2017). In addition, metal ions such as Cu?" in solution of
pH 7.0 at 60°C (Bhattacharya et al., 2013) and AI®* in solution of
pH 2.0 at 60°C (Wawer et al., 2019) can promote HEWL fibril-
lation. The surfactants like sarkosyl in solution of pH 9.0 (Khan
et al., 2018) and sodium dodecyl benzenesulfonate in solution of
pH 7.4 (Khan et al., 2019), and food colouring agent like Allura red
in solution of pH 7.0 (Al-Shabib et al., 2019) can also promote the
formation of HEWL fibrils. Like HEWL protein, prion protein can
form into amyloid fibrils under acidic pH conditions demonstrated
both by experimental studies (Hornemann & Glockshuber, 1998;
Singh & Udgaonkar, 2016) and molecular dynamics simulation
techniques (Thompson et al., 2018). Elevated temperatures can
accelerate the unfolding process and increase the p-sheet struc-
tures of prion protein using molecular dynamics simulation tech-
niques (Chen et al., 2013; Gu et al., 2003). Hence, HEWL protein
and prion protein have similar aggregation-influencing factors like
lower pH and higher temperatures.

The a-helix secondary structure can influence the protein ag-
gregation (Steckmann et al., 2012; Wang & Roberts, 2018). HEWL
protein contains 129 amino acids. Native HEWL is structurally a-
helix rich and has about 40% o-helices as measured by FTIR (Ow
& Dunstan, 2013; Sethuraman & Belfort, 2005). Normal prion pro-
tein contains about 42% a-helices and the conformational change of
prion protein from a-helix into -sheet is essential to the formation
of prion protein fibrils (Pan et al., 1993). Thus, the similarities in mor-
phological ultrastructure of their fibrils and a-helix-rich structure,
as well as in the amyloidogenicity depending on the physiochemi-
cal conditions make HEWL protein becoming a good protein model
to investigate the mechanisms of prion protein unfolding and amy-
loid fibril formation in vitro (Buell et al., 2011; Sharma et al., 2016;
Swaminathan et al., 2011).

Temperatures influence the protein aggregation process (Wang
& Roberts, 2018). Many molecular dynamics simulation studies have

previously indicated that the different higher temperatures could
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accelerate the unfolding process and increase the f-sheet struc-
tures of prion protein by the same mechanisms (Chen et al., 2013;
Lee & Chang, 2019). However, due to the inoperability of infectious
prion protein, little experimental research has investigated the ef-
fect of higher temperatures on the formation of prion amyloid fi-
brils. Hence, the objective of this study was to investigate the effect
of high temperatures on the formation of amyloid fibrils using the
protein model of HEWL. Previous studies have demonstrated that
HEWL protein could form into amyloid fibrils at 54°C in 50 mM gly-
cine of pH 2.2 (Seraj et al., 2019), 60°C in NaCl and KCI solution
of pH 2.0 (Marino et al., 2015), and 65°C in 500 mM glycine of pH
2.0 (Sivalingam et al., 2016). All these previously reported higher
temperatures used to generate HEWL amyloid fibrils are specific.
However, few studies have been conducted on how elevated tem-
peratures (over physiological 37°C) affected the formation of HEWL
amyloid fibrils at lower pH. The influences of 55°C or higher tem-
peratures on the formation of HEWL amyloid fibrils in HCI solution
of pH 1.6-2.0 have been reported (Arnaudov & de Vries, 2005; Ow
& Dunstan, 2013). We here investigated the effect of physiological
37°C and the higher temperatures of 45, 50 and 57°C on the forma-
tion of HEWL amyloid fibrils in 50 mM glycine solution of pH 2.2. We
also assessed the neuronal cytotoxicity of the HEWL amyloid fibrils
formed at higher temperatures in SH-SY5Y cells, which was aimed to
confirm that HEWL protein and prion protein had the similar amyloid
fibrils formation mechanisms induced by the elevated temperatures.
This study helps to understand the mechanisms by which the ele-
vated temperature affects the protein unfolding and amyloid fibrils

formation of prion protein.

2 | MATERIALS AND METHODS
2.1 | Reagents

HEWL (EC 3.2.1.17) and ThT dye were purchased from Shanghai
Haoyuan Chemexpress Co., Ltd. ANS (8-anilino-1-naphthalenesulfo
nic acid) dye was purchased from Sigma. Congo red dye was pur-
chased from Beijing Solarbio Science & Technology Co., Ltd. The
200-mesh Formvar film-coated copper grids were purchased from
Beijing Zhongjingkeyi Technology Co., Ltd. MEM, F-12, Gluta-max,
sodium pyruvate, non-essential amino acids (NEAA) and foetal bo-
vine serum were all purchased from Gibco. MTT and Hoechst 33324
were both purchased from Sango Biotech. All other chemicals were
biological-reagent grade.

2.2 | Amyloid fibrils formation

The purity of HEWL protein was tested using 4%-12% SDS-PAGE
and Coomassie blue staining methods. HEWL amyloid fibrils were
obtained as previously reported (Mahdavimehr et al., 2017), with
minor modifications. HEWL protein was dissolved in 50 mM glycine

solution of pH 2.2 to a final concentration of 100 pM. The aliquots
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were respectively incubated at 37, 45, 50, and 57°C and agitated at
250 rpm to produce amyloid fibril formation.

2.3 | Transmission electron microscopy

After 10 days of incubation at different temperatures, 20 pl of
HEWL samples were collected and dropped onto the surface of
200-mesh Formvar film-coated copper grids, negatively stained
with phosphotungstic acid (PTA) for 30 s, and air-dried at room
temperature. The morphology of HEWL amyloid fibrils was ob-
served under T12 transmission electron microscopy (conducted in
the Fourth Military Medical University of China) with voltage of
100 kV.

2.4 | ThT fluorescence assay

A ThT fluorescence assay is widely used to measure the formation
and growth of amyloid fibrils (Khurana et al., 2005), which is indi-
cated by increased ThT fluorescence intensity. After incubation at
the specific temperatures, 40 pl of HEWL samples were diluted in
Milli-Q (Shanghai Molecular Instrument Co., Ltd) water to a final
concentration of 2 uM and then mixed with 20 pl of ThT stock solu-
tion (1 mM) to a final ThT concentration of 10 uM. After incubation
for three minutes at room temperature, all ThT fluorescence meas-
urements were conducted on a Cary Eclipse fluorescence spec-
trophotometer. Upon excitation at 440 nm, fluorescence emission
spectra were recorded between 450 and 600 nm, with excitation

and emission slit widths both at 5 nm.

2.5 | Congo red dye binding assay

Congo red dye binding assay was also used to monitor the forma-
tion of amyloid fibrils. The binding of Congo red dye to amyloid
fibrils induces a characteristic red shift of maximum absorbance
wavelength from 490 to 510 nm and a second shoulder peak
around 540 nm(Ma et al., 2017). Congo red dye solution was mixed
with incubated HEWL samples to reach a 2:1 concentration ratio
of Congo red dye to protein samples. After incubation for 30 min
at room temperature, all absorbance spectra were recorded be-
tween 400 and 700 nm on a BioTek Microplate Reader, with step
length of 10 nm.

2.6 | ANS dye binding assay

ANS dye is widely used to detect exposed hydrophobic patches
of aggregated proteins (Huang et al., 2009). ANS fluorescence in-
tensity will increase significantly when the ANS dye specifically
binds to the hydrophobic patches. After diluting 20 pl of incubated
HEWL samples in Milli-Q water to a final concentration of 1 pM,

they were mixed with 20 ul of ANS stock solution (1 mM) to a final
ANS concentration of 10 pM. After incubation for 3 min at room
temperature, all ANS fluorescence measurements were conducted
on a Cary Eclipse fluorescence spectrophotometer. Upon excita-
tion at 380 nm, fluorescence emission spectra were recorded be-
tween 420 and 600 nm, with excitation and emission slit widths
both at 5 nm.

2.7 | Circular dichroism analysis

Circular dichroism (CD) analysis measures secondary structural
conversion during amyloid aggregation of proteins. A far-ultraviolet
CD spectrum with a negative minimum at 208 is mainly character-
istic of a-helix conformation, and a negative minimum at 218 nm
is mainly characteristic of g-sheet conformation according to the
measurement of ellipticity (Jayamani & Shanmugam, 2014), mean-
while estimated f-sheet content was measured using BeStSel soft-
ware (Micsonai et al., 2015). Incubated HEWL samples were diluted
in Milli-Q water to a final concentration of 0.1 mg/ml and then im-
mediately subjected to CD measurements on a J-1500 spectropola-
rimeter (JASCO). Far-ultraviolet CD spectra were recorded between
260 and 190 nm in a quartz cuvette with a 0.1-cm path length. The
bandwidth was 1 nm, the scanning speed was 500 nm/min, and six
scans were accumulated. The baseline spectrum was subtracted for
all spectra.

2.8 | Cell culture

Human neuroblastoma SH-SY5Y cells were cultured in complete
MEM/F12 medium, containing 1% (v/v) Gluta-max, 1% (v/v) sodium
pyruvate, 1% (v/v) NEAA, 10% (v/v) foetal bovine serum, 1% strep-
tomycin (100pg/ml) and penicillin (100 U/ml). The cells were cultured
in a 5% CO, humidified atmosphere at 37°C. Growth medium was

changed every 48 hr.

2.9 | MTT and nuclear staining analysis

SH-SY5Y cells were seeded in a 96-well plate at a density of
4 x 10° cells/well. After 24 hr incubation, the cells were exposed
to HEWL amyloid fibrils. For cytotoxicity evaluation, the HEWL
amyloid fibrils were obtained from 57°C sample. The aggregated
fibrils were lyophilized and re-dissolved into the culture medium
to final concentrations of 1, 2 and 3 pM. Equivalent concentra-
tion of glycine buffer (pH 2.2) was used as control. After treat-
ment for 48 hr, cell apoptosis was determined by MTT and nuclear
staining methods. For MTT assay, according to the instruction of
MTT kit, 10 pl of MTT stock solutions (5 mg/ml) were added to
90 pl of complete MEM/F12 medium, followed by incubation for
4 hr at 37°C in the dark. Subsequently, the formazan solubiliza-

tion solution was added and agitated slightly for 10 min to dissolve
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the precipitation, followed by absorbance reading at 570 nm on
a BioTek Microplate Reader. Cell viability data were expressed as
optical density (OD) value according to the following equation:
ODy,c.tment/OD *100%.

For nuclear staining, cultured cells were exposed to 2 and 3 pM

control

HEWL amyloid fibrils for 48 hr separately. Subsequently, the treated
cells were stained with Hoechst 33324 for 20 min at room tempera-
ture in the dark. Finally, cell nucleus was visualized under an inverted

fluorescent microscope (Nikon Ti-S).

2.10 | Statistical analysis

Data are presented as the mean + SEM from five replicates. All data
were processed using GraphPad prism software (version 5.0). A t
test and one-way analysis of variance were used to determine the
differences among different treatments. p < .05 and p < .01 were

considered statistically significant.

3 | RESULTS
3.1 | TEM observation

The purity of native HEWL protein was confirmed by SDS-PAGE
analysis (Figure S1). The morphological features under TEM gave
direct observation of the forming process of amyloid fibrils. We in-
cubated 100 uM HEWL proteins at various temperatures in glycine
solution of pH 2.2 for 10 days. Morphological features from TEM
results showed that the physiological 37°C samples produced very
few and shorter fibrils without rigid axes in the centre, but abun-
dant spherical or rod-shaped aggregated proteins appeared, which
showed trends of protein unfolding (Figure 1a). The 45°C samples
produced obvious long-unbranched fibrils with straight and rigid
axes in the centre, and even some fibrils formed bundles in the field
of vision (Figure 1b). The 50°C samples produced a few more fibrils
(Figure 1c) than the 45°C samples, and the morphology and ultras-
tructure are nearly identical. The 57°C samples showed about 5-fold
more fibrils in the field of vision than the 50°C samples, displaying
mainly more shorter fibrils with identical morphology and diameter
(Figure 1d). The amount of formed amyloid fibrils observed in TEM
images was gradually increased with the rising temperature.

3.2 | ThT fluorescence

The formation and growth of amyloid fibrils was monitored by
Thioflavin T dye fluorescence. The fluorescence intensity of ThT
dye could enhance significantly when specifically binding to the
amyloid fibrils, and we obtained a maximum ThT fluorescence in-
tensity at 482 nm in our experiments. We observed significantly
increased ThT fluorescence intensity for the 45, 50, and 57°C sam-

ples after 10 days of incubation. The maximal ThT fluorescence
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intensity at 482 nm was increased as the temperature elevated
from 45 to 57°C (p <.01), and the 57°C samples showed the great-
est fluorescence intensity (Figure 2a), which coincided with the
results of TEM observation. In addition, the ThT fluorescence in-
tensity for the 45-57°C samples also displayed a time-dependent
increase when incubated for 10 days (Figure 2b), indicating the
continuous growth of HEWL fibrils as incubation progressed.
Whereas the 37°C sample showed no obvious increase in ThT

fluorescence intensity.

3.3 | Congo red analysis

Congo red binding assay was used to probe the presence of a -
sheet structure and was widely employed to monitor the formation
and growth of HEWL amyloid fibrils. The maximal absorbance ap-
peared around 490 nm for the control sample (native HEWL pro-
tein without incubation). We confirmed the characteristic signals
of formed f-sheet in the 45-57°C samples, displaying a significant
red shift from 490 to 510 nm and an obvious shoulder peak around
540 nm. Red shift and shoulder peak were both gradually increased
as temperatures elevated from 45 to 57°C (Figure 2c). Whereas the
37°C sample showed neither red shift from 490 to 510 nm nor a
shoulder peak around 540 nm, which was identical to the results
of TEM observation and ThT fluorescence intensity. These results
demonstrated that elevated temperatures (45-57°C) induced the

formation and growth of amyloid fibrils after 10 days of incubation.

3.4 | ANS binding studies

An ANS binding assay was performed to monitor the hydrophobic
patches exposure of protein during aggregation. For 37°C sample,
the maximal ANS fluorescence intensity at 482 nm was slightly in-
creased as compared with the control sample, indicating the onset of
exposure of hydrophobic patches, although no fibrils were detected
either by ThT fluorescence or Congo red binding methods. The maxi-
mal ANS fluorescence intensity at 482 nm was gradually increased
as temperature elevated from 45 to 50°C. The 57°C sample also
showed increased ANS fluorescence intensity, whereas relatively
less than the 50°C sample (Figure 2d).

3.5 | CD spectra results

The incubated samples were measured for CD spectra at 260-
190 nm. According to the measurement of residue ellipticity, no
conformational change was detected for 37°C sample, with a major
negative minimum appeared at around 208 nm, which was similar
with the control. As the temperatures elevated from 45 to 57°C, the
amounts of negative minima at around 218 nm were gradually in-
creased (Figure 3), and the corresponding -sheet content estimated
by BeStSel software was 23.7%, 27.9% and 40.8%, respectively.
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FIGURE 1 Differenttemperaturesinduced morphology of HEWL amyloid fibrils. The morphological ultrastructure was obtained after
10 days of incubation using transmission electron microscopy: (a) 37°C. (b) 45°C. (c) 50°C. (d) 57°C. White arrows indicate the spherical or
rod-shaped aggregated proteins or amyloid fibrils. The magnification was indicated

Compared with the control of 5.9%, the -sheet contents were grad-
ually increased by 17.8% for 45°C, 22.0% for 50°C and 34.9% for
57°C.

3.6 | Cytotoxicity on SH-SY5Y cells

To investigate the cytotoxicity of HEWL fibrils obtained at elevated

temperatures, MTT and nuclear staining analysis were conducted on

cultured human SH-SY5Y cells. The amyloid fibrils added into the cells
were obtained from 57°C samples incubated for 10 days, because
57°C samples produced large amounts of fibrils under the same condi-
tion. The MTT results showed that the formed HEWL amyloid fibrils
induced marked cytotoxicity after 48 hr exposure (Figure 4). The cell
viabilities were 81.35 + 0.29% for 1 uM, 61.45 + 2.62% for 2 pM, and
11.58 +0.39% (p <.01) for 3 uM, which indicated that the pro-apoptotic
effect of HEWL fibrils displayed a concentration-dependent manner.

While no cytotoxicity was detected for glycine buffer treatment.
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FIGURE 2 Elevated temperatures induced formation and growth of HEWL amyloid fibrils. (a) ThT fluorescence intensity at 482 nm

after 10 days of incubation at 37, 45, 50, and 57°C, respectively (*p > .05 vs. control; ***p < .01 vs. control). Control indicated native HEWL
protein. (b) ThT fluorescence intensity at 482 nm for all samples during different incubation stages. (c) Congo red binding absorbance spectra
after 10 days of incubation at 37, 45, 50, and 57°C, respectively. The maximal absorbance was 490 nm for the control and 37°C sample. (d)
The maximal ANS fluorescence intensity at 482 nm for all samples. Experimental data represents the mean + SEM (n = 5)
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FIGURE 3 Elevated temperatures induced the conformational
change. Far-ultraviolet CD spectra (190-260 nm) analysis for the
control and 37-50°C incubated HEWL samples. A major negative
minimum at 208 nm represented a predominant a-helical structure,
and a major negative minimum at around 218 nm represented a
predominant -sheet structure. 0 represents residue ellipticity.
Experimental data represents the mean + SEM (n = 5)

Meanwhile, nuclear staining was performed on the cultured cells
to evaluate the morphological changes in nuclei. Nuclear staining re-
sults showed that 2 pM (Figure 5c) and 3 pM treatments (Figure 5d)
with HEWL fibrils both caused marked apoptosis features, including
nuclear condensation, nuclear fragmentation, increased brightness,
as well as a reduce in the number of cells compared with the control
cells, especially 3 pM treatments produced more severe apoptosis
features. Neither control (Figure 5a) nor glycine buffer treatment
(Figure 5b) induced morphologic changes in nuclei.

4 | DISCUSSION

HEWL is well-known for its antibacterial activity. Lysozyme is cho-
sen to study the amyloidogenicity of a globular protein because
lysozyme is a well-characterized monomeric globular protein at
lower pH related to the amyloidogenicity at high temperatures
(Buell et al., 2011; Sharma et al., 2016). HEWL incubated at physi-
ological 37°C produced nearly no visible amyloid fibrils after 10 days
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FIGURE 4 Cell viability in human SH-SY5Y cells caused by
HEWL fibrils from 57°C samples Cells were treated with fibrils
(1-3 uM) for 48 hr. MTT was used to determine the cell viability
(%). *p > .05 versus control; ***p < .01 versus control. Data are
expressed as the mean + SEM (n = 5)

of incubation in 50 mM glycine solution of pH 2.2. However, the
appearance of abundant spherical or rod-shaped aggregates under
TEM and the slight exposure of hydrophobic patches by ANS binding
assay indicated the initial occurrence of protein unfolding process. If
the incubation periods were extended, HEWL protein would prob-
ably generate the obvious amyloid fibrils. Our data demonstrated
that the formation of HEWL fibrils at physiological 37°C was a
slow process, which was in accordance with the evidence that in
vivo conversion from PrP¢ (cellular prion protein) into pathogenic
PrP¢ (scrapie isoform of prion protein) is a gradual process. Large
amounts of amyloid fibrils were produced when temperatures were
elevated to 45-57°C. Importantly, the TEM ultrastructure of HEWL
amyloid fibrils formed at 45-57°C were similar with prion amyloid
fibrils (Cavaliere et al., 2013; Wang et al., 2020) or Ap fibrils(Qiang
et al., 2017), all displaying morphology of long-unbranched fibrils
with straight and rigid axes in the centre. Amyloid aggregates can
display polymorphism, and different environmental conditions may
cause diverse morphology of HEWL fibrils(Fujiwara et al., 2003;
Ghosh et al., 2015). Previous study has obtained the very long, thin,
and straight HEWL fibrils at 57°C or over in HCI solution of pH 2.0
(Arnaudov & de Vries, 2005), but we observed the short rod-shaped
morphology of HEWL amyloid fibrils at 45-57°C in 50 mM glycine
solution of pH 2.2, even we found that different incubation periods
generated different morphology of HEWL fibrils (data not shown).
Yeast prion amyloid fibrils also displayed strain-specific morphologi-
cal differences (Diaz-Avalos et al., 2005). Furthermore, another study
generated similar HEWL fibrils at 45, 50 and 55°C in solution of pH
3.8 containing NaCl by crystallization methods (Sharma et al., 2016),
although the solution and pH conditions used were totally different

from our study. This suggest that elevated temperatures play a key

role in the formation of HEWL amyloid fibrils among the diverse en-
vironmental conditions.

The elevated temperatures increased the formation and growth
of HEWL amyloid fibrils. ThT fluorescence and Congo red binding
assays are the common methods used to quantitively detect the
formation and growth of amyloid fibrils in vitro. According to the
results of ThT fluorescence intensity, we detected significantly
increased growth of fibrils for 45-57°C samples after 10 days of
incubation, and the time-dependent growth patterns displayed the
same nucleated polymerization mechanism as previously reported
(Mahdavimehr et al., 2017). Likewise, the HEWL amyloid fibrils
produced at higher temperature also exhibited higher Congo red
bindings.

All the evaluated temperatures induced the exposure of hy-
drophobic patches of HEWL protein after 10 days of incubation.
The 37°C samples induced a little higher hydrophobicity com-
pared with the control sample, indicating the initial occurrence of
protein unfolding process. The samples from 45, 50 and 57°C all
induced more higher hydrophobicity, with more hydrophobicity at
50°C than at 45°C, whereas hydrophobicity at 57°C relatively less
than at 50°C. This observation was identical with the results that
the environmental conditions induced more HEWL aggregates did
not constantly showed higher ANS fluorescence intensity (Brudar
& Hribar-Lee, 2019; Sivalingam et al., 2016). The reason might be
the loss of hydrophobic patches during elongation of the fibrils at
57°C. It might also be the case that the formation and growth of
HEWL amyloid fibrils does not only depend on hydrophobicity (Shih
et al., 1995), although hydrophobicity could drive the onset of pro-
tein unfolding.

To investigate whether elevated temperatures induced confor-
mational change, a CD spectrum analysis was performed. We found
that elevated temperatures increased p-sheet structures by 17.8%
for 45°C, 22.0% for 50°C, and 34.9% for 57°C. The 45-57°C samples
significantly increased the unfolding process during aggregation.
This was identical to the results using molecular dynamics simula-
tion techniques that elevating temperature could accelerate the un-
folding process of prion protein and increase the g-sheet structures
(Chamachi & Chakrabarty, 2017; Chen et al., 2013). Our data were
also in accordance with the molecular dynamics simulation results
that the structural conversion of cellular prion protein was triggered
by acidic pH (Lu et al., 2013; Thompson et al., 2018).

The neuronal cytotoxicity of formed HEWL fibrils at elevated
temperatures was assessed in human SH-SY5Y cells. The neuronal
cytotoxicity caused by the HEWL fibrils produced at 57°C showed
a concentration-dependent increase. The pathological changes of
nuclei displayed characteristic apoptosis in accordance with the
cytotoxicity caused by prion fibrils. This suggested that HEWL fi-
brils and prion fibrils contained the similar toxic -sheet conforma-
tions. The pro-apoptotic effect of HEWL fibrils on human SH-SY5Y
cells further proved that HEWL could be a reliable protein model
to investigate the mechanism of unfolding process of infectious

prion protein.
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FIGURE 5 Morphological Changes in nuclei induced by HEWL fibrils from 57°C samples. (a) Control cells stained with Hoechst 33324
and visualized under a fluorescent microscope. (b) Glycine buffer treatment. (c) 2 pM treatments with HEWL fibrils for 48 hr. The reduce in
the number of cells was observed compared with control cells. (d) 3 uM treatments with HEWL fibrils for 48 hr. The less cell numbers were
observed. White arrows indicated the apoptosis features such as increased brightness, nuclear condensation and nuclear fragmentation. The

magnification was indicated

5 | CONCLUSIONS

In the present study, the elevated temperatures (over physiological
37°C) ranging from 45 to 57°C greatly were found to accelerate
the formation and growth of HEWL amyloid fibrils with neuronal
cytotoxicity in SH-SY5Y cells. Our results suggest that high tem-
peratures can easily lead to the exposure of hydrophobic patches
and unfolding of the protein monomers, and subsequently facilitate
protein unfolding and produce the toxic s-sheet conformations. We
could probably speculate that the neuronal cytotoxicity of amyloid
fibrils depends on the nature of self-assembly of proteins, not only
on the sequence of proteins. HEWL protein could be a reliable pro-
tein model to mimic infectious prion protein for the study of the
mechanisms of amyloid fibrils formation. Importantly, tempera-

ture plays a key role in the unfolding process during HEWL protein

aggregation, which has great significance in understanding the

mechanisms of amyloid fibrils formation of infectious prion protein.
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