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ABSTRACT: As manganese ions (Mn®') are identified as an

environmental risk factor for neurodegenerative diseases, uncover-

ing their action mechanism on protein amyloid fibril formation is

crucial for related disease treatments. Herein, we performed a 5 -
combined studY. of Raman spectroscopy, atomic force. microscopy §V€r§ s5Ce pH20 C&? @; ‘Il
(AFM), thioflavin T (ThT) fluorescence, and UV—vis absorption ~ “ 7% ‘ —o
spectroscopy assays, in which the distinctive effect of Mn>* on the protne

amyloid fibrillation kinetics of hen egg white-lysozyme (HEWL) ‘

was clarified at the molecular level. With thermal and acid - .

treatments, the unfolding of protein tertiary structures is efficiently

accelerated by Mn*" to form oligomers, as indicated by two Raman e
markers for the Trp residues on protein side chains: the FWHM at

759 cm™" and the I,340/I;34 ratio. Meanwhile, the inconsistent evolutionary kinetics of the two indicators, as well as AFM images
and UV—vis absorption spectroscopy assays, validate the tendency of Mn®* toward the formation of amorphous aggregates instead of
amyloid fibrils. Moreover, Mn>* plays an accelerator role in the secondary structure transition from a-helix to organized f-sheet
structures, as indicated by the N—C,-C intensity at 933 cm™" and the amide I position of Raman spectroscopy and ThT fluorescence
assays. Notably, the more significant promotion effect of Mn?* on the formation of amorphous aggregates provides credible clues to
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understand the fact that excess exposure to manganese is associated with neurological diseases

1. INTRODUCTION

Amyloid fibrillation is a special self-assembly of proteins to
form morphologically f-sheet-rich fibrillar aggregates, which
are usually thought to have various toxic effects in cells."” The
amyloid formation and lack of proper cellular mechanisms for
the removal of the fibrils are closely associated with
neurodegenerative diseases like Parkinson’s (PD) and
Alzheimer’s (AD).”> Thus, it is important to understand the
corresponding dynamic mechanisms, and hereby some
investigations have been performed in model systems.*”’
Among all in vitro model proteins, hen egg white-lysozyme
(HEWL) has been most extensively utilized for the study of
amyloid fibrils formation,® since it is associated with hereditary
systemic amyloidosis in humans. Rich structural information
and the multiple conditions for successful induction/inhibition
of HEWL aggregation in vitro were reported,”” and the
molecular mechanism of amyloid formation in the pH 6.5
aqueous solution was analyzed using Raman spectroscopy and
differential scanning calorimetry.'® Because HEWL in the
nature state is resistant to denaturation, previous studies on the
denaturation of HEWL were mainly carried out in unnatural
conditions, like acidic and thermal treatment.'"”'* Moreover,
the promotion or inhibition effects of ethanol,'” guanidine
hydrochloride,'* alkaline pH,"® sunset yellow,'® and succini-
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mide,'” even including silver nanoparticles,18 were also
discussed on amyloid fibrils formation. Besides, the specific
roles of transition metal ions in protein denaturation are well-
known as “Hofmeister series” according to the sequence of
their action strength.'””° It is worth noting that the disparate
effects of Zn>**"** Cu®,**** APF*,* and Mn?>" %"’ on
denaturation of various proteins were reported. For example,
a double-edged effect of A" ions on the HEWL amyloid
fibrillation kinetics has been revealed recently”” that AI** ions
accelerate the conformational transformations from a-helices
to organized p-sheets, in addition to postponing a-helix
degradation. Therefore, revealing the specific influence of each
transition-metal ion on the overall denaturation kinetics of
HEWL is valuable.

Manganese is an important trace metal element for the
human body”® and is widely distributed in the environment.*’
Manganese ions (Mn®") have special biochemical and
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physiological functions as they are essential for the activity of
various enzymes (e.g, arginase and glutamine synthase).”’
However, it has been reported that elevated Mn** concen-
trations may result in aberrant neurological symptoms.’"**
Hence, Mn>" is identified as an environmental risk factor for
neurodegenerative diseases. Very recently, the influence of
Mn*" on neurological disorders has been reviewed by Kim et
al,”” where some evidence has been summarized from previous
epidemiological and preclinical studies. An important con-
clusion was proposed that excess exposure to manganese is
associated with neurological diseases.”* In terms of protein
denaturation induced by Mn** and its derivatives, only a few
studies have been carried out. Using thioflavin T (ThT) and
anilinonaphthalene-8-sulfonic acid (ANS) fluorescence assays
together with circular dichroism spectroscopy and transmission
electron microscopy, Bahramikia and Yazdanparast found the
inhibitory and disruptive effects of two salen—manganese
complexes with aromatic structures, namely EUK-8 and EUK-
134, against the HEWL fibrillation.>® Xu et al. validated that
Mn*" facilitates @-Synuclein (a-Syn) phase transition to
accelerate the formation of a-Syn amyloid aggregates based
on a combination of fluorescence recovery after photo-
bleaching assay, ThT fluorescence, and sedimentation-based
assays.’® Apparently, the action mechanism of Mn?* ions in
amyloid fibril formation of the HEWL-like protein systems is
still unknown, especially on the conformational structure
transformation. This gives us a motivation to study the specific
influence of Mn®>" on the amyloid aggregation kinetics of
HEWL at the molecular level.

Notably, the influence of Mn** in a moderate concentration
on the HEWL amyloid fibrils formation is not obvious, as
described below (Section 3.7). Considering that the amyloid
fibrillation of HEWL in thermal/acidic conditions (65 °C and
pH 2.0) has been well studied,””*® we hereby prefer to clarify
the synergistic interaction of Mn’* ions and acids in each stage
of the HEWL amyloid fibril formation kinetics. With thermal/
acid treatments, the morphology and conformational structure
transformation of HEWL in aqueous solution are investigated
and compared in the absence and presence of Mn**, with a
combination of Raman spectroscopy, atomic force microscopy
(AFM), ThT fluorescence, and UV—vis absorption spectros-
copy assays. From these measurements, the transformation
kinetics of the protein secondary and tertiary structures in the
amyloid fibril formation is plainly revealed. Through
comparing the differences in the absence and presence of
Mn*, the specific role of Mn®" in the molecular structure
transformation and aggregate morphology formation of HEWL
is highlighted.

2. EXPERIMENTAL SECTION

2.1. Protein Solutions. HEWL was purchased from
Sangon Biotech (Shanghai) Co. Ltd. and used without further
purification. ThT dye was purchased from Sigma-Aldrich,
while the other chemicals in reagent grade or better were
ordered from Sinopharm Chemical Reagent Co. Ltd. In
experiments, three different types of solutions were prepared in
which the HEWL concentration was set to be 20 mg/mL prior
to incubation. One was mixed with MnCl,-4H,0O with a 1:1
molar ratio of metal ions to HEWL, with a weakly acidic
condition (pH 5.0—6.0) due to the nature of the protein itself.
The other two solutions were adjusted to pH = 2.0 with
hydrochloric acid, one of which was mixed with Mn* ions (the
molar ratio of metal to HWEL was 1:1) and the other without

Mn?*'. Then, the solutions in sealed glass vials (5 mL) were
incubated at 65 °C without agitation. At various incubation
times, aliquots of the incubated protein solution were taken
from the vials and centrifuged at 12,000g for 20 min to
separate the soluble fraction from the gelatinous aggregates.
The residual supernatant was directly used for Raman
spectroscopy, ThT fluorescence assays, atomic force micros-
copy (AFM) imaging, and absorption spectroscopy measure-
ments.

Apparently, the influence of Mn?" itself on protein
denaturation was expected to be revealed from the kinetic
measurements of the first sample. Moreover, by comparing the
differences between the two latter samples in the absence or
presence of Mn>', we expected to validate the synergistic
interaction of Mn** ions and acids.

2.2. Spontaneous Raman Spectroscopy. Spontaneous
Raman sgectroscopy was performed as described else-
where.””*" Briefly, a continuous-wave laser at 532 nm (Verdi
VS, Coherent) was the excitation light source. Backscattered
Raman light from the supernatants in a quartz cuvette (10 mm
X 10 mm) was collected, dispersed, and recorded by a high-
resolution monochromator (Triple-Pro, Acton Research)
coupled with a liquid-nitrogen-cooled CCD camera (Spec-
10:100B, Princeton Instruments). The acquisition time for
each measurement was 1 min, and the average of 10
acquisitions was used to achieve better signal-to-noise ratios
in Raman spectra. Additionally, the Raman spectra of water
were recorded in identical conditions. After subtracting the
background spectra of the solvent, the revised Raman spectra
were reported and analyzed, providing sufficiently reliable data
for kinetic analyses. The resolution of the present Raman
spectra was ~1 cm™' in the frequency range of 200—3000
cm™, and the wavelength was calibrated using standard
spectral lines from a mercury lamp.

2.3. ThT Fluorescence Assay. At each incubation time,
200 puL of the supernatant was mixed into 4.8 mL of ThT
solution at the concentration of 12 mg/L. Notably, this ThT
concentration was approximately 10 times the critical micellar
concentration (~4 X 107° mol/L). However, such a high
concentration had negligible influence on its indicator role as a
“gold standard” for cross f-sheet-rich structures, as previously
reported.'”*® With photoexcitation at 409 nm, steady-state
fluorescence emission spectra of the mixed solutions were
recorded with a fiber optic spectrometer (AvaSpec-ULS2048,
Avantes) in the wavelength range of 400—800 nm. The
excitation laser power was as low as 20 mW to ensure no
saturation effect.

2.4. AFM Imaging. At several specific incubation times, the
supernatant was diluted 10 times with Milli-Q water and
dropped onto freshly cleaved mica. Fifteen minutes later, the
sample was rinsed off three times with deionized water. After
naturally drying at room temperature, the sample was stored in
a desiccator, and then AFM imaging measurements were
performed with a Dimension Icon scanning probe microscope
(Muimodle8, Bruker) in tapping mode using a S gm X S ym
scanner. The AFM height images were reconstructed using the
NanoScope v9.2 software.

2.5. UV—Vis Absorption Spectroscopy Assay. Steady-
state UV—vis absorption spectra of the supernatant were
measured using a commercial spectrometer (UV-2550,
Shimadzu) in the wavelength range of 220—500 nm at various
incubation times. The supernatant was diluted twenty times
before measurements to avoid exceeding the detection limit
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due to high concentrations. A weak shoulder band extending to
400 nm gradually appeared and monotonically increased
during incubation, which is attributed to the soluble aggregates
formed in the protein denaturation process. Accordingly, we
used the absorbance at 350 nm to directly represent the
soluble aggregate concentration, and then the kinetic assays
were done. Notably, the present absorption assay is different
from turbidity assays commonly used in the field of protein
pharmaceuticals,*** although they are both derived from
UV—vis absorption spectroscopy. In the turbidity assays, the
spectra are directly measured for protein solutions without
centrifugation, so the absorbance chan§e is straightforwardly
used for determining protein content.”” ** In contrast, the
absorbance at 350 nm of the supernatant is proposed to be a
new specific indicator for the soluble aggregates.

3. RESULT AND DISCUSSION

3.1. Morphologies of HEWL Aggregates in Amyloid
Fibrillation. Figure 1 shows the AFM height images of HEWL

24 h 42h 144 h

pH2.0

pH 2.0 & Mn**

TOum TOpm TOpm

Figure 1. AFM height images of HEWL with thermal and acid
treatments for 24 (a), 42 (b), and 144 h (c), and in thermal/acid/
Mn?** conditions for 24 (d), 42 (e), and 144 h (f), where white circles
label oligomers, blue represents protofibrils, orange denotes mature
fibers, and green denotes amorphous aggregates.

at several specific incubation times, in the absence and
presence of Mn®*. Apparently, the morphologies of proteins
are significantly changed during the denaturation process. In
the absence of Mn*', spherical oligomers are clearly formed
after incubation for 24 h (Figure 1a) and then gradually fuse
and assemble into protofibrils (Figure 1b) and mature fibrils
(Figure 1c), which is consistent with previous conclusions on
the HEWL amyloid fibrillation in similar conditions.* In
contrast, short protofibril-like aggregates are formed 24 h later
when adding Mn?>* ions, and much more protofibrils are
observed after incubation for 42 h than the case without the
metal ions, as shown in Figure 1d,e. This comparison provides
direct evidence for the promotor role of Mn*" in the amyloid
fibrils formation of HEWL.

To our surprise, although protein denaturation definitely
occurs in the two conditions, the mature fibrils are over-
whelming 144 h later in the absence of Mn?* ions, while a
portion of protein aggregates maintain amorphous structures
with the action of Mn®" in addition to fibers (Figure 1f).
Consequently, we have reason to believe that Mn** can
accelerate the formation of oligomers and meanwhile
significantly promote the transformation from oligomers to
amorphous aggregates. Assuming that the amorphous
aggregates have similar toxicity to oligomers, the addition of

Mn?" ions might increase toxicity to cells like small oligomers,
according to the fact that the oligomers can efficiently damage
membrane integrity, leading to cellular stress and/or
apoptosis.**~*

3.2. Raman Spectra of HEWL in the Native State and
the Denaturation Products. Raman spectroscopy has been
successfully applied to monitor changes in protein secondary
and tertiary structures in real time, where some well-assigned
vibrational bands can readily indicate the transformation of
protein secondary and tertiary structures.”’ ™" Figure 2 shows

native state
—pH2.0

» ——pH 2.0 & Mn**

£ Trp

amide |

Normalized intensity /arb. unit

700 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift /cm™!

Figure 2. Normalized Raman spectra of HEWL in the native state and
the denaturation products in thermal and acidic conditions (65 °C
and pH 2.0) in the absence and presence of Mn** ions. Gray boxes
indicate the Raman indicators for protein structures, as described in
the text.

the Raman spectra of HEWL in the native state and the
denaturation products after incubation for 144 h, in which four
main regions involving five spectral indicators (noted with gray
boxes) are exhibited. Considering the decreasing protein
concentration in the supernatant due to the formation of
insoluble aggregates, a direct comparison of band intensities is
difficult to convince. Notably, the spectral intensity of the Phe
ring at 1003 cm™ is insensitive to the microenvironment
around protein and exclusively depends on the protein
concentration;>* thus, the band intensities in Figure 2 are all
normalized with the Phe peak intensity.

It is well known that the peak at 759 cm™ is assigned to the
in-phase symmetric breathing vibration of benzene and pyrrole
(indole ring) of tryptophan (Trp) residues on protein side
chains, and its full width at half maximum (FWHM) depends
on the conformational distributions of Trp residues in the
surrounding.>® Moreover, two vibrational peaks of Trp indole
ring (so-called “W7”) located at 1340 and 1360 cm™' are
attributed to the Fermi resonance. Notably, their relative
intensity, I;340/1,360, is closely related to the hydrophobicity of
the Trp residue microenvironment.”* Thus, the two spectral
markers are commonly used to indicate the tertiary structure of
HEWL during denaturation processes.””>> For the HEWL
secondary structure changes in amyloid fibrillation, two
spectral indicators are widely utilized: (1) the peak at 933
cm™' is exclusively contributed by the N—C,—C stretching
vibration of the protein a-helix backbone’®” so that its
intensity is indicative of the a-helical populations; (2) the wide
peak covering 1640 to 1680 cm™" is well-known as the “amide
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Figure 3. (a) Raman spectra of the native HEWL (in black) and the denatured state (in red) in the range of 720—800 (a) and 1300—1400 cm™"
(b); incubation time-dependence curves of the FWHM at 759 cm™ (c); I;349/ 11360 ratio (d) in thermal/acid (in black) and thermal/acid/Mn** (in

red) conditions.

I” band and associates with various secondary structures of
proteins.37’58

The four Raman spectral indicators all exhibit obvious
variations after denaturation, as shown in Figure 2. The
FWHM at 759 cm™ is increased from 7.3 cm™ in the native
state to 10.4 cm™" in the mature fibrils formed in thermal and
acidic conditions, or 10.1 cm™" in the denaturation products
with thermal/acid/Mn?* treatments (Figure 3a). This broad-
ening indicates the diversification of the Trp conformational
distribution in protein aggregates and validates the unfolding of
the HEWL tertiary structures. Similarly, there is an obvious
change in the Ij34/Ij34 ratio after incubation. The peak
intensity at 1340 cm™" is slightly lower than that of 1360 cm™"
in the native state (Ij340/I13¢0 < 1), while the ratio is
dramatically increased to more than 1.0 in the denaturation
products, regardless of the existence of the metal ions. Thus,
the local environments around indole rings of Trp side chains
become more hydrophilic with conformational changes in the
amyloid fibrillation process. Moreover, the significantly
decreased intensity of the N—C,—C band at 933 cm™ after
incubation (Figure 4a) undoubtedly affirms the complete
disruption of protein a-helical structures. The peak position of
the amide I band exhibits a visible blue shift in the HEWL
amyloid fibrillation from 1658 to 1674 cm™' (Figure 4b).
Actually, various protein secondary structures have different

16442

peak positions in the amide I region of the Raman spectrum,”’

-159 /))_

for example, a-helical structure covers 1650—1660 cm™,
f-turns and

sheets are mainly located at 1671—1673 cm™%,'*%

random structures are in 1670—1680 cm™,*° extended PP II in
protofibril is at 1667 cm™.°" and p-intermolecular and
intramolecular structures are located at 1669 and 1682 cm™),
respectively.®” Accordingly, the blue shift of the amide I peak
position clearly validates the transformation from a-helix to f-
sheets or random structures. Although these evidences are
solid enough to affirm that the present two treatments can
both efliciently induce proteins to proceed with conforma-
tional transformation, the specific role of Mn**, in comparison
to acid, is vague without time-dependent spectral measure-
ments.

3.3. Unfolding Kinetics of HEWL Tertiary Structures.
To in-depth understand the influence of Mn** ions on the
evolutionary kinetics of the HEWL tertiary structures,
incubation time-dependent curves of the FWHM at 759
cm™! and the I;349/I136 ratio in thermal/acid and thermal/
acid/Mn*" conditions were measured and directly compared in
Figure 3c,d.

To our surprise, two indicators show some opposite effects
of Mn?* on the corresponding evolutionary kinetics in thermal
and acidic conditions, although all curves exhibit single
exponential growth. In the presence of Mn®*, a slightly slower

https://doi.org/10.1021/acsomega.3c01531
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Figure 4. Raman spectra of the native HEWL (in black) and the denatured state (in red) in the range of 910—1030 (a) and 1590—1730 cm™" (b);
and incubation time-dependence curves of the intensity at 933 cm™ (in blue) and the peak position of the amide I band (in black) with thermal/

acid (c) and thermal/acid/Mn?>* (d) treatments.

growth rate is observed in the FWHM at 759 cm™', while that
of the I} 349/I 340 indicator becomes much faster. Interestingly,
this paradoxical feature has never been observed in previously
spectroscopic investigations with other metal ions like Zn**,”!
Cu®,** and AI*",*® strongly indicating the unique role of Mn**
in the unfolding kinetics of HEWL tertiary structures. Actually,
this seemingly contradictory conclusion can be explained in
terms of product morphologies. As observed in the AFM
images, Mn*" ions play a promotor role for the oligomer
formations, accelerating the unfolding of HEWL tertiary
structures, as indicated by the I;3,0/I35 ratio. However,
Mn*" ions prefer to induce protein transformation into
amorphous aggregates, as mentioned above. Along this
incomplete amyloid fibril formation process, the conforma-
tional distributions of Trp residues are confined to some
extent, leading to a slower rate of the FWHM marker and a
smaller average value in the denaturation products (Figure 3d).

Moreover, as shown in Figure 3¢, the peak width in the
denaturation products with the action of Mn®* is narrower
than that without the metal ion, indicating that the average
conformational distribution of Trp residues on protein side
chains is relatively regulated in Mn*'-induced aggregates. On
the other hand, the I 3,9/ 34 ratio is smaller after long-time
incubation with the addition of Mn** (Figure 3d), indicative of
less hydrophilic microenvironments around indole rings of Trp
side chains. These tendencies are in line with the fact that

16443

more aggregates with amorphous structures are formed with
the action of Mn?*, causing incomplete exposure of Trp side
chains.

3.4. Transformation Kinetics of HEWL Secondary
Structures. In the amyloid fibril formation process, the
most important conformational change for proteins is the
transformation from oa-helix to cross f-sheet-rich structures.
Thus, the N—C,—C intensity at 933 cm™' and the amide I
peak position are two perfect indicators for monitoring the
transformation kinetics of HEWL secondary structures in real
time. Figure 4 shows the magnified Raman spectra in
corresponding wavenumber ranges and the incubation time-
dependence curves of the corresponding two indicators with
thermal/acid and thermal/acid/Mn*" treatments.

In the absence of metal ions (Figure 4c), the N—C,—C
intensity at 933 cm™' rapidly decreases within the first 30 h,
while the time dependence of the amide I peak position
L-1

i

exhibits a typical sigmoidal curve, I(t) = I, + ———,
1+ exp{—TT"‘]
where I; and I; are the peak positions of the initial and final
states, respectively, T}, is the transition midpoint time, and 2 X
AT corresponds to the transition interval. For the kinetics of
the amide I indicator, the lag phase lasts up to about 35 h,
followed by a growth phase (35—90 h) and an equilibrium
phase, and T, is determined to be 63 h. This is consistent with
the previous measurement.'* According to the known
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fibrillation mechanism,*® soluble prefibrillar oligomers are
formed and aggregate to form a nucleus during the lag phase,
and then, the nuclear template protein assembles into fibrils.
Notably, there is an obvious lag between the a-helix depletion
and the p-sheets formation, indirectly confirming the
hypothesis that a-helix prefers to transform into statistical
coils rather than directly into organized S-sheets.’”

In thermal/acid/Mn*" conditions, the amide I peak position
in the denaturation products is located at 1674 cm™'
without the metal ions. Nevertheless, the dynamic behavior
becomes different to a certain extent. As shown in Figure 4d,
the N—C,—C intensity at 933 cm™" almost exhausts within
~30 h, and the decay rates in the absence and presence of the
metal ions are approximately equal. It indicates that Mn*" has
an insignificant influence on the a-helix depletion of HEWL, or
much less than the effect of acid. In comparison, with the
addition of Mn>' ions, the lag phase of fibrillation is
significantly shortened to ~10 h, and the growth phase mainly
covers the period of 10—50 h with a T,, of 32 h (Figure 4d).
Both the shorter lag phase and the faster transformation rate
undoubtedly affirm the promotion effect of Mn®" on the
amyloid fibril formation of HEWL. In addition, it is worth
noting that the growth phase ends at the time that exactly
corresponds to the complete depletion of a-helix with the
action of Mn?*, strongly suggesting that the consumption of a-
helical structures and the f-sheets formation occur simulta-
neously. In other words, Mn?" ions can efficiently accelerate
the direct transformation from a-helices to p-sheets by
skipping the formation of intermediate random coils. This
effect is very similar to that of AI** ions,” implying that the
similar electrostatic effects of metal ions might be the essential
reason.

To further exhibit the distribution change of different
protein secondary structures, the Raman spectra in the amide I
region at several representative incubation times are directly
compared in Figure S. Apparently, the dominant components
of this band are varied during the overall amyloid fibrillation
process, as the peak position and profile are constantly
changing. The whole band is gradually broadened (0—66 h)
and then becomes narrower (66—144 h).

as is

I S5g9 g &
S 253823 F —— O0h
= ~MEEE 2 8 —— 12h
¢ gedlEEs
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Raman shift / cm™

Figure 5. Normalized Raman spectra in the amide I region of HEWL
with thermal/acid/Mn?* treatments at several specific incubation
times.

Specifically, the a-helical structures are predominant in the
HEWL native state; hence, the band is relatively narrow, with
the peak at 1658 cm™'. After incubation for 12—18 h, the
intensity in the range of 1660—1670 cm™ is significantly
enhanced. According to the spectral assignments mentioned
above, it indicates the massive formation of extended PP II
structures in protofibrils, which agrees well with the oligomers
and protofibrils observed in the AFM images. Following this
process, the spectral intensity at over 1670 cm™" is remarkably
increased. Considering this frequency range is attributed to the
contributions of f-turns, random structures, and p-intra-
molecular, the intensity enhancement implies their preferential
formations in the denaturation kinetics. Notably, the amide I
band has the widest profile at 66 h in the whole denaturation
process of HEWL. With further incubation, the band width is
obviously reduced due to the significant decrease of the
intensities in the ranges of 1645—1665 and 1680—1700 cm ™
although the peak position almost does not change. This
change is consistent with the dominant formation of f-sheets
from the nuclear template protein. Notably, the final peak
position after incubation is located at 1674 cm™', which is
slightly higher than that of S-sheet-structures (1671 cm™11%90),
As observed in the AFM images, minor amorphous aggregates
are formed with the Mn** induction in addition to the
predominant fibers. Thus, the amide I position deviation might
be caused by these amorphous aggregates, according to the fact
that they commonly have relatively disordered secondary
structures with spectral contributions in the region of higher
than 1670 cm™'. Using the curve-fitting of the amide I band
profile,"**> we roughly estimated the relative contents of
various protein secondary structures after incubation for 144 h
in both thermal/acid and thermal/acid/Mn*" conditions. As
shown in Figure SI and Table S1, the relative contents of
major protein secondary structures are determined to be 9%
for random coils, 16% for a-helix, 44% for f-sheet, and 31% for
random structures with thermal/acid/Mn** treatment, while
they are 10% for random coils, 17% for a-helix, 55% for f-
sheet, and 18% for random structures in the absence of Mn>".
Although the accuracy of these population ratios is debatable,
their trend clearly demonstrates that more amorphous
aggregates with random structures are formed by the action
of Mn**. In sum, the amide I indicator provides more detailed
information on protein secondary structure changes in protein
amyloid fibrillation at the molecular level.

According to electrostatic interactions, the preferential
binding sites of Mn*" are located on the Asp52 and Glu3s
residues on the HEWL surface. Although there are no
molecular dynamics calculations for this system to date, we
can propose a probable explanation for the Mn?* effects on the
basis of the above conclusions of the HEWL secondary
structure transformation. Considering the AspS52 residue is
mainly located on f3-sheets, Mn>* binding can naturally hinder
the self-assembly of f-sheet fragments because of electrostatic
repulsion, resulting in more amorphous aggregates with
random structures.

3.5. ThT Fluorescence Assays. ThT is a widely used and
sensitive indicator for detecting amyloid fibrils and is
considered the “gold standard” for cross p-sheet-rich
structures.”>*>*® Accordingly, we investigated the influence
of Mn?** on the formation kinetics of cross [-sheet-rich
structures in HEWL amyloid fibril formation using the assays.
Figure 6a displays the fluorescence emission spectra of the
mixed solution of HEWL and ThT in the native state and the
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Figure 6. (a) ThT fluorescence spectra of HEWL and ThT mixed solutions in the native state and denaturation state after incubation for 144 h in
thermal/acid and thermal/acid/Mn** conditions, with photoexcitation at 409 nm; (b) incubation time-dependent curves of the ThT fluorescence

intensity at 479 nm.
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Figure 7. (a) UV—vis absorption spectra of the supernatant of HEWL aqueous solution with thermal/acid/Mn** treatments at several incubation
times; (b) incubation time-dependence of the absorbance at 350 nm in the presence and absence of Mn>".

denaturation products after incubation for 144 h with thermal/
acid and thermal/acid/Mn*" treatments. The fluorescence
intensity is enhanced by 3-fold and 2-fold in the absence and
presence of Mn**, respectively, in line with the formation of
amyloid fibrils with cross f-sheet structures after incubation.
Superficially, the reduced intensity of the denaturation
products suggests an inhibition effect of the metal ions on
the formation of cross fB-sheet-rich structures, which agrees
with Bahramikia and Yazdanparast ThT fluorescence experi-
ments of two salen—manganese complexes against the HEWL
fibrillation.™
aforementioned Raman spectroscopy and AFM imaging.

As shown in Figure 6b, the incubation time-dependent

This conclusion is contrary to those of the

curves of the ThT fluorescence intensity at 479 nm in two
conditions both exhibit sigmoidal functions. Notably, due to
the influence of Mn®*, the lag phase is dramatically shortened
to a few hours, and the T, value is determined to be 31 h in
comparison to that of 89 h without the addition of Mn*'.
Meanwhile, the growth rate is slightly faster. All these
evidences solidly support the promotor role of Mn*" in the
HEWL amyloid fibrillation kinetics.

16445

We know that, when ThT is added to protein solutions the
surfaces of the protein cross-f structures with extended
channel-like motifs are the ThT-binding sites. Accordingly,
free rotations of bound benzylamine and benzothiazole rings of
ThT are restricted in these channels, enhancing fluorescence
intensities.”” In other words, the enhanced effect of ThT
fluorescence intensity is significantly more sensitive to the
concentration of cross-f-sheet structures rather than other
species, such as soluble oligomers and amorphous aggregates,
due to the lack of extended channel-like motifs on the surfaces
of soluble oligomers and amorphous aggregates. As shown in
the AFM image of Figure 1f, the relative proportion of
amorphous aggregates is visibly increased after incubation in
the presence of Mn?*. Therefore, the ThT fluorescence
intensity was weaker under the influence of Mn?*. In addition,
it is worth noting that the end time of the growth phase is ~60
h in the presence of Mn*" (Figure 6b), which approximately
corresponds to the moment when the secondary structures of
the denatured protein are most disorganized (the widest amide
I band profile in Figure S). This seeming coincidence provides
extra evidence for our explanation.
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Figure 8. Raman spectra of the native HEWL (in black) and the denatured state (in red) in the ranges of 720—800 (a), 1300—1400 (b), 910—1030
(c), and 1590—1730 cm™ (d) with thermal (65 °C) treatment in the presence of Mn?*.

3.6. UV-Vis Absorption Spectroscopy Assays. Amy-
loid fibrillation is a multi-stage kinetic process in which
different types and sizes of aggregates are produced at each
stage. Along with the protein aggregation process, enhanced
intramolecular and intermolecular interactions, such as hydro-
gen bonding, may lead to a red shift in the absorption of
chromophores such as Trp. As shown in Figure 7a, the
absorption tail extending to 400 nm is monotonically increased
during incubation. Considering that soluble aggregates might
contribute to this absorption, its formation kinetics is shown in
Figure 7b by the plot of the absorbance at 350 nm vs the
incubation time.

Regardless of the existence of Mn?* ions, the absorbance at
350 nm of protein solution increases rapidly with single
exponential functions, as shown in Figure 7b. We notice that
the equilibrium state can both be achieved at ~60 h in two
conditions. However, when Mn?" is added, a faster growth rate
and a higher absorbance in the final state are observed.
Interestingly, the kinetics are almost identical to the curves of
the Trp FWHM indicator in Figure 3¢, reminding us to
associate this absorbance indicator with the HEWL tertiary
structures. Thus, the absorbance at 350 nm of the supernatant
is proposed as a new specific indicator for determining soluble
aggregates (especially oligomers). As deduced above, Mn**
efficiently accelerates the oligomer formations in the early stage
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of the denaturation process and promotes the transformation
to amorphous aggregates rather than amyloid fibrils. The
present UV—vis absorption spectroscopy assays provide extra
evidence for the conclusions.

3.7. Influence of Mn?* Itself on HEWL Denaturation.
As a supplement, Figure 8 shows the Raman spectra of HEWL
solutions with thermal treatment in the presence of Mn>* ions
to exhibit the influence of the Mn®" ion itself on the
denaturation of HEWL without the interaction of acid. After
incubation for 144 h, only slight changes are observed for the
four spectral indicators, mainly in scattering intensities. In
comparison to the spectrum of native HEWL, the FWHM at
759 cm™ is broadened a bit and the I;349/I34 ratio is slightly
increased to more than 1, as shown in Figure 8a,b, implying the
extremely weak impact of Mn** on the unfolding of protein
tertiary structures. In contrast, the amide I peak position and
the N—C,—C intensity at 933 cm™' both remain unchanged
except for slightly reduced intensities, indicative of the almost
negligible influence of the metal ion itself on secondary
structure transformation.

4. CONCLUSIONS

In this study, the effect of Mn>* on the process of amyloid
fibrillation in HEWL was investigated by combining Raman
spectroscopy, AFM imaging, ThT fluorescence assays, and
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UV—vis absorption spectroscopy. In the absence of acids,
insignificant changes were observed for protein after
incubation for 144 h, indicating an extremely weak influence
of Mn** on the HEWL denaturation. On the contrary, the
remarkable effect of Mn*" was validated to be associated with
the protein amyloid fibrillation in the presence of acids.

With thermal and acid treatments, the unfolding of protein
tertiary structures is efficiently accelerated by Mn?* to form
oligomers/protofibrils, as indicated in the AFM images. The
inconsistent evolutionary kinetics of the two Raman Trp
residue indicators provide additional evidence for the
promotion effect. Moreover, the significant promotion effect
of Mn®* on the transformation from a-helix to S-sheets is
confirmed by monitoring the kinetics of two Raman indicators
of protein secondary structures. In addition, more amorphous
aggregates are formed due to the influence of Mn®*".
Considering that the amorphous aggregates might have similar
toxicity to oligomers due to similar molecular structures, Mn**
ions will increase toxicity to cells, providing useful clues to
understand why excess exposure to manganese is associated
with neurological diseases’* at the molecular level.
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