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Abstract: The formation of amyloid fibril plaques in the brain creates inflammation and neuron
death. This process is observed in neurodegenerative disorders, such as Alzheimer’s and Parkinson’s
diseases. Alpha-synuclein is the main protein found in neuronal inclusions of patients who have
suffered from Parkinson’s disease. SI00A9 is a calcium-binding, pro-inflammation protein, which is
also found in such amyloid plaques. To understand the influence of SI00A9 on the aggregation of
x-synuclein, we analyzed their co-aggregation kinetics and the resulting amyloid fibril structure by
Fourier-transform infrared spectroscopy and atomic force microscopy. We found that the presence
of S100A9 alters the aggregation kinetics of a-synuclein and stabilizes the formation of a particular
amyloid fibril structure. We also show that the solution’s ionic strength influences the interplay
between S100A9 and a-synuclein, stabilizing a different structure of a-synuclein fibrils.
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1. Introduction

The formation of protein amyloid fibrils is related to neurodegenerative disorders,
such as Alzheimer’s or Parkinson’s disease [1], as well as other amyloidoses [2]. Currently,
there are over 30 different amyloid-disease-related proteins and peptides [3], which have
both highly distinct amino acid sequences and structural motifs. Wide variety of structures,
coupled with the complex mechanism of protein transition from the native state to their
aggregated form, has been a major factor limiting the search for potential anti-amyloid
compounds [4]. Despite many decades of research, very few treatment modalities are
available for amyloid-related disorders [5,6]. Taking into account the ever-increasing
number of afflicted patients [7], it is of utmost importance to better understand amyloid
protein aggregation.

The intrinsically disordered protein alpha-synuclein (a-syn) is associated with Parkin-
son’s disease. The N-terminal part of a-syn can fold to an alpha-helical structure after the
interaction with lipid surface such as plasma membrane or vesicles. The main physiological
function of a-syn in native state, is in trafficking vesicles filled with neurotransmitters
in pre-synaptic neuron terminals [8]. However, upon aggregation, a-syn loses the phys-
iological function and is found in large neuronal inclusions (known as Lewy bodies in
Parkinson’s disease) or glial cytoplasmic inclusions (in multiple system atrophy) [9-11].
Due to the vast number of people affected by Parkinson’s disease, this protein has been
the subject of numerous studies in vivo, in vitro and in silico that revealed several peculiar
aspects of a-syn aggregation and fibril structure. The first one was the ability of a-syn
to form structurally diverse fibrils, which was observed under different conditions in
vitro [12,13] or found in brain tissues with different neurodegenerative pathology [14,15].
The second was a highly-stochastic nature of spontaneous aggregation, which caused a

Int. ]. Mol. Sci. 2021, 22, 7972. https:/ /doi.org/10.3390/1jms22157972

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1292-8095
https://orcid.org/0000-0002-8368-6188
https://orcid.org/0000-0002-9924-9177
https://orcid.org/0000-0001-7983-4128
https://orcid.org/0000-0003-3922-2447
https://orcid.org/0000-0002-1829-5455
https://doi.org/10.3390/ijms22157972
https://doi.org/10.3390/ijms22157972
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22157972
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22157972?type=check_update&version=2

Int. J. Mol. Sci. 2021, 22,7972

20f13

relatively high dispersion of the aggregation kinetic curves [16]. Finally, it was also reported
that the rate of fibril formation depends not only on the reaction solution pH value [17],
ionic strength [18], and protein concentration [19], but it can also be modulated by the
presence of other amyloid proteins, such as Tau protein [20], amyloid beta peptide [21],
prion protein [22-24], S100A9 [25] or non-amyloid proteins like serum albumin [26] and
protein chaperon Hsc70 [27].

S100A9 is a calcium-binding protein, mainly expressed by neutrophiles [28] in the
response to inflammation or injury [29,30]. Since accumulation of amyloid fibrils is one
of the causes for neuroinflammation and S100A9 can form amyloid fibrils in vitro [31]
and in vivo [32,33], this may indicate a major role that SI00A9 plays in the onset or
progression of amyloid-related disorders [34,35]. It has been shown in vitro that when
«-syn and S100A9 are both present in the reaction mixture, the fibril formation lag time is
considerably reduced, if compared to aggregation of either protein separately [25]. It was
also shown, that amyloid plaques contain S100A9 co-localized with amyloid-beta in the
brain tissue samples of patients with Alzheimer’s disease [32]. SI00A9 can also influence
the aggregation properties of amyloid beta in vitro [36]. Despite the reports of such co-
interactions, it is still unclear how S100A9 can affect the final structure of other amyloid
aggregates. In this work, we examined the aggregation kinetics and final fibril structures
of a-syn, when it is aggregated in the presence of different SI00A9 concentrations using
Fourier transformed infrared (FTIR) spectroscopy and atomic force microscopy (AFM).
We also analyzed the aggregation of a-syn under different ionic strength conditions. The
study revealed that the aggregation and final structure of a-syn fibrils were affected both
by relatively low concentrations of SI00A9 and the solution’s ionic strength.

2. Results

The aggregation curves of a-syn can be grouped into three distinct populations
(Figure 1A), which differ in post-transitional maximum ThT fluorescence intensity. This
value increases up to 4, 40 and 80 arbitrary units (a.u.) for the first (A1), the second (A2) and
the third (A3) populations, respectively (Figure 1A). The half time of aggregation kinetic
curve (fs0) is also different for these populations: (15 £ 5)h for A1, (23 £ 3)h for A2 and
(28 £2) h for A3 (Figure 1H).
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Figure 1. Aggregation kinetic curves of a-syn (A-G) and the respective t5y (H) at different concentra-
tions of S100A9: 0.0 uM (A), 2.3 uM (B), 4.5 uM (C), 9.0 uM (D), 18 uM (E), 35 uM (F), and 70 uM (G).
Al, A2 and A3 denote different populations of a-syn kinetic curves. Protein solution: 70 uM a-syn,
PBS buffer, 0.02% NaN3, 50 ptM ThT, pH7.4. Aggregation performed at 37 °C with constant agitation
of 300 RPM. The error bars are the standard deviation from the mean (12 repeats).

The maximum fluorescence intensity of aggregation kinetic curves becomes similar
to Al, when different concentrations of SI00A9 are present in the a-syn sample. Even
2.3uM S100A9 (which corresponds to 0.033 parts of a-syn concentration) can change the
fluorescence intensity to the level of Al (Figure 1B). The aggregation process becomes
the least stochastic upon the addition of 35 uM and 70 uM S100A9 into the a-syn solution.
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The t50 of a-syn with 2.3 uM S100A9 is (15 +4)h, the same as for Al. The increased
concentration up to 4.5puM, 9uM and 18 uM S100A9, shifts t59 to (22+3)h, (24 £3)h,
(21 £ 4) h respectively, which is similar to the control (A2). The presence of 35 uM and
70 M S100A9 decreases t50 to (11 £ 1) h (Figure 1H).

The FTIR spectra of Al, A2 and A3 population fibrils show different secondary
structure (Figure 2A,B) in the region which is associated with hydrogen bonding in the
B-sheet structure [37]. Population A1l has the main maximum position of FTIR spectrum
at 1628 cm ™! (the second derivative main minimum at 1626 cm 1), while both A2 and A3
have maxima at 1624 cm™! (the second derivative minima at 1623cm~! and 1624 cm™!
respectively), indicating that the Al population has the weakest hydrogen bonding in
the B-sheet structure. The Al spectrum also has a shoulder at 1636cm™~! reflected by
a minimum in the second derivative at 1636 cm ™! (weaker type of hydrogen bonding),
which is not present in the other two populations. The A2 and A3 population fibrils also
have some differences between their secondary structures. This is most evident by the
existence of a minimum in the A2 second derivative spectrum at 1641 cm ! and a shoulder
at 1614 cm~!, which are not present in the case of A3 and indicate the presence of different
types of hydrogen bonding. There is also some distinction in the turn/loop motif region,
where A2 has a minimum at 1673 cm !, while for A3 it is at 1667 cm 1.
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Figure 2. FTIR spectra (A) and the second derivatives (B) of fibrils obtained after x-syn aggregation
with different concentration of S100A9: 0.0 uM, 2.3 uM, 4.5uM, 9.0uM, 18 uM, 35uM, 70 uM. The
spectra and second derivatives of a-syn fibril populations are indicated by Al, A2 and A3. Concen-
tration of S100A9 is color coded. Fibrils formed in PBS buffer, 50 uM ThT, 0.02% NaN3, 300 RPM at
37°C for 60 h.

In the presence of S100A9 protein, there is no polymorphism in a-syn aggregation.
FTIR spectra of a-syn aggregates in the presence of at least 4.5 1M S100A9 look remarkably
similar to the spectrum of Al a-syn conformation with two major minima in the second
derivative at 1626 cm ™!, 1636 cm ! and the shoulder at 1619 cm ™1, as well as turns-related
minimum at 1667 cm ™! (Figure 2A,B). Only at the lowest SI00A9 concentration (2.3 uM)
the spectrum is a bit different with only one broad minimum at 1625cm 1, suggesting a
mixture of conformations in the sample. It is important to mention, that only washed pellet,
which contained only a trace amount of SI00A9 as confirmed by SDS-PAGE (Appendix A
Figure A2), was used to collect FTIR data. To determine that the observed effect is related
to S100A9 and not to the presence of any similar size protein, the aggregation experiment
was carried out with 70 uM a-syn and 70 pM hen egg-white lysozyme (14.4 kDa). Unlike
with 70 pM S100A9, three populations with distinct ThT fluorescence intensity and FTIR
spectra (Appendix A Figure A3) remain similar to the control sample without S100A9.



Int. J. Mol. Sci. 2021, 22, 7972

40f13

The AFM images show that the amyloid fibrils are formed in all cases independent on
S100A9 concentration (Figure 3).
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Figure 3. AMF images of a-syn (70 ptM) aggregated without (A-C) or with different concentration
of S100A9: 2.3uM (D), 4.5uM (E), 9 uM (F), 18 uM (G), 35 uM (H) and 70 pM (I). The cross-section
height of fibrils (J). The interquartile region (shown by the box), standard deviation (whiskers) and a
median (horizontal line inside the box) were calculated from 50 fibrils.

More clustered fibrils are observed by increasing concentration of SI00A9. Cross-
sectional height analysis of fibrils in AFM images shows that the mean values of Al and A2
fibril heights are (5 + 1) nm, but this value is (7 = 1) nm for A3 (Figure 3A-C). The fibril-
cross-sectional mean heights increase from (6 + 1) nm to (8 + 2) nm by increasing S100A9
concentration from 2.3 pM to 18 uM and decrease down to (7 & 2) nm for the sample with
35uM and 70 uM S100A9 (Figure 3]).

In order to examine the effect that ionic strength has on this interaction, the aggre-
gation reaction was conducted under multiple NaCl concentration conditions. For the
experiments, 35 1M of S100A9 was used, as it resulted in both low 59 value deviations
(Figure 1EH), as well as a stable a-syn fibril conformation (Figure 2). The addition of 50 mM
NaCl to the a-syn solution increases fluorescence intensity and 5 of aggregation curves
(Figure 4B,G) compared to the control (Figure 4A,G) and stabilizes the population with
higher fluorescence intensity (similar to A3). The curves become less stochastic and shift
to the left (shorter ts50), as the concentration of NaCl is increased from 125 mM to 375 mM.
The addition of NaCl to a-syn sample with SI00A9 does not change the aggregation kinetic
curves and tsq significantly, (Figure 4D-G), except the sample with 375 mM NaCl, which
has 2-8 times higher post-transitional fluorescence intensity (Appendix A Figure A1).
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Figure 4. Aggregation kinetics of a-syn without (A-C) and with SI00A9 (D-F) in a presence of
different NaCl concentrations: 0 mM (A,D), 50 mM (B,E), 250 mM (C,F). Each sample represented
by 3 mostly recurring curves. The 59 value (determined from 12 repeats) of a-syn (orange) and
x-syn aggregated with S100A9 (olive) at different concentrations of NaCl (G). Protein solution: 70 ptM
«-syn, 0 pM or 35 uM S100A9, 50 uM ThT, 0.02% NaN3, PBS buffer, pH 7.40.

When additional 50 mM NaCl is present in the aggregation reaction mixture, the
profile of FTIR spectrum and the second derivative are very similar to the one of A3
population (Figure 5A,B). A further increase in NaCl concentration has minimal effect
on the FTIR spectra, apart the minima at 1640 cm~! and the more expressed shoulder at
1614 cm ™!, indicating a minor change of hydrogen bond strength.
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Figure 5. FTIR spectra (A,C) and second derivative (B,D) of a-syn (70 pM) without or with 35 uM
S100A9 in PBS buffer with different concentration of NaCl.

When the samples for aggregation are composed of 70uM a-syn, 35 uM S100A9
and different concentrations of additional NaCl, the presence of 50 mM or 125 mM NaCl
does not affect the secondary structure of the resulting fibrils (Figure 5C,D). The sample
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aggregated in the presence of additional 250 mM NaCl has the main maximum of the
spectrum and the main minimum of the second derivative spectrum at 1623cm ™! and
a shoulder appears at 1616 cm !, indicating the formation of stronger hydrogen bonds.
There is also a minimum at 1670 cm™! associated with the fibril turn/loop motifs. At
the highest NaCl concentration, the main minimum remains at a similar position and we
observe a loss of the 1616 cm ™! shoulder. There is also a small variation in the turn/loop
motif region, which becomes more similar to the lower NaCl concentration samples. The
FTIR spectrum of a-syn aggregated in the presence of SI00A9 and 375 mM NaCl is very
similar to the spectrum of A3 population.

AFM analysis shows that the fibrils become more clustered at increasing NaCl concen-
trations, when aggregation was conducted with or without 35 1M of S100A9 (Figure 6). The
cross-sectional height of fibrils in a-syn and a-syn with SI00A9 samples slightly decrease at
50mM and start to increase at 125 mM to 375 mM concentrations of NaCl (Figure 6I). The
cross-sectional heights become more variable at increasing concentrations of NaCl.
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Figure 6. AMF images of a-syn aggregated without (A-D) and with (E-H) S100A9 in the presence
of different concentrations of NaCl (additional to PBS): 0mM (A,E), 125mM (B,F), 250 mM (C,G),
and 375mM (D,H). Panel (I) shows the heights of fibrils in the mentioned conditions from (A) to
(H). The boxes, lines inside them, and whiskers correspond to interquartiles, medians, and standard
deviations of the height distribution, respectively. Protein solution: 70 uM a-syn, 0 or 35 uM S100A9,
50 uM ThT, PBS, additional NaCl as mentioned, pH 7 4.

3. Discussion

The results of a-syn aggregation in the absence of SI00A9, showed the existence of
three different populations of amyloid fibrils. The most notable distinction is different FTIR
spectra, showing variation in B-sheet structure hydrogen bonding and some differences in
loops and turns. The ThT-binding characteristics for these populations are also different,
where we observe 10-fold difference in the maximum fluorescence intensity values at the
end of aggregation for A2 and A3 compared to Al. The t5y values are also population-
specific, with A1 fibrils requiring the shortest amount of time to form and A3 aggregation
takes the longest time. AFM images of all three populations do not portray any significant
variation in fibril length, however, the A3 aggregates have a significantly larger height,
if compared to both other populations. While this type of aggregation forming different
populations of fibrils was reported for prion proteins [38], it was not observed for alpha-
synuclein [25] under similar conditions as were used in this work. This may be due to the
lower number of repeats in the aforementioned study, which did not allow to observe a
clear population distribution. It may also be due to a lower concentration of ThT (20 pM)
as opposed to 50 utM in these experiments, which may impede the detection of higher ThT
fluorescence aggregates.

This massive variation in fibril types, however, is offset by the addition of even a small
concentration of SI00A9, where both the 59 values, as well as fluorescence intensity become
similar to the A1 population. These results together with the FTIR spectra show that SI00A9
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can stabilize the formation of a certain type of a-syn aggregates. Interestingly, the AFM
images show that a-syn aggregated in a presence of SI00A9, forms thicker fibrils with an
average height similar to the A3 population. This observation is in contrast to both the FTIR
and ThT fluorescence results. One possibility is that the interaction between a-syn and
S100A9 causes a higher level of lateral association of the fibril fibers, thus increasing their
average height, while retaining the same secondary structure and ThT binding properties
as the Al population. The interaction of a-syn with SI00A9 can also influence the rate of
fibril formation, suggesting that a-syn and S100A9 interact prior to nuclei formation or
during it. The effect on t5( is most substantial at lower S100A9 concentrations (from 2.3 uM
to 18 uM), after which it settles at a specific value, indicating a saturating effect. While in
the case of FTIR spectra, the structural transition occurs between 0 uM and 4.5 uM S100A9
and then remains virtually unchanged at higher SI00A9 concentrations.

In order to examine whether the interaction between a-syn and S100A9 depends on
ionic strength, the aggregation experiments were repeated under different concentrations of
NaCl. Our results showed that higher concentrations of NaCl and 35 1M S100A9 accelerate
the aggregation kinetics. However, matters become much more complicated when we
examine the differences in structural aspects. In the absence of SI00A9, the FTIR spectra
show that the presence of additional NaCl stabilize the structure of A3 population. If
a-syn samples contain S100A9, the secondary structure of a-syn fibrils remains stable up to
125 mM. The further increase of NaCl concentration causes a shift, which makes the FTIR
spectrum similar to that of SI00A9-free sample populations A2 or A3. These results point
towards the conclusion that a-syn and S100A9 interactions are only significant at lower
ionic strength conditions and that the interplay between both proteins is, in fact, at least
partially dependent on ion-pair formation.

The interaction dependence on ionic strength could be possible due to the different
total negative charge of a-syn (pI4.7) compared to S100A9 (pl5.7). Moreover, a-syn has an
exceptionally negatively charged C-terminal region, which might be a site that interacts
with positively charged amino acid residues of SI00A9, which cluster on one face of the
protein structure. It is reported that the negatively-charged C-terminus has an important
influence on the aggregation of a-syn [39—41]. Furthermore, truncated sequence of a-syn
was found in the neuronal inclusions of patients who have suffered from dementia with
Lewy bodies [42]. Human serum albumin was also shown to change the aggregation
kinetics of a-syn, the most likely due to serum albumin interaction with the C-terminal
region of a-syn [26].

Considering the shared localization in vivo, as well as reports of both SI00A9 and
x-syn proteins found aggregated in amyloid plaques, this protein interplay may have a
major role in the onset and progression of amyloid-related neurodegenerative disorders.
This can manifest in multiple distinct or interconnected ways. If SI00A9 alters the rate of
x-syn aggregation in vivo, then it may induce an earlier onset of neurodegeneration. The
resulting different population of a-syn aggregates may also have distinct propagation or
toxicity levels, which could increase the rate of neuronal cell death.

4. Materials and Methods
4.1. Protein Production

The expression of #-syn was performed in E. coli BL21(DE) one star strain transformed
with the plasmid pRK172 containing human a-syn cDNA as it was used previously [43].
The culture was growing in ZYM-5052 auto-inducing growth media [44] in shaking flasks,
220RPM, 30°C for 12 h. The harvested cells were re-suspended in 20 mM Tris-HCI buffer,
1.0mM EDTA, 2.0 mM 1,4-dithio-D-threitol (DTT), 2.0 mM phenylmethanesulfonyl fluoride
(PMSF) protease inhibitor, 500 mM NaCl, pH 8.0. The suspension was sonicated 10 min
(pulses of 2 s sonication, 2 s break) and the lysate centrifuged for 30 min, 20,000 g at 4 °C.
The supernatant of lysate containing a-syn was incubated in 90 °C heated water bath until
the temperature in the lysate supernatant reached 80 °C and kept under those conditions
for 10 min. The soluble poteins were separated from the aggregated ones by centrifugation
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for 30 min, 20,000x g at 4 °C. The supernatant was saturated with 40% ammonium sulfate
on ice, pellets with a-syn were collected by centrifugation, dissolved in 20 mM Tris-HCI
buffer, pH 8.0, dialysed against the same buffer for 1 h and loaded on Q Sepharose FF (GE
Healthcare, Bio-Sciences AB, Uppsala, Sweden) 20 mL column. Pure protein was eluted at
approximately 300 mM NaCl concentration of the applied linear gradient. The protein was
dialysed against water, concentrated up to 500 pM, frozen at —80 °C.

The construct to express SI00A9 was used as described previously [45]. The expression
and preparation of cell-lysate of SI00A9 was done the same as described for a-syn, except
the lysis buffer, which was without NaCl. The supernatant of cell-lysate was saturated with
70% ammonium sulfate solution on ice, pellets were separated by centrifugation, the su-
pernatant was dialysed against 20 mM Tris-HCl buffer, 500 uM EDTA, 500 uM DTT, pH 8.0
for 3h and loaded on Q Sepharose FF (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden)
20 mL column. S100A9 was eluted at approximately 250 mM NaCl concentration of the ap-
plied linear gradient. The most pure fractions containing S100A9 were concentrated using
spin filters (Amycon, 10 kDa MWCO) and purified by gel filtration using 20 mL Superdex
75 (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden) column and 200 mM of ammonium
bicarbonate as elution buffer. The most pure S100A9 fractions were freeze-dried and kept
at —80°C.

4.2. ThT Assay

Protein aggregation kinetics by ThT assay [46] were performed in 96-well Corning non-
binding half-area plate with one glass bead (diameter 3 mm) in each well. The plate, filled
by 80 L of protein solution in each well, was shaking constantly between readings (every
10 min) using 300 RPM orbital agitation in CLARIOstar Plus (BMG Labtech, Ortenberg,
Germany) plate reader at 37 °C for 60h. Sample fluorescence intensity was measured
using excitation and emission wavelengths of 440 nm and 480 nm respectively. All protein
samples contained 70 uM a-syn, 50 uM ThT, 0.02% NaN3, PBS buffer (10 mM NayHPOy,
1.8 mM KH;POy, 137mM NaCl, 2.7 mM KCl), pH7.4. Other samples contained 2.3 uM,
45uM, 9.0uM, 18uM, 35uM, 70 uM of S100A9 (during experiments on how S100A9
influences aggregation of #-syn). For a negative control sample, 70 uM of hen egg-white
lysozyme prepared from powders (Sigma-Aldrich, St. Louis, MO, USA, cat. No. L6876) was
used in a place of SI00A9. Samples with different NaCl concentrations contained 35 uM
S100A9 and additional 50 mM, 125 mM, 250 mM, 375 mM NaCl. The t5y was determined
by fitting the sigmoidal curve to aggregation kinetic data.

4.3. FTIR Spectroscopy

Multiple repeats of each sample were combined and centrifuged at 12,500 RPM for
20 min, the supernatant was removed and the fibril pellet was resuspended into 500 uL D,O
(with 400 mM NaCl to improve sedimentation [47]. After repeating the centrifugation and
resuspension procedure three times, the fibril pellet was resuspended into a final volume
of 150 uL. For each sample, 256 interferograms with 2 cm~! resolution were collected using
Bruker Invenio S spectrometer equipped with a liquid-nitrogen-cooled mercury-cadmium-
telluride detector at room temperature in a dry-air flow-through chamber. A D,O spectrum
was subtracted from each sample spectrum, after which the spectra were baseline corrected
in the region at 1595cm ™! to 1700 cm ! and normalized. All data processing was done
using GRAMS software.

4.4. Atomic Force Microscopy

The AFM images were recorded at high resolution (1024 x 1024 pixels per 10 pm
image as described previously [48]. The samples after aggregation kinetic experiment were
diluted 20 times with MilliQ water and 30 pL of this was applied on mica surface freshly
modified with 3-(Triethoxysilyl)propan-1-amine (APTES) (Sigma-Aldrich, Co., MO 63103,
USA) [49]: 30pL of 0.5% APTES solution in water is applied on the freshly activated
mica surface, incubated for 10 min, washed with 2mL of water and dried under gentle
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air-flow. The sample was incubated 10 min on this APTES-mica surface, washed with 1 mL
of water and dried applying gentle air-flow. The images were analyzed using Gwyddion
software [50]. The heights of the fibrils were determined by fitting a Gauss function to the
cross-sectional peaks of each fibril.

4.5. SDS-PAGE

The pellet (fibrils) fraction for the gel was prepared by taking 3 uL of the fibril sample
prepared for FTIR analysis, diluting it 5 times with 12 uL. 10 M urea and mixing with 5 pL
4 times concentrated SDS-PAGE sample buffer containing 40 mM DTT. The samples for
testing soluble fraction after aggregation were prepared by taking 15 uL of supernatant
after the first centrifugation described in method section “FTIR spectroscopy” and mix it
with 5 pL 4 times concentrated SDS-PAGE sample buffer containing 40 mM DTT. A portion
of soluble samples containing a-syn with 35 uM and 70 uM S100A9 were filtered through
0.22 pm regenerated cellulose filters and the filtrates prepared for the analysis the same
way as soluble fraction samples. The a-syn and S100A9 control samples before aggregation
were prepared the same way as soluble fraction samples. All samples were heated at 95 °C
for 10 min and 8 uL of each sample was loaded on 12% acrylamide gel.

5. Conclusions

The results of this work show that even small concentrations of SI00A9 have a major
influence on both the formation of a-syn fibrils, as well as their secondary structure and
morphology. In addition, the ionic strength is important for SI00A9 interaction with a-syn.
S100A9 and high ionic strength can change the pathway of a-syn fibril formation, favoring
a particular structure from the ensemble of structural populations.
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Appendix A
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Figure Al. Aggregation kinetics of a-syn without (A-E) and with SI00A9 (F-J) in a presence of
different NaCl concentrations: 0 mM, 50 mM, 125 mM, 250 mM, 375 mM. Each sample represented
by 6 aggregation curves (6 repeats). Protein solution: 70 uM a-syn, 0 or 35 uM S100A9, 50 uM ThT,
0.02% NaNg3, PBS buffer, pH7 4.

2x

25 S100A9

18 - a-syn
S100A9

14

Figure A2. SDS-PAGE gel of a-syn, a-syn-S100A9, S100A9 products after aggregation (samples
after aggregation kinetic experiment, FTIR samples). Columns in the gel: (1) 70 uM a-syn before
aggregation, (2) 70 uM S100A9 before aggregation, (3) protein ladder (the molecular weights marked
on the right), (4) 70uM a-syn fibrils, (5) a-syn with 2.3 uM S100A9 fibrils, (6) a-syn with 4.5 M
S100A09 fibrils, (7) a-syn with 9.0 pM S100A9 fibrils, (8) a-syn with 18 pM S100A9 fibrils, (9) a-syn
with 35 pM S100A9 fibrils, (10) a-syn with 70 uM S100A9 fibrils. Columns of the soluble protein
after aggregation n-syn with different concentration of S100A9: (11) 0 uM, (12) 2.3 uM, (13) 4.5puM,
(14) 9.0uM, (15) 18 M, (16) 35uM, (17) 70 M, (18) 70 uM sample went through 0.22 um PVDF
membrane filter, (19) 35 uM filtrate. The soluble protein after aggregation of 70 uM S100A9 (20).
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Figure A3. Aggregation kinetics (A1-A3), FTIR spectra (B) and second derivatives (C) of a-syn
populations (indicated by A1-A3), when a-syn was aggregated in the presence of 70 pM lysozyme
monomers. All aggregation conditions were identical to the ones during a-syn aggregation with
70 uM S100A9, as described in the Materials and Methods section.

References

1.  Knowles, T.PJ.; Vendruscolo, M.; Dobson, C.M. The Amyloid State and Its Association with Protein Misfolding Diseases. Nat.
Rev. Mol. Cell Biol. 2014, 15, 384-396. [CrossRef]

2. Baker, K.R; Rice, L. The Amyloidoses: Clinical Features, Diagnosis and Treatment. Methodist Debakey Cardiovasc. ]. 2012, 8, 3-7.
[CrossRef]

3.  Chiti, F; Dobson, C.M. Protein Misfolding, Amyloid Formation, and Human Disease: A Summary of Progress Over the Last
Decade. Annu. Rev. Biochem. 2017, 86, 27-68. [CrossRef]

4. Mehta, D.; Jackson, R.; Paul, G.; Shi, ].; Sabbagh, M. Why Do Trials for Alzheimer’s Disease Drugs Keep Failing? A Discontinued
Drug Perspective for 2010-2015. Expert Opin. Investig. Drugs 2017, 26, 735-739. [CrossRef]

5. Park, J.; Egolum, U.; Parker, S.; Andrews, E.; Ombengi, D.; Ling, H. Tafamidis: A First-in-Class Transthyretin Stabilizer for
Transthyretin Amyloid Cardiomyopathy. Ann. Pharmacother. 2020, 54, 470-477. [CrossRef]

6. Cummings, |.; Lee, G.; Ritter, A.; Sabbagh, M.; Zhong, K. Alzheimer’s Disease Drug Development Pipeline: 2020. Alzheimer
Dement. Transl. Res. Clin. Interv. 2020, 6, €12050. [CrossRef]

7.  Hebert, L.E.; Weuve, ].; Scherr, P.A.; Evans, D.A. Alzheimer Disease in the United States (2010-2050) Estimated Using the 2010
Census. Neurology 2013, 80, 1778-1783. [CrossRef] [PubMed]

8. Wang, L; Das, U.; Scott, D.A,; Tang, Y.; McLean, PJ.; Roy, S. a-Synuclein Multimers Cluster Synaptic Vesicles and Attenuate
Recycling. Curr. Biol. 2014, 24, 2319-2326. [CrossRef]

9.  Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.Y.; Trojanowski, ].Q.; Jakes, R.; Goedert, M. a-Synuclein in Lewy Bodies. Nature 1997,
388, 839-840. [CrossRef] [PubMed]

10. Wakabayashi, K.; Hayashi, S.; Kakita, A.; Yamada, M.; Toyoshima, Y.; Yoshimoto, M.; Takahashi, H. Accumulation of -
Synuclein/NACP Is a Cytopathological Feature Common to Lewy Body Disease and Multiple System Atrophy. Acta Neuropathol.
1998, 96, 445-452. [CrossRef] [PubMed]

11. Wakabayashi, K.; Yoshimoto, M.; Tsuji, S.; Takahashi, H. a-Synuclein Immunoreactivity in Glial Cytoplasmic Inclusions in
Multiple System Atrophy. Neurosci. Lett. 1998, 249, 180-182. [CrossRef]

12. Bousset, L.; Pieri, L.; Ruiz-Arlandis, G.; Gath, J.; Jensen, P.H.; Habenstein, B.; Madiona, K.; Olieric, V.; Bockmann, A.; Meier, B.H.;
et al. Structural and Functional Characterization of Two Alpha-Synuclein Strains. Nat. Commun. 2013, 4, 2575. [CrossRef]

13. Gath, J.; Bousset, L.; Habenstein, B.; Melki, R.; Bockmann, A.; Meier, B.H. Unlike Twins: An NMR Comparison of Two a-Synuclein
Polymorphs Featuring Different Toxicity. PLoS ONE 2014, 9, €90659. [CrossRef]

14. Strohéker, T.; Jung, B.C.; Liou, S.H.; Fernandez, C.O.; Riedel, D.; Becker, S.; Halliday, G.M.; Bennati, M.; Kim, W.S.; Lee, S.J.; et al.
Structural Heterogeneity of a-Synuclein Fibrils Amplified from Patient Brain Extracts. Nat. Commun. 2019, 10, 5535. [CrossRef]

15. Van der Perren, A.; Gelders, G.; Fenyi, A.; Bousset, L.; Brito, F.; Peelaerts, W.; Van den Haute, C.; Gentleman, S.; Melki, R.;

Baekelandt, V. The Structural Differences between Patient-Derived a-Synuclein Strains Dictate Characteristics of Parkinson’s
Disease, Multiple System Atrophy and Dementia with Lewy Bodies. Acta Neuropathol. 2020, 139, 977-1000. [CrossRef] [PubMed]


http://doi.org/10.1038/nrm3810
http://dx.doi.org/10.14797/mdcj-8-3-3
http://dx.doi.org/10.1146/annurev-biochem-061516-045115
http://dx.doi.org/10.1080/13543784.2017.1323868
http://dx.doi.org/10.1177/1060028019888489
http://dx.doi.org/10.1002/trc2.12050
http://dx.doi.org/10.1212/WNL.0b013e31828726f5
http://www.ncbi.nlm.nih.gov/pubmed/23390181
http://dx.doi.org/10.1016/j.cub.2014.08.027
http://dx.doi.org/10.1038/42166
http://www.ncbi.nlm.nih.gov/pubmed/9278044
http://dx.doi.org/10.1007/s004010050918
http://www.ncbi.nlm.nih.gov/pubmed/9829807
http://dx.doi.org/10.1016/S0304-3940(98)00407-8
http://dx.doi.org/10.1038/ncomms3575
http://dx.doi.org/10.1371/journal.pone.0090659
http://dx.doi.org/10.1038/s41467-019-13564-w
http://dx.doi.org/10.1007/s00401-020-02157-3
http://www.ncbi.nlm.nih.gov/pubmed/32356200

Int. J. Mol. Sci. 2021, 22, 7972 12 0f 13

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Giehm, L.; Lorenzen, N.; Otzen, D.E. Assays for a-Synuclein Aggregation. Methods 2011, 53, 295-305. [CrossRef]

Morris, A.M.; Finke, R.G. a-Synuclein Aggregation Variable Temperature and Variable pH Kinetic Data: A Re-Analysis Using the
Finke-Watzky 2-Step Model of Nucleation and Autocatalytic Growth. Biophys. Chem. 2009, 140, 9-15. [CrossRef]

Roeters, S.J.; Iyer, A.; Pletikapi¢, G.; Kogan, V.; Subramaniam, V.; Woutersen, S. Evidence for Intramolecular Antiparallel
Beta-Sheet Structure in Alpha-Synuclein Fibrils from a Combination of Two-Dimensional Infrared Spectroscopy and Atomic
Force Microscopy. Sci. Rep. 2017, 7, 41051. [CrossRef] [PubMed]

Afitska, K.; Fucikova, A.; Shvadchak, V.V.; Yushchenko, D.A. a-Synuclein Aggregation at Low Concentrations. Biochim. Biophys.
Acta (BBA) Proteins Proteom. 2019, 1867, 701-709. [CrossRef] [PubMed]

Lu, J; Zhang, S.; Ma, X,; Jia, C.; Liu, Z.; Huang, C.; Liu, C,; Li, D. Structural Basis of the Interplay between a-Synuclein and Tau in
Regulating Pathological Amyloid Aggregation. J. Biol. Chem. 2020, 295, 7470-7480. [CrossRef] [PubMed]

Koppen, J.; Schulze, A.; Machner, L.; Wermann, M.; Eichentopf, R.; Guthardt, M.; Hiahnel, A.; Klehm, ].; Kriegeskorte, M.C.;
Hartlage-Riibsamen, M.; et al. Amyloid-Beta Peptides Trigger Aggregation of Alpha-Synuclein In Vitro. Molecules 2020, 25, 580.
[CrossRef] [PubMed]

Rosener, N.S.; Gremer, L.; Wordehoff, M.M.; Kupreichyk, T.; Etzkorn, M.; Neudecker, P.; Hoyer, W. Clustering of Human Prion
Protein and a-Synuclein Oligomers Requires the Prion Protein N-Terminus. Commun. Biol. 2020, 3, 1-12. [CrossRef] [PubMed]
Ferreira, D.G.; Temido-Ferreira, M.; Vicente Miranda, H.; Batalha, V.L.; Coelho, J.E.; Szego, EM,; Marques-Morgado, L.; Vaz, S.H.;
Rhee, ].S.; Schmitz, M.; et al. a-Synuclein Interacts with PrP C to Induce Cognitive Impairment through mGluR5 and NMDAR?2B.
Nat. Neurosci. 2017, 20, 1569-1579. [CrossRef]

Masliah, E.; Rockenstein, E.; Inglis, C.; Adame, A.; Bett, C.; Lucero, M.; Sigurdson, C.J. Prion Infection Promotes Extensive
Accumulation of a-Synuclein in Aged Human a-Synuclein Transgenic Mice. Prion 2012, 6, 184-190. [CrossRef] [PubMed]
Horvath, I.; Iashchishyn, I.A.; Moskalenko, R.A.; Wang, C.; Warmlander, S.K.T.S.; Wallin, C.; Graslund, A.; Kovacs, G.G.;
Morozova-Roche, L.A. Co-Aggregation of pro-Inflammatory SI00A9 with a-Synuclein in Parkinson’s Disease: Ex Vivo and in
Vitro Studies. J. Neuroinflamm. 2018, 15. [CrossRef] [PubMed]

Bellomo, G.; Bologna, S.; Cerofolini, L.; Paciotti, S.; Gatticchi, L.; Ravera, E.; Parnetti, L.; Fragai, M.; Luchinat, C. Dissecting the
Interactions between Human Serum Albumin and a-Synuclein: New Insights on the Factors Influencing a-Synuclein Aggregation
in Biological Fluids. . Phys. Chem. B 2019, 123, 4380-4386. [CrossRef]

Chaari, A.; Eliezer, D.; Ladjimi, M. The C-Terminal a-Helices of Mammalian Hsc70 Play a Critical Role in the Stabilization of
a-Synuclein Binding and Inhibition of Aggregation. Int. J. Biol. Macromol. 2016, 83, 433—441. [CrossRef]

Hessian, PA.; Edgeworth, J.; Hogg, N. MRP-8 and MRP-14, Two Abundant Ca”—Binding Proteins of Neutrophils and Monocytes.
J. Leukoc. Biol. 1993, 53, 197-204. [CrossRef]

Vogl, T.; Gharibyan, A.L.; Morozova-Roche, L.A. Pro-Inflammatory S100A8 and S100A9 Proteins: Self-Assembly into Multifunc-
tional Native and Amyloid Complexes. IJMS 2012, 13, 2893-2917. [CrossRef]

Markowitz, J.; Carson, W.E. Review of SI00A9 Biology and Its Role in Cancer. Biochim. Biophys. Acta 2013, 1835, 100-109.
[CrossRef]

Iashchishyn, I.A.; Sulskis, D.; Nguyen Ngoc, M.; Smirnovas, V.; Morozova-Roche, L.A. Finke-Watzky Two-Step Nucle-
ation-Autocatalysis Model of ST00A9 Amyloid Formation: Protein Misfolding as “Nucleation” Event. ACS Chem. Neurosci. 2017,
8,2152-2158. [CrossRef]

Wang, C.; Klechikov, A.G.; Gharibyan, A.L.; Warmlander, S.KK.T.S,; Jarvet, J.; Zhao, L.; Jia, X.; Shankar, S.K.; Olofsson, A.;
Brannstrom, T.; et al. The Role of Pro-Inflammatory S100A9 in Alzheimer’s Disease Amyloid-Neuroinflammatory Cascade. Acta
Neuropathol. 2014, 127, 507-522. [CrossRef]

Horvath, L; Jia, X.; Johansson, P.; Wang, C.; Moskalenko, R.; Steinau, A.; Forsgren, L.; Wagberg, T.; Svensson, J.; Zetterberg,
H.; et al. Pro-Inflammatory S100A9 Protein as a Robust Biomarker Differentiating Early Stages of Cognitive Impairment in
Alzheimer’s Disease. ACS Chem. Neurosci. 2016, 7, 34-39. [CrossRef]

Wang, C.; Iashchishyn, I.A.; Pansieri, J.; Nystrom, S.; Klementieva, O.; Kara, J.; Horvath, I.; Moskalenko, R.; Rofougaran, R.;
Gouras, G.; et al. S100A9-Driven Amyloid-Neuroinflammatory Cascade in Traumatic Brain Injury as a Precursor State for
Alzheimer’s Disease. Sci. Rep. 2018, 8. [CrossRef]

Wang, C.; Iashchishyn, I.A.; Kara, ].; Fodera, V.; Vetri, V,; Sancataldo, G.; Marklund, N.; Morozova-Roche, L.A. Proinflammatory
and Amyloidogenic SI00A9 Induced by Traumatic Brain Injury in Mouse Model. Neurosci. Lett. 2019, 699, 199-205. [CrossRef]
Pansieri, J.; lashchishyn, I.A.; Fakhouri, H.; Ostoji¢, L.; Malisauskas, M.; Musteikyte, G.; Smirnovas, V.; Schneider, M.M.; Scheidt,
T.; Xu, CK,; et al. Templating SI00A9 Amyloids on A Fibrillar Surfaces Revealed by Charge Detection Mass Spectrometry,
Microscopy, Kinetic and Microfluidic Analyses. Chem. Sci. 2020, 11, 7031-7039. [CrossRef]

Barth, A. Infrared Spectroscopy of Proteins. Biochim.  Biophys.  Acta (BBA) Bioenerg. 2007, 1767, 1073-1101.
06.004. [CrossRef]

Ziaunys, M.; Sneideris, T.; Smirnovas, V. Formation of Distinct Prion Protein Amyloid Fibrils under Identical Experimental
Conditions. Sci. Rep. 2020, 10, 4572. [CrossRef] [PubMed]

Crowther, R.A ; Jakes, R.; Spillantini, M.G.; Goedert, M. Synthetic Filaments Assembled from C-Terminally Truncated Alpha-
Synuclein. FEBS Lett. 1998, 436, 309-312. [CrossRef]


http://dx.doi.org/10.1016/j.ymeth.2010.12.008
http://dx.doi.org/10.1016/j.bpc.2008.11.003
http://dx.doi.org/10.1038/srep41051
http://www.ncbi.nlm.nih.gov/pubmed/28112214
http://dx.doi.org/10.1016/j.bbapap.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31096048
http://dx.doi.org/10.1074/jbc.RA119.012284
http://www.ncbi.nlm.nih.gov/pubmed/32291284
http://dx.doi.org/10.3390/molecules25030580
http://www.ncbi.nlm.nih.gov/pubmed/32013170
http://dx.doi.org/10.1038/s42003-020-1085-z
http://www.ncbi.nlm.nih.gov/pubmed/32647130
http://dx.doi.org/10.1038/nn.4648
http://dx.doi.org/10.4161/pri.19806
http://www.ncbi.nlm.nih.gov/pubmed/22460692
http://dx.doi.org/10.1186/s12974-018-1210-9
http://www.ncbi.nlm.nih.gov/pubmed/29866153
http://dx.doi.org/10.1021/acs.jpcb.9b02381
http://dx.doi.org/10.1016/j.ijbiomac.2015.10.089
http://dx.doi.org/10.1002/jlb.53.2.197
http://dx.doi.org/10.3390/ijms13032893
http://dx.doi.org/10.1016/j.bbcan.2012.10.003
http://dx.doi.org/10.1021/acschemneuro.7b00251
http://dx.doi.org/10.1007/s00401-013-1208-4
http://dx.doi.org/10.1021/acschemneuro.5b00265
http://dx.doi.org/10.1038/s41598-018-31141-x
http://dx.doi.org/10.1016/j.neulet.2019.02.012
http://dx.doi.org/10.1039/C9SC05905A
http://dx.doi.org/10.1016/j.bbabio.2007.06.004
http://dx.doi.org/10.1038/s41598-020-61663-2
http://www.ncbi.nlm.nih.gov/pubmed/32165692
http://dx.doi.org/10.1016/S0014-5793(98)01146-6

Int. J. Mol. Sci. 2021, 22, 7972 13 0f 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Bertoncini, C.W.; Jung, Y.S.; Fernandez, C.O.; Hoyer, W.; Griesinger, C.; Jovin, T.M.; Zweckstetter, M. Release of Long-Range
Tertiary Interactions Potentiates Aggregation of Natively Unstructured a-Synuclein. Proc. Natl. Acad. Sci. USA 2005, 102, 1430—
1435. [CrossRef] [PubMed]

Hoyer, W.; Cherny, D.; Subramaniam, V.; Jovin, T.M. Impact of the acidic C-terminal region comprising amino acids 109-140 on
a-synuclein aggregation in vitro. Biochemistry 2004, 43, 16233-16242. [CrossRef]

Baba, M.; Nakajo, S.; Tu, PH.; Tomita, T.; Nakaya, K.; Lee, V.M.; Trojanowski, ].Q.; Iwatsubo, T. Aggregation of Alpha-Synuclein
in Lewy Bodies of Sporadic Parkinson’s Disease and Dementia with Lewy Bodies. Am. J. Pathol. 1998, 152, 879-884.

Sneideris, T.; Baranauskien¢, L.; Cannon, J.G.; Rutkiené, R; Meskys, R.; Smirnovas, V. Looking for a Generic Inhibitor of
Amyloid-like Fibril Formation among Flavone Derivatives. Peer] 2015, 3, e1271. [CrossRef] [PubMed]

Studier, EW. Protein Production by Auto-Induction in High-Density Shaking Cultures. Protein Expr. Purif. 2005, 41, 207-234.
[CrossRef] [PubMed]

Hunter, M.].; Chazin, W.J. High level expression and dimer characterization of the S100 EF-hand proteins, migration inhibitory
factor-related proteins 8 and 14. J. Biol. Chem. 1998, 273, 12427-12435. [CrossRef] [PubMed]

Gade Malmos, K.; Blancas-Mejia, L.M.; Weber, B.; Buchner, J.; Ramirez-Alvarado, M.; Naiki, H.; Otzen, D. ThT 101: A Primer on
the Use of Thioflavin T to Investigate Amyloid Formation. Amyloid 2017, 24, 1-16. [CrossRef]

Mikalauskaite, K.; Ziaunys, M.; Sneideris, T.; Smirnovas, V. Effect of Ionic Strength on Thioflavin-T Affinity to Amyloid Fibrils
and Its Fluorescence Intensity. Int. . Mol. Sci. 2020, 21, 8916. [CrossRef]

Sneideris, T.; Sakalauskas, A.; Sternke-Hoffmann, R.; Peduzzo, A.; Ziaunys, M.; Buell, A.K.; Smirnovas, V. The Environment Is a
Key Factor in Determining the Anti-Amyloid Efficacy of EGCG. Biomolecules 2019, 9, 855. [CrossRef]

Shlyakhtenko, L.S.; Gall, A.A.; Lyubchenko, Y.L. Mica Functionalization for Imaging of DNA and Protein-DNA Complexes with
Atomic Force Microscopy. Methods Mol. Biol. 2013, 931. [CrossRef]

Necas, D.; Klapetek, P. Gwyddion: An Open-Source Software for SPM Data Analysis. Open Phys. 2012, 10, 181-188. [CrossRef]


http://dx.doi.org/10.1073/pnas.0407146102
http://www.ncbi.nlm.nih.gov/pubmed/15671169
http://dx.doi.org/10.1021/bi048453u
http://dx.doi.org/10.7717/peerj.1271
http://www.ncbi.nlm.nih.gov/pubmed/26421240
http://dx.doi.org/10.1016/j.pep.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15915565
http://dx.doi.org/10.1074/jbc.273.20.12427
http://www.ncbi.nlm.nih.gov/pubmed/9575199
http://dx.doi.org/10.1080/13506129.2017.1304905
http://dx.doi.org/10.3390/ijms21238916
http://dx.doi.org/10.3390/biom9120855
http://dx.doi.org/10.1007/978-1-62703-056-4_14
http://dx.doi.org/10.2478/s11534-011-0096-2

	Introduction
	Results
	Discussion
	Materials and Methods
	Protein Production
	ThT Assay
	FTIR Spectroscopy
	Atomic Force Microscopy
	SDS-PAGE

	Conclusions
	
	References

