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Studies have shown that the level of ascorbic acid (AA) is reduced in the brain of Alzheimer's disease (AD)
patients. However, its effect on amyloid- 1—42 (AB42) aggregation has not yet been elucidated. Here we
investigated for the first time the effect of AA on A4, aggregation using fluorescence assay, circular
dichroism, atomic force microscopy, isothermal titration calorimetry, ligand docking, and molecular
dynamics. Our results showed that the fibril content decreases in the growth phase when the peptides

are co-incubated with AA. AA molecules bind to A4, peptides with high binding affinity and a binding
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site for AA between the B-strands of A4, oligomers prevents the stack of adjacent strands. We
demonstrate the inhibitory effect of AA on the aggregation of AB4, and its molecular interactions, which
can contribute to the development of an accessible therapy for AD and also to the design of novel drugs
for other amyloidogenic diseases.

© 2022 Published by Elsevier B.V.

1. Introduction

Alzheimer's disease (AD) is characterized by memory impair-
ment and cognitive decline [1], predominantly affecting elderly
people. The accumulation of amyloid-f (AB) plaques around
neurons has been indicated as a key process in AD pathogenesis
[2]. AB peptides are generated at different lengths through
cleavage of the amyloid precursor protein by the beta-secretase 1
(BACE1) enzyme, with the 42-amino acid peptide (AB42) being
the most neurotoxic one [3,4]. A4z has a hydrophobic C-terminal
region that undergoes conformational changes, forming a B-sheet
secondary structure with a high aggregation tendency [5—7]. The
self-assembly of these peptides generates fibrils and amyloid
plaques, which exert neurotoxic effects such as oxidative stress,
inflammation, and synaptic loss [8—10]. Currently, AD is treated
with drugs that only mitigate the symptoms. Alternative thera-
peutic strategies that target AP4, have been investigated,
including BACE1 inhibitors and immunotherapies aimed at
stimulating the immunological response to A or to avoid amy-
loid aggregation by binding monoclonal antibodies to the pep-
tides [4,9]. However, these strategies have not shown significant
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clinical benefits, and many of them present side effects [11,12].
Novel inhibitors of amyloid aggregation are desirable for devel-
oping an effective treatment for AD.

Ascorbic acid (AA) is an essential antioxidant molecule and a
human dietary component involved in many physiological pro-
cesses, including generation of immunological responses and
maintenance of endothelial integrity [13—15]. The highest con-
centration of AA (1-2 mM) [16] is found in the cerebrospinal fluid,
and the sodium-dependent vitamin C transporter-2 (SVCT2) is
responsible for mediating its transport into the brain and neurons
[16—18]. AAis required as a cofactor for neurotransmitter synthesis,
promotes synaptic maturation, and is responsible for scavenging
free radicals, protecting neuronal cells from oxidative damage
[13,15]. Low levels of AA in the brain are associated with an increase
in the amount of amyloid plaques and cognitive impairment
[19—21]. Kook et al. showed that AA supplementation in an AD
mouse model has a neuroprotective effect, reducing amyloid pla-
que formation and reactive oxygen species generation [22].
Noguchi-Shinohara et al. reported that among elderly women
harboring the apolipoprotein E gene (APOE E4), a risk factor for AD,
they observed a lower incidence of cognitive decline in individuals
with higher levels of blood AA [23]. In addition, an inhibitory effect
of AA was observed on amyloid fibrillation of human insulin [13,18]
and hen egg-white lysozyme [24]. These studies indicate that AA
plays an important role in protecting the brain against
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neurodegeneration caused by amyloid-related diseases.

To the best of our knowledge, no studies have explained the
modulation of A4, aggregation by AA. Here, we investigated the
effect of AA on A4 aggregation to evaluate its therapeutic po-
tential against AD. The molecular interactions involved in the ag-
gregation kinetics were also studied to elucidate the mechanism of
action of AA.

2. Materials and methods
2.1. Materials

B-amyloid (1-42) peptide fragment (cat. no. A9810), dibasic
sodium phosphate (cat. no. S5136), monobasic sodium phosphate
dihydrate (cat. no. 71500), L-AA (cat. no. A5960), thioflavin T (cat.
no. T3516), sodium chloride (NaCl, cat. no. S7653), and sodium
hydroxide (NaOH, cat. no. S8045) were purchased from Sigma-
Aldrich.

2.2. Study design

The formation of A4, aggregates was evaluated using fluores-
cence techniques with the marker thioflavin T (ThT), atomic force
microscopy (AFM), and circular dichroism (CD), while the type of
interaction between AA molecules and AB4> monomers was studied
using isothermal titration calorimetry (ITC), ligand docking, and
molecular dynamics (MD). This study was not pre-registered and
institutional ethical approval was not required. No randomization
and blinding tests were performed, and no inclusion or exclusion
criteria were applied. The sample size was based on previous studies.

2.3. Preparation and incubation of AB42

The lyophilized AB42 was solubilized in 1 mM NaOH, filtered
through a 0.2 um Millipore filter, and then diluted in phosphate
buffered saline (PBS) (10 mM, 0.1 M Nacl, pH ~7.4). To determine
the AB4, concentration, the absorption at 280 nm was measured in
a Nanodrop One (Thermo Fischer Scientific) using a molar extinc-
tion coefficient of 1490 ML cm™'. Samples of AB4, 10 pM were
prepared with and without AA 250 pM in PBS buffer for ThT fluo-
rescence and AFM experiments. For CD analysis, aliquots of
30 uM A4y were prepared with or without AA (250 uM) in PBS
buffer. All samples were prepared in triplicate and incubated in a
MS-100 thermoshaker incubator for 72 h at 37 °C and 300 rpm.

2.4. ThT fluorescence assay

The formation of amyloid fibrils was evaluated using a ThT
fluorescence test. The ThT stock solution was freshly prepared in
methanol, filtered through a 0.2 pm Millipore filter, and diluted in
deionized water. At 24 h intervals, aliquots of incubated samples
were collected to prepare solutions containing A4 2 pM and ThT
(4 uM), which were added to a 96-well plate. The fluorescence of
the solutions was measured in the top read mode using a Spec-
traMax Microplate Multi-mode M3 Reader (excitation at 440 nm,
emission at 480 nm). A control sample containing only AA in PBS
and incubated under the same conditions was also analyzed and
used to normalize the fluorescence intensity of the samples with
AB42 + AA. For the samples without AA, ThT fluorescence only in
PBS was used for normalization. All tests were performed in
triplicate.

2.5. Statistical analyses

Statistical analyses of fluorescence data were performed using
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Microsoft Excel (Microsoft 365) by applying one-way and two-way
analysis of variance (ANOVA) models. One-way ANOVA was per-
formed to determine the statistical difference among all incubation
times for the same group. Two-way ANOVA with repetition was
performed to compare differences between groups 1 and 2 at
different incubation times. For all comparisons, an alpha of 0.05
was used; p < 0.05 was considered significant.

2.6. AFM

At 24 h intervals, 10 pL of the incubated sample was collected
and dripped onto mica. After 10 min, the mica was carefully washed
with deionized water to remove excess salt from the buffer and
dried in a desiccator for 12 h. AFM images were obtained using a
NanoSurf Flex AFM microscope Flex-Axiom with a TAP300AL-G tip
and processed using the Gwyddion software. The average height of
the fibrils was determined from the cross-sectional contours of 3
fibrils (n = 3) in the AFM images of each sample.

2.7. ITC

ITC measurements were performed in a Malvern Microcal
ITC200 at 37 °C with 50 uM AB4, monomers in the sample cell and
AA 5 mM in the syringe, both in the same buffer (10 mM PBS,
192 uM NaOH, pH 7.4). Initially, 0.4 pL of AA was titrated, followed
by 35 additional injections of 2 puL of AA, at intervals of 180 s, until a
saturation profile was observed in the isotherm. The isotherm was
obtained using Origin 7.0 provided by MicroCal ITC and its fitting
was performed using the NanoAnalyse 3.1 software, which deter-
mined the interaction model and thermodynamic values. To obtain
the heat of dilution, AA 5 mM in the injector was titrated into the
buffer in the sample cell under the same conditions as the inter-
action experiment. The experiments were performed in triplicate.

28 (D

The CD measurements were performed on a Jasco J-715 spec-
tropolarimeter in a 0.1 cm optical path cuvette and in the range of
200—280 nm. Samples of ABsy (30 uM) with and without AA
(250 uM) were incubated for 72 h and analyzed every 24 h, as were
the controls of PBS (10 mM) and AA (250 uM). The data were
processed in CDToolX, and each spectrum was generated through
an average of six scans as a function of ellipticity (mdeg). The B-
sheet content was determined using K2D3 software as a function of
molar extinction (Ae).

2.9. Ligand docking and simulation

The first attempt to identify a binding pocket in the A4 fibrils
(PDB ID 2BEG [25]) did not reveal a reasonable pocket for AA.
Considering the molecular stoichiometry observed in the ITC data,
we generated a pre-fibrillar structure by removing the central
strand in the AB42 NMR structure to generate two units with two f-
strands in each unit. A search for a cavity in this structure revealed a
suitable pocket that was used for docking calculations with LiBELa
[26]. The (5-stranded) AB4> NMR structure, the pre-fibrillar struc-
ture, and the pre-fibrillar structure bound to AA were used in MD
simulations using the AMBERFF19SB force field and the AMBER
package [27—29]. The data obtained from a productive 300-ns NPT
simulation TIP3P solvent for each system were used for analysis,
using CPPTRAJ] [30], AmberEnergy++ [31]. Each system was
neutralized, and Na+ and Cl-ions were added to ensure a final
concentration of 150 mM NaCl in the simulation box. Figures were
prepared using the VMD [32] and UCSF Chimera [33].
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2.10. Protein Data Bank (PDB) — acession numbers

The acession ID of the A4 fibrils structure used in the molec-
ular dynamics is PDB ID 2BEG.

3. Results
3.1. Inhibition of AB4; fibrillation by AA molecules

Samples containing AB4; monomers (10 uM) and AA (250 pM)
(Group 2) were incubated under pro-aggregation conditions (37 °C,
300 rpm) for 72 h. As controls, samples containing only AP
monomers (10 uM) (Group 1) were incubated under the same
conditions (Fig. 1A).

To monitor amyloid aggregation, aliquots of the AB4> monomer
samples with or without AA were collected at 24 h intervals and
analyzed using AFM and Thioflavin T fluorescence assays. For each
test, three independent aliquots were analyzed (n = 3). Sample
sizes were chosen based on previous studies [34,35]. ThT is a
fluorescent probe whose emission increases upon binding to B-
sheet structures and has been extensively used to quantify amyloid
fibrils [36—38]. In this study, a fluorescence assay was employed to
compare the formation of fibrils between groups 1 and 2. As shown
in Fig. 1B, for samples without AA, the intensity of ThT fluorescence
increased over time, with an increase of 57% between 24 h and 72 h,
demonstrating that the AB4, aggregated into B-sheet-rich fibrils.
When the AB4; samples were incubated with AA, a significantly
lower fluorescence intensity was observed for all incubation times.
Interestingly, for this group, the ThT emission decreased by 39% in
the 24—72 h interval. After 72 h of AB4, incubation under pro-
aggregation conditions, the mean fluorescence value was 77%
lower in samples containing AA than in those without AA. These
results reveal that AA has a significant effect on amyloid aggrega-
tion by inhibiting fibrillation. Although sample preparation was
performed to contain only monomers, the ThT signal after 72 h for
samples with AA is lower than at t = 0, which may indicate that
there were some aggregates in the samples at the beginning of
incubation. The AFM images (Fig. 2A) corroborated the fluorescence
analysis results; although fibril formation was observed in both
samples (Groups 1 and 2) after 24 h of incubation, fibrillar aggre-
gates were found in the growth phase (24—72 h) only in the sam-
ples without AA. The height distribution of the fibrils was
determined from the cross-sectional contours of the AFM images

A

Incubation in pro-aggregation conditions
(37°C, 300 rpm, 72 h)

GROUP 1
10 uM AB4, monomers

GROUP 2
10 uM AB4, monomers + 250 uM AA
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(Fig. 2B). In the 24—72 h interval, the height of the fibrils increased
from 8.1 + 1.6 to 31.0 + 1.8 nm in the absence of AA, while the
height decreased from 12.1 + 0.5 to 6.8 + 0.6 nm for peptides co-
incubated with AA. A decrease in fibril height was also reported
in previous studies using other inhibitors [34,35]. Fluorescence and
AFM data indicated that AA could reverse fibrillation during the
initial stage of aggregation.

CD analysis was performed to assess transitions in the second-
ary structure during amyloid aggregation. Samples containing
30 uM AP4; were incubated in the absence or presence of AA
(250 uM). Fig. 3 shows the CD spectra, in which the characteristic
band of B-sheet structures (at 220 nm) was observed after 24 h of
incubation for both samples, confirming the transition of unstruc-
tured native monomers to B-sheet-rich structures. In contrast to
the ThT and AFM results, the samples of the two groups presented
similar CD spectra. As discussed by Jiang et al. [39], the ThT probe
identifies orderly stacked B-sheets, which are found in fibrillar
aggregates. Therefore, co-incubation with AA may not have a
remarkable effect on the conformational changes of AB4, peptides
but may inhibit fibrillar aggregation. Notably, the ratio of A4 to AA
concentrations was lower in the CD assay, suggesting that AA has a
dose-dependent effect on AB4, aggregation. Earlier reports also
showed a dose-dependent effect of AA on the inhibition of insulin
fibrils [18]. Despite the similar spectra, the evolution of B-sheet
content as a function of incubation time (Table 1) was different
between the groups. After 24 h, the B-sheet content increased with
time for AP4 incubated without AA, but decreased for AA-
containing samples. In addition, although the fluorescence tests
indicate the presence of pre-aggregated structures at the beginning
of the incubation, the CD spectra are typical of the monomeric form
of the peptide. Thus, we can conclude that the samples contained
both monomers and small oligomers (for example, dimers and
tetramers) that cannot be distinguished from each other by this
technique.

3.2. High binding affinity between AA and AB42 monomers

ITC was used to model the inhibitory effect of AA on the for-
mation of amyloid fibrils. The AA dilution heat was evaluated
(Fig. S1, Supporting Information) and showed a minimal and
sequential heat of dilution (0.085 + 0.005 pcal/s) that did not affect
the interaction measurements. Then, AA 5 mM was titrated to
50 uM AP42 monomers in the same buffer (10 mM PBS, 192 uM
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Fig. 1. — (A) Schematic view of the groups used to evaluate the AA effect in AB4, aggregation. Created with biorender.com. (B) ThT fluorescence intensity of samples containing
10 uM AB42 monomers at 480 nm wavelength after incubation at 37 °C for 0, 24, 48 or 72 h in the absence (red points) or presence of AA (250 uM; blue points). The fluorescence
intensity of ThT and ThT + AA was used in the data normalization. The measurements and errors are represented by average and standard deviation, respectively. *Statistically
different (F(116) = 106.27, p < 0.001) from group 1 at the same incubation time; #Statistically different between all incubation times of the same group (F3s) = 6.81, p < 0.02 for
group 1 and Fi3g) = 29.67, p < 0.01 for group 2); all tests were performed with n = 3, where n is the number of independent aliquots, an o. = 0.05.
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Fig. 2. — (A) AFM images of AB4, 10 uM incubated at 37 °C for 24, 48 or 72 h with or without AA. Scale: 4 pum x 4 pm. Green bars represent the cross-sectional contour used to
determine fibril height. (B) Fibrils height determined from AFM images of AB4, incubated in pro-aggregation conditions with or without AA for 24, 48, and 72 h.
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Fig. 3. Secondary structure study of AB4,. Circular dichroism spectra over time of AB4, 30 uM incubated at 37 °C in the absence (left) and presence of AA 250 uM (right).

Table 1
- Beta-sheet content of the samples over time determined from CD measurements
using K2D3 software.

Incubation time B-sheet content

ABaz ABaz + AA
Oh 17.9% 15.7%
24 h 32.6% 35.1%
48 h 33.1% 34.4%
72 h 33.7% 34.1%
Time (min)
O 10 20 30 40 50 60 70 80 90 100 110
0’2 i - 1 o, 1 o 1 o 1 o, 1 , 1 o, 1 . 1 o 1 4 1 4 1
0,0 rﬂq
-0,2 -
o J
B 04
==
8 J
= -0,6
-0,8 -
0,0
-0,2
= J
< -0,4 4
[&] 4 - mE
u NN
2 o6 ann==ant
= -
u— 1 "
© .0,8 -
IB 4
£ -1,0 1 T "
8 -1,2
x B
-1,4 T T T T T T T T T
0 10 20 30 40

Molar Ratio

Fig. 4. ITC isotherm revealing the interaction between AA and A4, monomers. AA
(5 mM in the syringe) was titrated to 50 uM AB4, monomers in the sample cell. The
experiment was performed in 10 mM PBS and 192 pM NaOH at pH 7.4 and 37 °C.
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Fig. 5. Fitting curve and thermodynamic parameters of the binding between Af4,
monomers and AA. The parameter values were determined by the NanoAnalyse 3.1
software using the multiple binding sites model and a 95% confidence interval (CI).

NaOH, pH 7.4), with a 100-fold higher concentration of the ligand
than of the substrate. The isotherm in Fig. 4 shows the binding of
AA molecules to the monomers through an exothermic reaction
(negative peaks) and the typical shape of a receptor containing two
binding sites with different affinities [40,41].

The fitting of ITC data was performed using the NanoAnalyse 3.1,
which also provided the thermodynamic parameters. Four points
were excluded from the ITC curve, since the noise from these points
did not enable a precise integration for the post-analysis. This may
have resulted, for example, from a bubble in the system for these
injections. This is a common procedure in the software of the
analysis used. The model that best fitted the curves was cooperative
binding with multiple sites (Fig. 5). Based on the association (Kj,)
and dissociation constants (Kp), we determined that the interaction
occurred through positive cooperative binding with two sites. In
this interaction mode, the binding affinity of the AA molecules
increased as the peptide binding sites were occupied (K2 > Kaip).
The binding of AA to AB4 has a non-integer stoichiometry, which
may suggest the binding to the small oligomers instead of AA
binding to monomers, where a 1:1 stoichiometry would be
observed. Other molecules such as Tabersonine [35] and Ginnalin A
[34] have also been reported to inhibit fibrillar aggregation upon
binding to monomers or oligomers. However, AA exhibits low Kp
values (Kp; =99.11 x 10~%; Kpy = 2.34 x 1072, as shown in Table 2),
indicating a high binding affinity to AB4> peptides. In addition,
many studies have indicated that natural compounds with anti-
oxidant properties are promising molecules for AD treatment. For
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Table 2

Comparison of Kp values of inhibitors of Af4; fibrillation.
Inhibitors of AB4; fibrillation Kp (nM) Ref
AB-Apt 63.4 [45]
AA 99.1 This work
Ginnalin A 3500 [34]
Tabersonine 6900 [35]

example, curcumin derivatives have been extensively explored
[42—44]; however, their rapid metabolism and low absorption are
challenges that need to be overcome in order to deliver therapeutic
concentrations to the brain. In this sense, the use of AA is also ad-
vantageous as it tends to accumulate in the brain [15,16].

3.3. AA binding prevents (-sheet stacking of AB4> oligomers

The atomic details of the interaction between AA and AB4; were
also evaluated using ligand docking and MD simulations. Based on

“Unit1  Unit2

Interaction Rearrangement

Biochimie 200 (2022) 36—43

our previous results that indicated AA binding to small oligomers,
we chose the NMR structure of pentamers (PDB ID 2BEG [25]),
which has been reported to be the most predominant aggregated
form during the lag phase and also act as seeds in amyloid aggre-
gation [6,34]. The first attempt to identify a binding pocket in the
AP4> pentamers did not reveal a reasonable pocket for AA (Fig. S2,
Supporting Information). Considering the molecular stoichiometry
observed in the ITC data, we generated a pre-fibrillar structure by
removing the central strand in the AB4; NMR structure to generate
two units with two B-strands in each unit. The low-energy docking
pose suggested favorable polar interactions between AA and Asp23
and Lys28 of adjacent strands, showing a reasonable pocket for AA
using this structure (Fig. 6A).

MD simulations of the AB4, pentamer (Fig. 6B) indicated that the
interaction between Asp23 and Lys28 accounted for at least 60% of
the total interstrand interaction energy. This finding suggests that
AA competes with other AB4> monomers to bind to the B-strand
surface of oligomers. When the central f-strand was removed
(Fig. 6C), we rapidly observed the formation of a tetramer,

Fig. 6. Ligand docking and MD studies of the binding interactions between AB4, and AA. (A) Docking of AA in a cleft between B-strands 2 and 4 in the A4, fibrils. The ligand
interacts with Asp23 (B-strand 2) and Lys 28 (B-strand 4). (B) ABa; fibrils (PDB ID 2BEG) after 300 ns of MD simulation. The structure of the fibrils is very stable over time. (C) AB42
pre-fibrillar structure and (D) conformation obtained after 100 ns of MD simulation. Here, a four-stranded structure was obtained in an equilibrium simulation. (E to H) Time
evolution of the MD simulation of the AA-bound APy, pre-fibrillar structure: (E) initial structure; (F) initial separation of the units after 50 ns; (G) Rearrangement of the interaction
between Asp23 and Lys28; (H) Dissociation of the units. After the dissociation at 60 ns, no spontaneous formation of the fibrillar structure was observed in a 300 ns-long MD

simulation.
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suggesting a chain polymerization potential (Fig. 6D). However,
when the same structure was simulated with an AA molecule
docked between the two units, we observed competition for the
interaction with Asp23 and Lys28, resulting in new interactions
between the two strands of each unit that stabilize them and
prevent stacking (Fig. 6E—H). In this scenario, even after the
spontaneous unbinding of the AA molecule, the AB4, tetramer was
not formed during a 300 ns simulation, indicating an AA-
dependent effect on fibril formation (Figs. S3 and S4, Supporting
Information). Taken together, the simulation data suggest a binding
site for AA between the B-strands and that the interaction occurs
with amino acid residues that are crucial for fibril formation. Once
Lys28 and Asp23 are occupied by the interaction with AA, these
‘charged clamps’ undergo an intrastrand structural rearrangement,
losing an important interaction for the stacking of adjacent strands.

4. Discussion

In conclusion, our study demonstrated the effective inhibition of
APy fibrillation by AA molecules. After 72 h of incubation, samples
containing AB4; co-incubated with AA presented 77% fewer orderly
stacked B-sheet structures, which are characteristic of amyloid fi-
brils. In addition, while there is an increase in fluorescence in-
tensity with time for samples with only A4, there is a decrease for
AB42 samples incubated with AA. These results suggest that AA can
not only prevent aggregation but also disrupt preformed fibrillar
aggregates. ITC experiments revealed the high affinity binding of
AA molecules to AB4, based on a positive cooperative binding
model. Molecular docking and MD analyses revealed that AA
molecules compete with other A4 monomers for binding to AB4»
oligomers at sites in the D23-K28 region. Studies have previously
reported that during fibril formation, monomer strands are ar-
ranged to maximize hydrophobic interactions [40,46]. These
conformational changes are stabilized by the salt bridge between
D23 and K28 residues [46]. Therefore, our results suggest that AA
prevents the formation of amyloid fibrils by binding to small AB4;
oligomers, which causes their disassembly. It is also reported that
mutations in the D23-K28 region lead to early-onset AD [47,48]. For
example, in the familial lowa mutant, negatively charged aspartic
acid (D23) is replaced by neutral asparagine resulting in decreased
electrostatic repulsion of oligomers and increased aggregation rate
[49,50]. Kai et al. also demonstrated that Tabersonine, a natural
product from Voacanga Africana, disrupts the D23-K28 salt bridge
and inhibits the formation of AB4; fibrils [35]. Therefore, molecules
that act in this region, such as AA, are promising to prevent the
early development of the disease.

Based on these findings, supplementation or targeted delivery
of AA to the brain may present a promising strategy to prevent
neurodegeneration caused by amyloid plaques. As a potential
candidate drug for AD therapy, AA is advantageous because it
crosses the blood-brain barrier and accumulates close to neurons.
We highlight that this inhibitor is a low-cost natural compound and
that its therapeutic effect may be achieved at low concentrations,
contributing to the development of an accessible therapy. The
binding model between AA and A4, can be explored in the design
of novel drugs for other amyloidogenic diseases.
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