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ARTICLE INFO ABSTRACT
Keywords: Protein misfolding can result in amyloid fiber aggregation, which is associated with various types
Valsartan of diseases. Therefore, preventing or treating abnormally folded proteins may provide therapeutic

Lysozyme amyloidosis
Fluorescence

Circular dichroism
Molecular modeling

intervention for these diseases. Valsartan (VAL) is an angiotensin II receptor blocker (ARB) that is
used to treat hypertension. In this study, we examine the anti-aggregating effect of VAL against
hen egg-white lysozyme (HEWL) amyloid fibrils through spectroscopy, docking, and microscopic
analysis. In vitro formation of HEWL amyloid fibrils was indicated by increased turbidity, RLS
(Rayleigh light scattering), and ThT fluorescence intensity. 10 pM VAL, amyloid/aggregation was
inhibited up to 83% and 72% as measured by ThT and RLS respectively. In contrast, 100 pM VAL
significantly increases the fibril aggregation of HEWL. CD spectroscopy results show a stabili-
zation of HEWL a-helical structures in the presence of 10 pM VAL while the increase in p-sheet
was detected at 100 pM concentration of VAL. The hydrophobicity of HEWL was increased at 100
uM VAL, suggesting the promotion of aggregation via its self-association. Steady-state quenching
revealed that VAL and HEWL interact spontaneously via hydrogen bonds and van der Waals
forces. Transmission electron microscopy (TEM) images illustrate that the needle-like fibers of
HEWL amyloid were reduced at 10 pM VAL, while at 100 pM the fibrils of amyloid were
increased. Additionally, our computational studies showed that VAL could bind to two binding
sites within HEWL. In the BS-1 domain of HEWL, VAL binds to ASN®°, ILE®®, ILE®S, TRP!(8,
VALlog, SERSO, ASPSZ, ASN59, ALA1°7, and TRP!%® residues with a binding energy of —9.72 kcal
mol L. Also, it binds to GLU’, ALA'®, ALA'!, CYS®, ARG'?5, and ARG in the BS-2 domain with a
binding energy of —5.89 kcal mol™!. VAL, therefore, appears to have dual effect against HEWL
aggregation. We suggest that VAL stabilizes HEWL’s aggregation-prone region (APR) at 10 pM,
preventing aggregation. Also, we assume that at 100 pM, VAL occupies BS-2 beside BS-1 and
destabilizes the folding structure of HEWL, resulting in aggregation. Further studies are needed to
investigate the mechanism of action and determine its potential side effects.
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1. Introduction

The formation of amyloid fibrils occurs both in vitro and in vivo under abnormal conditions [1-3]. Amyloid fibril formation has
been linked to neurodegenerative diseases and systematic diseases, such as Alzheimer’s disease, Parkinson’s disease, and type II
diabetes [4-8]. Various types of amyloid-associated diseases are caused by the accumulation of a specific protein [9]. In its native state,
each amyloid-forming protein differs from the others in terms of sequence and folding structure. All proteins, however, share the same
structural morphology after fibrillation, so amyloid fibrillation can be considered a general property of all proteins [6,8]. Amyloid
fibrils are unbranched proteins that are predominantly made up of f-sheet structures with solvent-exposed grooves [3,10]. Each strand
is connected by loops and stabilized by intermolecular hydrogen bonds [11]. Amyloid fibrils are formed when the natively folded or
intrinsically disordered protein undergoes significant restructuring [12].

It is known that human lysozyme (HL) displays different structural changes that lead to the formation of amyloid fibrils under
certain conditions [13]. Of the 130 amino acid residues of HL, TRP®* and TRP'?? are confirmed as the most dominant fluorescent
markers in the binding site [14]. Lysozyme amyloidosis is a hereditary non-neuropathic disease, it may associate with renal
dysfunction, sicca syndrome, hepatic rupture, gastrointestinal tract hemorrhage, lymphadenopathy, purpura, and petechiae [15].
Lysozyme amyloidosis occurs because of a single-point mutation in the lysosomal gene. It causes the extracellular plaque aggregation
of human lysozyme amyloid to occur in large quantities in different organs such as the gastrointestinal tract, kidneys, lymph nodes,
liver, spleen, and blood vessels [16]. The symptoms and severity of these diseases have been associated with the physical appearance of
mature fibrils. However, the oligomers may have a considerable level of toxicity [17]. The analysis of lysosomal fibril data revealed
that the core of this fibril consists of particular amino acid residues [15]. Therefore, targeting these amino acids may block fibril
formation [18]. Until now there is no effective treatment for lysosomal amyloidosis. Therefore, great scientific efforts toward the
development of treatments that prevent lysosomal amyloid fibrils formation are needed [19].

A HEWL extensively studied for its ability to form fibrils and amorphous aggregates [19]. This globular protein, made up of 129
amino acids and four disulfide bridges, is folded into a single polypeptide chain (Fig. 1A). In vitro, HEWL produces amyloid fibrils that
are identical morphologically to those produced by HL. As HEWL is readily available in aqueous media and is easily soluble, it is an
ideal model for lysosomal aggregation and amyloidosis studies [15].

Angiotensin II receptor blockers (ARB) were first investigated as antihypertension medications in the 1990s. ARB such as VAL
prevents angiotensin II from binding to the angiotensin II type 1 (AT1) receptor, which causes arteries to vasodilate. Thus, lowering
blood pressure [21]. A previous study by Zhao et al. shows that VAL can prevent the oligomerization of the Ap peptide in vitro [22]. In
another study, VAL was found to improve cognitive function and reduced Af} aggregation in mice [23]. According to Barthold et al.
ARBs can prevent the onset of Alzheimer’s disease [24]. Accordingly, we hypothesized that VAL has anti-amyloidogenic effects on
HEWL aggregation (Fig. 1B).

2. Materials and methods
2.1. Materials

HEWL (Lot #: L6876, purity >90%), 8-Anilino-1-naphthalene sulfonic acid (ANS), and Thioflavin-t (ThT) was provided from
Sigma-Aldrich (St. Louis, MO 68178, USA). VAL was purchased from MedChemExpress (MCE) (Monmouth junction, NJ 08852, USA).
Other chemicals were obtained from Sigma-Aldrich (St. Louis, MO 68178, USA). All experimental solutions were prepared using
double-distilled water purified by the Milli-Q system and were of analytical grade. SENTRON INTEGRATED SENSOR TECHNOLOGY
2001 pH meter (Texas City, TX, USA) was used to assess the pH. All fluorescence measurements were conducted using Agilent
Technologies Cary Eclipse-Fluorescence Spectrophotometer (Santa Clara, USA).

A)

Fig. 1. (A) HEWL folded structure. (B) Chemical structure of VAL [20].
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2.2. Invitro fibrillation of HEWL

100 pM of HEWL in the absence and presence of 10 pM and 100 uM VAL were prepared immediately before the experiment by
dissolving HEWL in glycine buffer, pH 2.0 (100 mM glycine/HCIl, 100 mM NaCl) and filtered by 0.45 pm filter syringe. The con-
centration of HEWL was determined using a molar extinction coefficient of 37970 M~ lem™! at 280 nm [25]. VAL was prepared in
absolute DMSO and filtered by 0.45 pm filter syringe. The VAL stock solution was subjected to further dilution with Milli-Q to meet the
required concentrations. To induce in vitro formation of amyloid fibrils, HEWL samples were incubated for 10 h at 55 °C under constant
agitation (600 rpm). At different time points, HEWL solutions were aliquoted after being vortexed to well-distribute the amyloid fibrils
[26]. The concentration of HEWL was fixed at 10 pM for all experimental assays.

2.3. Turbidity measurements

Measurements of turbidity between 350 and 450 nm can be used to study amyloid aggregate formation. Since protofibrils are too
small to reflect light at 400 nm, turbidimetric measurements can only be used to detect mature fibrils [27,28]. It is easy to conduct
turbidimetric tests with standard spectrophotometers, but they require a relatively high level of protein concentration [29,30].
Furthermore, this method cannot be used to detect oligomers or protofibrils, so it is not suitable for quantitative studies. Agilent
Technologies Cary 60 UV-Vis Spectrophotometer (Santa Clara, USA) was used to measure the turbidity of HEWL with and without 10
pM and 100 pM VAL in a 1 cm path length cuvette at 350 nm with a path length of one cm. Additionally, HEWL fibrils were monitored
for 10 h without VAL.

2.4. Rayleigh light scattering measurements

RLS of fibrillated HEWL with and without VAL was conducted at room temperature using Agilent Technologies Cary Eclipse -
Fluorescence Spectrophotometer (Santa Clara, USA). The emission spectra were recorded between 300 nm and 600 nm after exciting
the protein at 350 nm. The slit width of both excitation and emission was 2.5 nm [14].

2.5. ThT fluorescence assay

ThT stock solution was prepared from distilled water and filtered via 0.45 pm syringe. The concentration of ThT was determined
using a molar extinction coefficient of 36000 M~ lem™! at 412 nm [31]. For ThT fluorescence measurements, HEWL samples were
incubated at pH 2.0 and 55 °C for 10 h with and without 10 m and 100 m VAL. HEWL fibrillation kinetics were analyzed by collecting
aliquots of a mixture every 2 h for up to 10 h without VAL. Following this, HEWL samples were diluted in glycine/HCI buffer to a
concentration of 10 pM. ThT was added to the 10 pM HEWL samples with and without VAL in a 1:1 M ratio and incubated in the dark at
25 °C for 30 min. The excitation wavelength was 440 nm, and the emission wavelength was from 450 to 600 nm, with a slit width of 5
nm.

2.6. ANS binding assay (hydrophobicity analysis)

ANS is a dye used to detffect hydrophobic patches on proteins’ surfaces. ANS stock solution was prepared in ethanol and the
concentration was determined using a molar extinction coefficient of 5000 M~ lem ! at 350 nm [32]. 10 uM HEWL samples with and
without 10 pM and 100 pM VAL were incubated in the dark at 25 °C for 30 min with a 50-fold molar excess of ANS prior to the
measurements. The emission spectra were recorded from 400 nm to 600 nm after excitation at 380 nm with a slit width of 5 nm [33].

2.7. Far-UV circular dichroism (far-UV CD) measurement

Applied Photophysics Chirascan Plus spectrometer (United Kingdom) was used to investigate the change in the secondary structure
of HEWL in the presence and absence of 10 pM and 100 uM of VAL. The CD spectra of HEWL were scanned in a cuvette of a path length
equal to 0.1 mm between 196 nm and 250 nm at 25 °C. The percentage of secondary structure change was calculated by BeStSel [34].

2.8. Intrinsic fluorescence measurements

Intrinsic Fluorescence intensities of HEWL samples with and without 10 pM and 100 pM of VAL were measured using a spectro-
fluorometer. A fixed excitation wavelength of 295 nm was used, and the emission spectra ranged from 300 to 400 nm. Both excitation
and emission were conducted with a 5 nm slit width.

2.9. Steady state fluorescence quenching measurements

Steady-state fluorescence quenching measurement was conducted at three different temperatures 298 K, 303 K, and 310 K to
investigate the binding relationship between HEWL and VAL. The concentration of HEWL was fixed at 5 pM and the increase of the 1
mM VAL volume was chosen based on the quenching degree. The fluorescence intensity measurement was performed by exciting the
protein at 295 nm and measuring its emission spectra at 300 nm-400 nm. For this binding experiment, 20 mM sodium phosphate
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buffer was used to prepare HEWL at pH 7.4, while VAL were prepared in 100% DMSO and then diluted with Milli-Q to the desired
concentration. The data was analyzed according to the Stern-Volmer Equation (eq (1)) [35]:

F
70:1 + Ksv[Qly = 14 K700l N

where Fy and F represent fluorescence intensities of HEWL with and without VAL, [Q], represent VAL concentration, K, is the
bimolecular rate constant of the quenching reaction, Kgy is the Stern-Volmer quenching constant, and 7, represent the fluorescence
lifetime of protein which is ~1078s. Binding sites and binding constants will be obtained from the equation (eq (2)) [35]:

Fo—F) [ FIK, +n[Q), [2]

where n represent the number of binding sites and K}, is the binding constant. Change in entropy (AS°), enthalpy (AH®),and Gibbs free
energy (AG®), were calculated using Van’t Hoff equation (eq (3)), and Gibbs free energy equation, respectively (eq. (4)) [35]:

AH®  AS°
Ink,= — 3
& RT ' R 31
AG°=AH’ — TAS° = —RT n K, [4]

where T is the absolute temperature (K) and represents the gas constant which is equal to 1.987 cal mol > K.

2.10. Transmission electron microscopy (TEM) analysis

JEOL JEM1400 Transmission electron microscope operating at an accelerating voltage of 120 kV was used to obtain the micro-
graphs of HEWL with/without VAL. Samples were dropped on a 300-mesh copper grid and were covered by carbon-stabilized formvar
film and after 2 min the excess fluid was removed. Then, grids were negatively stained using a uranyl acetate solution.

2.11. Molecular modeling studies

2.11.1. Molecular docking

Further exploration of valsartan-HEWL interaction, molecular docking, and dynamic simulation has been conducted using Auto-
Dock 4.2.6 software and NAMD [32,36]. First, all the binding sites of HEWL were predicted using the SiteMap program, followed by
molecular docking [37]. The crystal structure of HEWL (6LYZ) was retrieved from Protein Data Bank (PDB) [32], whereas the
three-dimensional (3D) structure of VAL (CID: 60846) was retrieved from PubChem. Water molecules were removed, and all hydrogen
atoms were added. Following that, partial Kollman charges were added to the protein, and it was set to be rigid. The grid size was set
for each site with 0.375 A grid spacing. The size of the GA population was 150. Then all predicted sites were subjected to molecular
dynamics simulation for 5 ns. Binding residues were visualized and identified using discovery studio 3.5.
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Fig. 2. Turbidity measurements by recording O.D. at 350 nm. (A) HEWL incubated for 10 h at 55 °C with 600 rpm agitation. (B) 10 pM HEWL fibrils
incubated for 10 h at 55 °C with 600 rpm agitation with and without 10 pM and 100 pM VAL.
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2.11.2. Molecular dynamic simulation

Molecular Dynamic (MD) simulation of the free HEWL and its docked complex with VAL at BS-1 and BS-2 was performed with the
Charmm-GUI and NAMD packages [38]. A cubic box was constructed using the NAMD force field. VAL was restrained at 300 K and
equilibrated at NPT (constant number, pressure, and temperature), followed by NVT (constant number, volume, and temperature), at
1 bar and 300 K, respectively. Simulations of production were run at 300 K for 5 ns after equilibration. A computational analysis of the
conformational changes of free HEWL and its docked complex with VAL at BS-1 and BS-2 was performed using Root-mean-square
fluctuation (RMSF), Root-mean-square deviation (RMSD), and Radius of gyration (Rg).

3. Results and discussion
3.1. Turbidity measurements

HEWL amyloid fibril formation was monitored via a turbidity assay at 350 nm [32]. As shown in Fig. 2A, increasing the absorbance
with increasing time of incubation reflects the formation of aggregates and was more visible (precipitates) and significant after 10 h.
The turbidity of HEWL aggregation was also measured with and without 10 pM and 100 pM VAL to test its behavior toward amyloid
fibrils. 10 pM of VAL sharply reduces HEWL aggregation. Whereas unexpectedly higher concentration at 100 pM significantly induced
fibril aggregation (Fig. 2B). Suggesting that VAL successively hinder the early formation of amyloid fibrils at 10 pM.

3.2. Rayleigh scattering measurements

In this study, RLS was used to measure protein aggregation at 350 nm to investigate the anti-aggregation effect of VAL against
HEWL fibrillation [39]. HEWL was incubated under the above-mentioned conditions to produce amyloid fibrils. Native HEWL at 25 °C
shows little scattering, which indicates that amyloid fibrils are not present. When HEWL was co-incubated with 10 pM and 100 pM of
VAL, different results were observed for aggregation. Light scattering increases with aggregation [40]. The results of the light scat-
tering of HEWL fibrils with/without 10 pM and 100 pM VAL is illustrated in Fig. 3. VAL reduces the formation of amyloid fibrils by 72%
at 10 pM. Comparatively, 100 pM VAL promotes fibril formation, resulting in a high spectra record. However, it appears that at a
concentration of 10 pM, VAL inhibits the aggregation of HEWL.

3.3. Effect of VAL on HEWL fibrils: ThT fluorescence assay

The binding of ThT dye into the p-sheet structure is a characterization of amyloid fibrillation [41]. To explore the effect of VAL
toward HEWL amyloid fibrils, changes in the fluorescence intensities have been detected for fibrillated HEWL that is co-incubated with
and without 10 pM and 100 pM VAL at 55 °C for 10 h. The ThT fluorescence intensity increases as the amyloid fibrils increase until it
reaches the level of saturation [42]. Fig. 4A illustrates HEWL aggregation kinetics. As amyloid fibrils are formed in HEWL, ThT
fluorescence intensity increases with time. In Fig. 4A, HEWL amyloid aggregation is shown to follow a sigmoidal curve with a lag
phase, an growth phase, and a saturation phase. Native HEWL does not display significant increases in fluorescence intensity when
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Fig. 3. Rayleigh scattering measurements of 10 pM HEWL. (A) represents HEWL fibril formation incubated at pH2, 55 °C for 10 h. (B) Shows the
effect of 10 pM and 100 pM VAL on HEWL aggregation after 10 hrs incubation at pH2, 55°C.
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Fig. 4. The effect of VAL on HEWL fibrillation was measured by ThT fluorescence assay. (A) ThT fluorescence intensities of HEWL were monitored
at different time points during the incubation period. (B) ThT fluorescence bar of HEWL in the presence and absence of 10 pM and 100 pM of VAL
after incubation at 55 °C for 10 h.

compared to HEWL after 10 h incubation, due to its lack to p-sheets (Fig. 4B). A maximum peak of 485 nm is observed in HEWL fibrils
[43]. The fluorescence intensities of HEWL fibrils were measured at 10 pM and 100 pM of VAL to investigate whether it influences
HEWL fibrils growth. The dual effect of VAL can be seen in Fig. 4B. Co-incubation of HEWL with 10 pM VAL led to an 83% reduction of
ThT intensity, thus in the number of amyloid aggregates. Whereas these aggregates were increased in the presence of 100 pM VAL.
Proving the ani-aggregation activity of VAL at 10 pM.

3.4. Effect of VAL on the surface hydrophobicity of HEWL

ANS fluorescence technique is conducted to elucidate protein folding and identify the presence of hydrophobic amino acids on the
protein surface [44]. Upon binding to the hydrophobic group, ANS fluorescence intensity is increased. ANS fluorescence measurements
were used to investigate the effect of VAL on surface hydrophobicity. In native HEWL the hydrophobic amino acids are present inside
the folded conformation; thus, the ANS fluorescence intensity was insignificant. Whereas there was an increase in the fluorescence
intensity in the case of fibrillated HEWL, due to the surface exposure of hydrophobic residues [45]. A concentration-dependent
decrease and increase of ANS fluorescence have been observed on fibrillated HEWL that is co-incubated with different concentra-
tions of VAL. In the presence of 10 pM VAL, ANS intensity is decreased, indicating the reduction of hydrophobic residues on the surface
of HEWL. On the other hand, 100 uM of the same drug enhanced the ANS intensity which suggests the presence of high levels of
amyloid fibrils (Fig. 5) [14]. Altogether these results suggest that in the presence of 10 pM VAL, HEWL forms fewer amyloid fibrils.

3.5. Circular dichroism studies

The CD spectroscopic measurement is extensively used in protein structural studies to investigate the changes in protein secondary
structure [46,47]. The changes in the secondary structures after HEWL-VAL binding was measured using far-UV CD measurements.
The typical a-helix structure of the native HEWL occurred at two negative bands: 208 nm and 222 nm. Moreover, HEWL amyloid fibrils
shows a structural transition towered p-sheet secondary structure which is presented as a negative ellipticity at 218 nm CD spectrum
and a positive band at 196 nm [48]. As shown in Fig. 6, compared to the native HEWL, fibrillated HEWL shows a negative peak at 218
nm suggesting the formation of amyloid aggregates. On the other hand, a significant decrease of f-sheet percent and increase in the
content of a-helix occurred under the effect of 10 pM of VAL implying a significant correlation between the low concentration of VAL
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Fig. 5. ANS fluorescence intensity of fibrillated 10 pM HEWL with and without 10 pM and 100 pM VAL.
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Fig. 6. Far-UV CD spectra of 10 ptM HEWL at 25 °C and HEWL incubated for 10 h at 55 °C in the presence and absence of 10 pM and 100 pM VAL.

and the attenuation of p-sheet content. A remarkable increase of f-sheet content with red-shift was associated with 100 pM of VAL.
The percentage of changes in the secondary structure with and without 10 pM and 100 pM VAL is summarized in Table 1. A slight
red shift can be seen in the CD spectrum as a result of the broadening and decreasing intensity of the negative and positive bands. These
events can be assigned to differential scattering phenomena and absorption flattening. Differential scattering phenomena refer to the
relationship between the radiation and aggregation size, in which the scattering of incident radiation is proportional to p-sheet ag-
gregation size. Therefore, the more extended the p-sheets, the more the loss in CD spectral intensity [49]. Moreover, absorption
flattening occurred when the chromophore distributed non-randomly in the sample, i.e., different portions of the sample gave different
absorptions [50]. According to CD spectroscopy measurement results, we found that VAL is effective in preventing the a-to-p transition
of HEWL, only at 10 uM whereas the enhancement of this transition process occurs under the influence of high VAL concentration.

3.6. Intrinsic (tryptophan) fluorescence: conformational analysis

Protein intrinsic fluorescence can be used to evaluate the change in its functional, structural, and physicochemical properties [51].
Therefore, it can be used to monitor the formation of HEWL amyloid fibrils. According to Fig. 7, the fluorescence intensity of fibrillated
HEWL compared to the native form was low. However, the fluorescence intensity has increased in the presence of 10 pM of VAL and
decreased with a slight shift from 340 nm to 343 nm in the presence of 100 pM of VAL. The shifting occurred because of the exposure of
TRP from the interior of the protein into solvent [52]. Also, the red-shift suggests the unfolding of HEWL which leads to more ag-
gregation. The reduction of fluorescence intensity in presence of 10 pM of VAL indicates less exposure to TRP, and thus maintained the
integrity of native HEWL in solution. Thus, the low mass of amyloid fibril formation. Furthermore, the quenching of intrinsic fluo-
rescence indicates the interaction between HEWL and VAL.

3.7. Binding studies of Valsartan-HEWL interactions

3.7.1. Quenching measurement at different temperatures

Fluorescence quenching spectroscopy is used to evaluate the interaction between small molecules and macromolecules such as
proteins [53]. Aromatic amino acids tyrosine (TYR), phenylalanine (PHE), and tryptophan (TRP) are used to investigate conforma-
tional changes upon drug binding. In our study, this method has been utilized to analyze the interaction between HEWL and VAL at
three different temperatures: 298 K, 303 K, and 310 K, to calculate the thermodynamic parameters. According to Fig. 8A, HEWL was
excited to 295 nm, while emission spectra ranged from 300 to 400 nm. A strong emission peak occurred at 345 nm and shifted toward
340 nm after adding VAL. TRP fluorescence is sensitive to the change in environment polarity. Blue shift refers to the shift of the
emission spectrum into lower wavelengths. The binding of VAL to HEWL increased the hydrophobicity in TRP surrounding envi-
ronment, leading to 5 nm blue shift [54]. The concentration of VAL was increased gradually until 62.5 pM while the concentration of
HEWL was fixed at 5 pM. A gradual quenching in the fluorescence intensity was observed, implying the interaction between VAL and
HEWL.

Table 1

Secondary structural contents of HEWL incubated with and without 10 pM and 100 pM VAL as calculated from BeStSel.
Type of sample % of a-helix % of p-sheet % of Turn %of Unordered
Native HEWL 33 +4.87 12 + 3.47 12.5 + 1.80 42.4 £ 6.11
HEWL Fibrils 6.5 + 4.59 26.3 £7.89 15 + 2.16 52.2 £7.53
HEWL Fibrils +10 uM VAL 33.1 £ 4.59 13.4 + 4.36 11.5+ 1.65 42 + 6.06
HEWL Fibrils +100 pM VAL 2.6 +1.83 26.5 £9.17 14.5 + 2.09 56.4 + 8.14
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Fig. 7. Intrinsic fluorescence spectra of 10 pM HEWL incubated for 10 h at 55 °C in the presence and absence of 10 pM and 100 pM VAL.
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Fig. 8. (A) Quenching spectra of HEWL intrinsic fluorescence by elevating the concentration of VAL at 25 °C. The arrow indicates an increase in
VAL concentration. VAL (a-m) = 0—65.2 pM and Cygwr. = 5 pM. (B) Stern—Volmer plots of HEWL and VAL interaction at 298 K,303 K, and 310 K.
(C) Plot of modified Stern—Volmer equation (eq (2)) regarding the fluorescence quenching of HEWL by VAL at 298 K,303 K, and 310 k.

3.7.2. Binding affinity and mechanism

The K, , and Kgy values of the interaction between HEWL and VAL were calculated by the Stern-Volmer Equation (eq (1)) (Fig. 8B).
The value of K; was used to determine the quenching phenomenon [55]. As shown in Table 2, the K; and Ksy values were reduced with
increasing temperature suggesting that the static quenching mechanism is the reason behind the decrease in the HEWL-VAL fluo-
rescence emission. In static quenching VAL binds to HEWL and forms a ground-state complex [56]. K} reflects HEWL-VAL complex
stability. The higher the K}, value the stronger the complex stability. The K} value of VAL binding decrease with temperature elevation
which implies that the HEWL-VAL complex has poor stability at high temperatures (Fig. 8C) [35].

3.7.3. Thermodynamic parameters

Thermodynamic parameters such as AG°, AS°, and AH° have an important role in controlling protein-drug interaction and their
calculation can help in evaluating the forces that dominate the HEWL-VAL complex formation [55]. Negative or low positive values of
AH° with positive AS° are indicative of electrostatic interaction. Whereas negative AH° and AS° values are associated with van der
Waals force, and hydrogen bonding [57]. Furthermore, positive AH° and AS° values are indicative of hydrophobic interaction [58].
Drug-protein interaction causes the displacement of surrounding solvent leading to a positive change of entropy for the system during
the initial attachment of the protein to the drug. Then forces such as van der Waals, hydrophobic interaction, electrostatic interactions,
and hydrogen bonding control the thermodynamic parameters. In the present study, AG® negative values at all temperatures imply that
the HEWL-VAL interaction occurs spontaneously in nature. Moreover, the negative AH® and AS° values indicated that the HEWL- VAL
interaction is derived by enthalpy rather than entropy and mainly depends on van der Waals interaction and hydrogen bonding
(Table 2) [59].

Table 2
Thermodynamic and binding parameters of HEWL-VAL at different temperatures obtained from fluorescence quenching experiments. “R? for all
values ranges from 0.98.

T(K) K (L mol 1) KoL mol 's™h) Kp(M ™) AH° (Kcal mol ') AS° (Kcal mol ' K1) AG® (Kcal mol ™)
298.15 5.40 x 10°+0.13 5.40 x 10'740.13 2.96 x 108+0.21 -12.35 —0.04 -11.37
303.15 2.03 x 10°+0.05 2.03 x 10'7+0.05 1.82 x 10%4+0.27 -11.35
310.15 0.67 x 10°+0.01 0.67 x 10'7+0.01 1.30 x 10%4+0.29 -10.89
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3.8. Microscopy imaging of HEWL aggregates

Taken all together, the above-mentioned results prove the dual effect of VAL on HEWL amyloid fibrillation. However, the TEM
technique was used to visualize and verify these results. According to Fig. 9A, 10 hrs aged HEWL fibril clearly shows a large amount of
amyloid fibril aggregate. However, compared to the fibrillated control 10 pM and 100 pM of VAL significantly inhibit and promote
fibril formation, respectively (Fig. 9 B, and 9 C). Thus, our results significantly imply the dual behavior of VAL at low and high
concentrations.

3.9. Molecular modeling studies

Five binding sites (BS) were predicted for HEWL using Schrodinger’s SiteMap program [37]. Among these, only two sites were
acceptable for VAL binding. These two sites have different sizes and have different positions. Molecular docking was conducted to
explore the structural details and VAL-HEWL interaction mode at the atomic level within the predicted sites. Autodock software was
used to generate a grid box for each site and then VAL was docked into these defined sites. Following that, the HEWL-VAL complex for
each site was subjected to molecular dynamics simulation for 5 ns. The novel BS-2 is composed of LYS!, PHE?, GLY*, CYS®,GLU7,ALA°,
ALAM LYS'3 ARG'* HIS!'®,SER®® ASP® ILE®® THR®,GLY'?%,CYS'?”, ARG'%® and LEU'?°. According to molecular docking results, VAL
preferentially binds to BS-1 since the binding energy in BS-1 was lower (—9.72 kcal mol 1) than in BS-2 (—5.89 kcal mol™!). VAL binds
to these sites in a concentration-dependent manner. Experimental evidence suggests that VAL binds to BS-1 at 10 pM, a 10-fold lower
molar ratio than HEWL. In contrast, when VAL is present in 100 pM a 1:1 M ratio with HEWL, it binds first to BS-1, followed by BS-2,
since BS-1 has low binding energy over BS-2. HEWL active site consists of the amino acid residues TRP%?, GLU®®, ASP®2, and ALA!?”
[60]. The negative binding energy implies the spontaneous binding of VAL and HEWL [61]. Furthermore, the strength of HEWL-VAL
binding stability increased via hydrogen bonding that forms directly between VAL and some amino acid residues in the pocket of BS-1
more than BS-2. Furthermore, TRP®® and TRP!®® have reduced solvent accessibility due to VAL binding. This leads to the reduction of
the intrinsic fluorescence intensity shown by the fluorescence quenching assay. According to previous studies, the HEWL residues that
tend to form amyloid aggregation include the amino acids 25-33, 55-64,107-112, and 121-129, and the binding of 10 pM VAL to this
sensitive region in BS-1 may prevent HEWL aggregation [62,63]. SiteMapping results are represented in Table 3. Predicted binding
sites are illustrated in Fig. 10A, B. Whereas VAL-HEWL interaction profiles illustrated in Fig. 10C, D. Based on fluorescence studies,
TRP residues interact with VAL in the HEWL binding pocket. The negative change in enthalpy indicates that hydrogen bonds and van
der Waals interactions are the primary modes of VAL-HEWL interaction. Based on docking results, VAL interacts with HEWL by hy-
drophobic interactions and hydrogen bonds in both BS-1 and BS-2. Because VAL lies close to HEWL’s TRP (TRP®? and TRP®%) and TYR
(TYR®®) residues, it can quench HEWL’s endogenous fluorescence [38].

HEWL consists of two domains, the a-domain, and the f-domain. a-domain is made up of five helixes. Whereas the p-domain is
composed of a central 3¢ helix, large loop, and triple-stranded f-sheet. The main catalytic groups at the active site are ASP®2 and
GLU®® [64,65]. A-helix ALA'! interacts with the C-helix ILE %8, as well as the A-helix HIS'®, GLU?, and PHE® (Fig. 11). Furthermore,
HIS'® binds to THR®®, and VAL®? via hydrogen bonds and hydrophobic interactions, respectively. The last two residues are in the
C-helix. Although PHE? is not part of the A-helix, it bonds to ILE®® via hydrogen and plays a crucial role in protein stabilization. C- and
A-helix residues interact to help with protein packing and hold C- and A-helixes close together. As shown in Fig. 10D, VAL binds
directly to ALA'! in BS-2 via hydrogen bonds in a 1:1 M ratio to HEWL. Thus, the C-helix becomes less packed and less stable, leading to
unfolding [66]. Additionally, interactions between ALA!! and VAL may indirectly affect HIS'>, THR®®, and VAL®?, altering the folding
structure of HEWL. Also, this can affect the N-terminal stability and orientation of the A-helix. Small §-sheets connect the f-domain to
the B-helix, and the stability of this sheet greatly affects the stability of the p-domain. The salt bridge forming between LYS' and GLU is
important for stabilizing this small f-sheet. It is important to note that the N-terminal domain, A-helixes, and B-helixes are highly
organized, and any disruption in these regions will result in structural instability. In earlier studies, structural destabilization and
protein aggregation have been reported to result from altering these regions. Furthermore, we found that VAL-GLU” interactions in
BS-2 could negatively affect the N-terminal p-sheet, A-helix, and B-helix interactions (Fig. 10 D). When the B-helix is destabilized, it can
result in partial denaturation and then protein unfolding, which can increase the possibility of amyloid accumulation. In addition,
experimental evidence indicates a significant role for the N-terminal p-sheet in protein unfolding and aggregation [67,68].

Fig. 9. TEM images of HEWL fibrils with and without VAL. (A) 10 hrs. aged HEWL fibrils. (B) HEWL fibrils with 10 pM of VAL. (C) HEWL fibrils
with 100 pM of VAL.
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Table 3
Amino acid residues of BS-1 andBS-2 that interact with VAL as predicted by the SiteMap program. Binding energy was
calculated using the Autodock program.

Binding Site-1

Amino acid residues Interactions involved Binding energy (kcal mol 1)
ILE58 Hydrophobic Interactions —9.72
ILE 98

TRP 108

VAL 109

ALA 107 Hydrogen Bonds

SER 50

ASP 52

GLN 57

ASN 59

Binding Site-2

ALA 10 Hydrophobic Interactions —5.89
CYS 6 Hydrogen Bonds

ARG 128

ARG 14

GLU 7

ALA 11

Fig. 10. HEWL binding sites (BS) as predicted by the SiteMap program. (A) BS-1, (B) BS-2. The binding sites are visualized at the top of the cartoon
presentation of the HEWL surface. The surface of the binding sites is colored light grey with red and blue highlighting the hydrogen bond acceptor
and donor spots respectively. Yellow coloring inside the binding sites indicates that the domains prefer hydrophobic interactions. Docking an
interaction profile of HEWL and VAL in BS-1 (C), and BS-2 (D). Discovery Studio was used to visualize the binding residues at each site. In the 2D
diagram, hydrogen bonds are represented by green color, and hydrophobic interactions are shown by pink color. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)

3.10. Structural stability of HEWL and HEWL-valsartan complex

To determine the stability of the HEWL-VAL complex, RMSD, RMSF, and Rg values were calculated. A 5ns MD simulation was
conducted using CHARMM-GUI for free HEWL as well as HEWL-VAL complex to evaluate the stability of HEWL upon its binding to VAL
at BS-1 and BS-2.

The RMSD is used to measure the equilibration process and dynamic stability of a protein structure after ligand binding. For the first
50 ps, the RMSD values of free and complex HEWLs increase due to protein structure optimization. Free HEWL backbone atoms
reached equilibrium after 50 ps at 1.21 + 0.16 A and did not show significant change over the next 5 ns. A VAL-HEWL complex in BS-1
achieved equilibrium after 50 ps at 1.42 + 0.17 with minimal change after 110 ps. In contrast, in the BS-2, the VAL-HEWL complex
reached equilibrium after 50 ps 1.45 + 0.30 with significant change after 90 ps. VAL-HEWL complexes in both BS achieve equilibrium
at a higher RMSD value after binding to HEWL, as HEWL becomes less stable after binding to VAL. Fig. 12A and B shows that the values
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Fig. 11. The folding structure of HEWL. This is the folding structure of HEWL, with helix A represented by yellow color, and helix C represented by
blue color. VAL binds to GLU’, and ALA''which are in helix A at a 1:1 M ratio with HEWL. VAL binding to these residues destabilizes the folding
structure of HEWL. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. MD simulation analysis of free and complexed HEWL stability. Time evolutions of backbone RMSD of free and VAL-bounded HEW in BS-1
(A) and BS-1/BS-2(B). The Rg of free and VAL-bounded HEW in BS-1(C) and BS-1/BS-2(D). (E) The RMSF of free and VAL-bound HEW in BS-1 and
BS-1/BS-2.

of RMSD of VAL-HEWL are higher than those of free HEWL, indicating that VAL affects HEWL'’s structural conformation. When VAL
occupies BS-1 and BS-2 at a 1:1 M ratio with HEWL, however, more conformational changes and structural instability can be observed
than when VAL binds to BS-1 at a 10-fold lower molar ratio than HEWL. For HEWL, HEWL-VAL complexes in BS-1, and HEWL-VAL
complexes in BS-1/BS-2, the average RMSD was 1.42 + 0.16 , 1.52 £+ 0.17 , and 1,78 + 0.30 , respectively, indicating structural
destabilization of HEWL in the presence of VAL. However, at 100 pM VAL, significant destabilization occurs compared to 10 pM VAL.
In BS-1, VAL binds to HEWL at a molar ratio less than HEWL after 110 ps and dissociates at 210 ps, as shown in Fig. 12A. At 250 ps, free
HEWL resumes fluctuating. As a result, 10 pM of VAL does not significantly affect the structure of HEWL. In contrast, VAL occupies BS-
1 and BS-2 at 100 pM, which is a 1:1 ratio with HEWL, and this binding occurs at 90ps with a large conformational change.
Furthermore, it was unclear whether HEWL returned to its normal conformation (Fig. 12B). Longer simulation times are required to
better understand this MD simulation. It is possible that BS-1 and BS-2 have different arrangements of amino acid residues, which could
explain why high molar ratios of VAL bind faster than low concentrations. Furthermore, VAL has a different orientation and position in
each BS, all of which could explain the early binding of VAL to BS-1/BS-2 in comparison to BS-1.
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During simulation, Rg diagrams were monitored to evaluate structural compression changes. According to the Rg analysis, HEWL
and VAL-HEWL complexes are compressed throughout the simulation [69,70]. MD simulation uses Rg as an indicator of structural
formation [43,71]. In Fig. 12D the VAL-HEWL complex occupying BS-1/BS-2 shows a sudden peak in its Rg profile, indicating
structural transformation and greater exposure to the surface. On the other hand, the VAL-HEWL complex in BS-1 does not show any
sudden drops or peaks (Fig. 12C) [43,72].

Ca RMSF analyses were conducted on each amino acid in HEWL to determine if VAL binding affected its flexibility. In Fig. 12E, the
RMSF for each residue of the model at BS-1 and BS-1/BS-2 is shown for the 5 ns MD run. By comparing the RMSF profile of HEWL alon
with the RMSF profile of VAL-bound HEWL. We found that both binding sites have the highest RMSF values at residues 46, 60-80, 102,
118, and 126 which indicates that these residues have a greater degree of flexibility. The structure of HEWL appears to undergo minor
changes when VAL binds to it [43]. It is noteworthy that the Ca backbone of HEWL changes differently in BS-1 and BS-1/BS-2. In the
novel BS-2, CYS®, GLU’, ARG, and ARG'?® fluctuate more than they do in BS-1. The results indicate that VAL only binds to BS-2 at
high concentrations. The active pocket is formed by residues 3-12, 25-43, and 51-65, which are much less flexible than the other
residues. These residues are more flexible when VAL occupies BS-1/BS-2 compared to free HEWL and VAL-HEWL complexes in BS-1.
Furthermore, the APR in residues 25-33, 55-64,107-112, and 121-129 are more fluctuating at 100 pM VAL than at 10 pM, suggesting
that these residues become more flexible at high VAL concentrations [51,63]. HEWL-VAL complexes have a higher fluctuation of their
last four residues (THRM8.LEU'??) than HEWL alone. Despite this, SiteMapping did not detect direct interactions between these
residues and VAL, except ARG'28-VAL interaction at 100 pM. Perhaps VAL binding causes these C-terminal residues to become un-
stable. HEWL p-domain (61-78), is more flexible at 10 pM VAL and show higher fluctuation values than HEWL bounded 100 uM VAL.
Destabilizing the f-domain may result in the formation of amyloid aggregate. The binding of VAL to this region helps stabilize it and
therefore prevents the formation of amyloid aggregates [68]. Most residues in presence of 100 pM have greater RMSF values than free
HEWL and HEWL bound to 10 pM VAL. As compared to free HEWL and HEWL bound to 10 pM, the C-terminal region of HEWL is more
flexible in presence of 100 pM VAL. According to these observations, HEWL is more stable at 10 pM compared to 100 pM. 100 pM VAL
increases the dynamics of the C-terminal strand and may initiate fibrillogenesis.

3.11. The dual effect of VAL against HEWL

In-situ results indicate that VAL affects HEWL aggregation in a dual manner. We assumed that HEWL might have two binding sites
for VAL. SiteMapping demonstrated that VAL can bind to a novel site (BS-2) in HEWL with a lower affinity than its original binding site
(BS-1) (Fig. 10A, B). VAL bind to BS-1 at a 10-fold lower concentration than HEWL. Because BS-1 has the APR, VAL can act to stabilize
these regions and prevent aggregation (Fig. 10C). VAL, on the other hand, occupies the novel BS-2 beside BS-1 when it is present in a
1:1 M ratio with HEWL(Fig. 10D). Most amino acid residues in BS-2 are associated with the A-helix of HEWL, and it has been reported
that HEWL's folding structure is stabilized by interactions between its N-terminal A-helix and C-helix (Fig. 11). Thus, VAL may disrupt
the folding structure of HEWL by binding to these residues. HEWL is made up of two domains, the a-domain, and the p-domain. Both A-
helix and B-helix lie within the a-domain [64,65]. An earlier study found that hydrophobic compounds inhibit insulin aggregation at
10 pM and 20 pM, but they promote it at 30 pM. According to the authors, this dual effect is the result of the acidic medium (pH 2.0)
altering the native conformation of the protein, resulting in the dual effect [73].

A co-solute-dependent change in the solubility model has been reported recently. This model assumes that hydrophilic or hy-
drophobic compounds increase or decrease protein solubility, thereby inhibiting or promoting protein aggregation [74,75]. In this
model, hydrophobic compounds shield proteins from the solution and promote protein precipitation, thus increasing aggregation. The
interaction between HEWL and solution was not shielded by VAL when present at a concentration 10-fold lower than HEWL, however,
this could be possible when VAL was present at a 1:1 M ratio. In all reaction mixtures containing 1% DMSO, hydrophobic VAL was
prepared in DMSO, and this amount of DMSO had no significant effect on protein accumulation [76,77].

4. Conclusion

Our study investigates the anti-aggregating effects of VAL on HEWL amyloid aggregation. According to our findings, VAL inhibits
amyloid fibrils at low concentrations and promotes them at high concentrations. This dual effect of VAL on HEWL fibrillation has been
demonstrated by spectroscopic methods such as ThT, CD, and ANS. HEWL aggregation can be effectively reduced by 10 pM VAL, while
100 pM VAL can have the opposite effect. The TEM images show how HEWL fibrils change morphologically as VAL concentrations are
changed. It may be possible to explain the dual effects by the existence of two HEWL binding sites for VAL. Based on the SiteMapping
study, 10 pM VAL binds preferentially to BS-1 with the lowest energy, while 100 pM VAL binds BS-2 beside BS-1. According to our
hypothesis, VAL produces dual action against HEWL by sequentially binding to BS-1 and BS-2. VAL may prevent aggregation by
stabilizing the HEWL APR in BS-1 and preventing the formation of p-sheets. VAL, on the other hand, binds to two binding sites within
HEWL and promotes amyloid formation. It was revealed from docking results that VAL binds to A-helix residues at high concentrations
and destabilizes A-helix and C-helix interactions, thereby causing HEWL to aggregate. The docking and fluorescence quenching results
indicate that hydrogen bonds and hydrophobic interactions are responsible for VAL-HEWL binding. According to our study, 10 pM of
VAL significantly inhibited amyloid fibril formation. The mechanism of action and the side effects of the drug need to be further
investigated. Moreover, the limitations of our study are that HEWL aggregates at acidic pH and extreme temperatures. Accordingly,
folding and aggregation mechanisms may differ from physiologically aggregated proteins. Our findings would be enhanced by further
revalidation in an in-vivo model system.
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