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Protein fibrillation is commonly associated with pathologic amyloidosis. However, under appropriate conditions
several proteins form fibrillar structures in vitro that can be used for biotechnological applications. MNEI and its
variants, firstly designed as single chain derivatives of the sweet protein monellin, are also useful models for
protein fibrillary aggregation studies. In this work, we have drawn attention to a protein dubbed Mut9, already
characterized as a “super stable” MNEI variant. Comparative analysis of the respective X-ray structures revealed
how the substitutions present in Mut9 eliminate several unfavorable interactions and stabilize the global
structure. Molecular dynamic predictions confirmed the presence of a hydrogen-bonds network in Mut9 which
increases its stability, especially at neutral pH. Thioflavin-T (ThT) binding assays and Fourier transform infrared
(FTIR) spectroscopy indicated that the aggregation process occurs both at acidic and neutral pH, with and
without addition of NaCl, even if with a different kinetics. Accordingly, Transmission Electron Microscopy (TEM)
showed a fibrillar organization of the aggregates in all the tested conditions, albeit with some differences in the
quantity and in the morphology of the fibrils. Our data underline the great potential of Mut9, which combines
great stability in solution with the versatile conversion into nanostructured biomaterials.

The ability of proteins to self-assemble forming fibrils is an intricate
process and is influenced by different parameters, intrinsic or extrinsic
to the protein. Extrinsic factors include physico-chemical parameters,
such as pH, temperature, ionic strength and protein concentration

1. Introduction

The protein fibrillar aggregation mechanism has been often [1]
studied with reference to several human diseases that are characterized

by the formation of amyloid deposits [2,3]. However, it has been widely
demonstrated that a huge number of proteins, unrelated to any known
disease, can form amyloid structures in vitro under appropriate condi-
tions [4]. In fact, self-assembling proteins became popular not only for
their implication in pathological conditions, but also for their potential
as building blocks to obtain protein-based nanomaterials with attracting
potential applications, such as targeted drug delivery systems for cancer
therapy or diagnostic tools or vaccine development [5]. Protein-based
nanomaterials present several advantages, such as sustainable and
scalable production, long-term stability, and absence of immunogenicity
[6,71.

[8-101, while the intrinsic factors refer to the specific features of the
protein, such as charge, hydrophobicity, patterns of polar and non-polar
residues, and also propensity to adopt different secondary structure
motifs. In a globular protein the polypeptide main chain and the hy-
drophobic side chains are largely buried within the folded structure.
When they become exposed, for example when the protein is partly
unfolded, the conversion of protein molecules into aggregated structures
has a higher probability to occur [11]. Fibrillar aggregation is generally
characterized by a lag phase, followed by a period of rapid growth, and
seems to involve the formation of soluble oligomers [12,13].

Specific regions of the protein, known as aggregation-prone regions,
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may have a central role in the formation of stable fibrillar aggregates
[14,15]. The identification of such regions could drive the design of
protein mutants able to form ordered intermolecular assemblies that can
be easily isolated, replicated and used for potential biotechnological
applications.

In this framework we have undertaken an investigation of the ag-
gregation process of MNEI a single chain derivative of the sweet plant
protein monellin designed by linking the two monellin chains through a
Gly-Phe dipeptide linker. The resulting protein retained the same
sweetness of the parent protein but displayed a higher thermal stability
[16]. Besides its potential as protein-based sweetener, this globular
protein also represents a good model for protein folding, unfolding and
self-assembly studies. Indeed, the folding and unfolding processes of
MNEI have been deeply characterized [17-19] and appear to be multi-
state, with parallel pathways populated by multiple intermediates [18].
Jha and coworkers demonstrated that MNEI unfolding process initiates
with the protein expansion into a dry molten globular state in which the
single a-helix moves out from the native state gradually [20]. It has been
recently reported a systematic study of the aggregation mechanisms of
this protein showing that MNEI, under mild denaturing conditions/early
unfolding stages, can be converted into insoluble, amyloid state, giving
rice to linear or branched structures. All these structures can be observed
at acidic pH (pH = 2.5), where the prolonged incubation of the protein,
at a temperature below its melting temperature, prompts the formation
of aggregates with the typical features of amyloid fibrils. On the con-
trary, at neutral pH (pH = 6.8), only amorphous aggregates can be
detected [21], suggesting that pH is the main switch between amyloid
and amorphous aggregation [22]. Furthermore, the presence of salts,
particularly chlorides, accelerates fibrils formation [23]. Due to its great
potential, many studies have been conducted to improve MNEI features.
Indeed, site-directed mutagenesis has been used as a tool for the rational
design of mutants with greater resistance and higher thermal and
chemical stability, even at neutral pH. Liu and co-workers pointed out
that many mutants, able to enhance the thermostability of the protein,
were distributed at the two ends of a-helix [24]. They showed how the
replacement of the unpartnered ionizable residue Glu23 from the hy-
drophobic core of the protein with an alanine (E23A) can stabilize the
native state of the protein. In addition, they proved that C41 residue,
located at the second p-strand, can contribute to thermostability
improvement playing a concerted role with E23 to account for the pH-
dependent stability of the protein at pH > 8 [24]. Esposito et al.
designed and produced Y65R-MNEI, a mutant significantly sweeter than
the parent protein, predicted to interact more efficiently with the sweet
receptor TIR2:T1R3 [25], while keeping the same aggregation pro-
pensity of MNEI [21].

Based on these findings, recently we have designed a new mutant,
Mut9, selecting the most promising point mutations: Y65R, E23A, C41A
and S76Y [26]. Mut9 showed high stability in acidic and neutral envi-
ronments, a higher melting temperature (over 20 °C) than that of MNEI
and resulted twice sweeter than MNEI. Notably, it preserved its structure
and function even after 10 min boiling, particularly at pH 6.8, and after
6-months of shelf-life in different conditions. This protein is the proof
that multiple mutations of different residues can lead to an additive
performance with both improved sweetness and stability, suggesting
that the sweetness and stability could be modulated by independent
molecular mechanisms.

Inspired by these features, in this paper we have addressed a
comparative study between MNEI and Mut9 to understand the structural
grounds of the higher stability of the latter protein and investigate its
amyloid aggregation propensity. The analysis of the effect of single point
mutations on Mut9 stability has been evaluated by means of X-ray
crystallography coupled to molecular dynamic predictions. In addition,
we have evaluated Mut9 aggregation tendency at two different pHs and
compared the morphology of the obtained fibrils. Specifically, we have
studied the kinetics of aggregation, in different experimental conditions,
by using the ThT assay and FTIR spectroscopy, and we have analyzed
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fibrils morphology by TEM.
2. Materials and methods
2.1. Expression and purification of MNEI and Mut9

MNEI and Mut9 were expressed in Escherichia coli BL21(DE3) and
purified from the cell lysate by ion-exchange chromatography followed
by size-exclusion chromatography as previously described [26].

2.2. Crystallization, X-ray diffraction data collection, structure solution
and refinement

MNEI and Mut9 were crystalized at 293 K by hanging drop vapor
diffusion and a reservoir solution containing 30-33 % PEG4K, 0.1 M
sodium acetate buffer pH 4.5 and 0.2 M ammonium sulfate mixing 1 pL
protein (4.5 and 5.7 mg mL~! in 5.0 mM HCI, respectively) with 1 pL
mother liquor at 20 °C. Crystals grew within one week (Fig. S6). X-ray
diffraction data were collected at 100 K on a Pilatus detector at XRD2
beamline of Elettra synchrotron, Trieste, Italy. Data collection statistics
are reported in Table S7. Data were processed and scaled in P12;1 space
group using AutoPROC [27]. Phase problem was solved by molecular
replacement method using as starting model the structure from protein
data bank (PDB) (209U). Refinement was carried out using Refmac-
CCP4i [28] and model building using Coot [29]. Refinement statistics
are reported in Table S7. Coordinates and structure factors have been
deposited in the protein data bank under the accession codes 8Q0S and
8QOR, respectively.

2.3. ThT binding assay

MNEI at a concentration of 216 pM was incubated in 20 mM phos-
phate buffer at pH 2.5, while Mut9, at the same concentration, was
incubated in 20 mM phosphate buffer at pH 2.5 and 6.8 either with or
without 150 mM NaCl. The aggregation kinetics was followed recording
time points. Thioflavin T (ThT) stock solution of 1 mM was prepared
dissolving ThT powered in 20 mM phosphate buffer pH 6.8. Samples at
different time points were prepared by adding 19 pL of protein samples
(final protein concentration 10 pM) and 12 pL of ThT stock solution
(final concentration 30 pM) in 20 mM phosphate buffer pH 6.8 to a final
volume of 400 pL. Fluorescence emission spectra were recorded on a
HORIBA Fluoromax-4 in the range of 400-600 nm with scan speed of
100 nm/min, upon excitation at 440 nm. Excitation and emission slits
were both set at 5 nm. Fluorescence intensity values at 485 nm emission
were plotted as a function of time. The reported values represent the
average of three independent experiments.

2.4. Transmission electron microscopy (TEM) analysis

Aliquots of the protein solution were taken and diluted 50 times with
deionized water. 3 pL drops of the samples were deposited for 3 min on a
carbon-coated copper TEM grid (200 mesh) and then, the excess fluid
was drained off with filter paper and air-dried. Average fibril thickness
was calculated from TEM images using IMAGE J (ImageJ (nih.gov)). The
images were collected using a FEI TECNAI G2 S-twin apparatus oper-
ating at 120 kV (LaBg source).

2.5. FTIR spectroscopy

FTIR measurements in attenuated total reflection (ATR) mode were
performed in the mid-IR range as previously described [22,30]. In
particular, 2 pL of the samples were deposited on the single reflection
diamond crystal of the ATR device (Quest, Specac) and dried at room
temperature before the collection of the ATR-FTIR spectra by the Varian
670-IR spectrometer (Varian Australia Pty Ltd.). The following param-
eters were employed: spectral resolution of 2 cm™?, scan speed of 25
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kHz, 1024 scan coadditions, and nitrogen-cooled Mercury Cadmium
Telluride detector. After 48 h of incubation, samples were centrifuged at
16,000 rcf for 30 min and the ATR-FTIR spectra of the pellets were
collected as described above. Absorption spectra were smoothed using
the Savitsky-Golay method before the second derivative analysis.
Spectral collection and analysis were performed with the Resolutions-
Pro software (Varian Australia Pty Ltd., Mulgrave VIC, Australia).

2.6. Molecular dynamics simulations

Crystal structures of MNEI (8Q0S) and Mut9 (8QOR) were used for
Molecular dynamics simulations. Alle the calculations were performed
with the Amber20 suite [31] using the ff14sb force field for the proteins,
pKa values of ionizable residues of the two proteins were estimated by
H++ at pH 2.5 and pH 7.0 [32]. Each system was stepwise pre-
equilibrated at 300 K with 2 fs steps for 2 ns and run for further 100
ns as a pre-production step. Simulations were conducted under NPT
conditions of constant temperature (300 K or 350 K) and pressure (1
atm); Berendsen thermostat was used to maintain the constant tem-
perature. The SHAKE algorithm was employed to constrain bonds
involving any hydrogen atoms. Periodic boundary conditions were
employed to calculate non-bonded interactions using a 10 A cut-off
distance. The Particle Mesh Ewald (PME) method was used to calcu-
late electrostatic interactions. Subsequent 100 ns trajectories were
processed and evaluated in Jupyter Notebook using PYTRAJ and
CPPTRAJ [33] and NGLview [34]. For each condition were generated
three independent simulations. The secondary structure variation was
calculated using the AMBER DSSP algorithm.

3. Results
3.1. X-ray structures of MNEI and Mut9

The structures of MNEI and Mut9 from isomorphic crystals possess
2032 and 1976 atoms, respectively. The X-ray structures (Fig. 1), ob-
tained from crystals with two molecules in the asymmetric unit (chain A
and chain B), have been refined at a resolution of 1.19 and 1.50 10\, and to
R-factor and Rfree values within the range 0.218/0.256 and 0.223/
0.274, respectively.

Both structures are very similar to each other, as revealed by the
analysis of the values of the root mean square deviations of the distances
between the Ca (RMSD, Table S1), and to the structures of MNEI and its
mutants reported in literature (Table S2). In fact, the graphs of B-relative
(obtained by normalization of B-factors [35] reported as a function of
residue of MNEI and Mut9 (Fig. S1) are very similar, except for the

A
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region between residues 45-60, where Mut9 shows higher B-relative
values than MNEIL This difference could be related to the 123 loop
located in this region (residues 47-56) which, in all the structures re-
ported for MNEI and its derivatives, is generally highly flexible or
disordered. Indeed, in the structure of Mut9 the electron density map in
this region is not well defined.

To understand the determinants of the different thermal stability of
MNEI and Mut9, the structural features of each molecule of the asym-
metric unit were analyzed and compared. MNEI and Mut9 possess a
comparable number of hydrogen bonds and salt bridges, similar solvent-
accessible surfaces and hidden regions, and similar volume (Table S3).
Thus, the two proteins show similar structural features, suggesting that
the presence of the mutation sites do not introduce variations of general
protein conformation, as also suggested by their capability to recognize
the same receptors, eliciting the sweet taste. Therefore, we have
analyzed one by one the single point mutations to investigate the rea-
sons for the increased Mut9 stability with respect to MNEL

3.2. Analysis of the effects of single point mutations

3.2.1. Y65R mutation

The mutation Y65R introduces a positive charge on the surface of
MNEI associated with a sweetness increase [36] and a thermal stability
decrease of the protein [21]. Crystallographic studies revealed that the
mutation induces structural changes in the C-terminal region of the
protein, responsible for the lower stability of Y65R mutant to the respect
of MNEI [21]. In particular, the Arg65 side chain in Y65R mutant ap-
pears disordered. The disorder of this residue affects the conformation of
the residue Tyr63, which, in the structure of MNEI, interacts with the
residue Phe94 at the C-terminus. Consequently, in the Y65R mutant, the
distances between Tyr63 and Phe94 are slightly greater than those
observed in MNEI [21]. This difference could contribute to the lower
thermal stability of the mutant compared to that of MNEL. In contrast, in
the two chains of the asymmetric unit of MNEI and Mut9, the electron
density map of residue 65 is well defined (Fig. S2). The analysis of the
distances between residues 63 and 94 shows that the neighborhood of
residue 65 in Mut9 is more similar to MNEI than to Y65R, suggesting
that in this mutant the Y65R mutation is less destabilizing than in Y65R-
MNEI (Table S4, Fig. 2).

3.2.2. C41A mutation

The C41A mutation is related to the sweetness decrease and the
thermal stability increase of MNEI [24]. This residue is located in a
hydrophobic pocket formed by residues Ile6, Thr12, Leul5, Val37 and
Leu62. In both molecules of the asymmetric unit of MNEI crystals, the

Fig. 1. Cartoon representation of the X-ray structures of MNEI (A) and Mut9 (B). The two molecules of the asymmetric unit are shown in dark yellow and gold for
MNEI and in light and dark green for Mut9. The position of the mutated residues is indicated in red.
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Fig. 2. Neighborhood of residue 65. The interactions of residues 63 and 94, which have been hypothesized to play an important role in protein stability, are
highlighted. In yellow MNEI, in green Mut9 and in blue Y65R. Chains A in panels A and B, chains B in panels C and D.

sulfur atom of Cys41 forms unfavorable interactions with the residues of
this pocket. In Mut9 the C41A substitution eliminates the unfavorable
MNEI-Cys41 interactions, thus stabilizing the structure of the mutant. In
fact, the side chain of the alanine is less bulky than that of cysteine. In
this way the surrounding residues have much more space. The com-
parison between the structures of MNEI and Mut9 also shows a
conformational change of Leu62 side chain due to the mutation. Leu62
occupies part of the empty space introduced by the C — A substitution
(Fig. 3).

This conformational variation is observed in both molecules of the
asymmetric unit. In the two chains of the asymmetric unit of MNEI and
Mut9, the electron density map of residue 41 is well defined (Fig. S3).
Details of the distances between residues 41 and 62 are reported in
Table S5.

3.2.3. E23A mutation

The E23A mutation is related to a strong increase in thermal stability
[37]. pH plays an important role in modulating the stability of MNEI and
its mutants. It has been demonstrated that residue E23, buried in a hy-
drophobic pocket of the protein at one end of the alpha helix, is
responsible for a pH dependent stability of the protein, due to its
anomalous pKa. In the two chains of the asymmetric unit of MNEI and
Mut9, the electron density map of residue 23 is well defined (Fig. S4).
MNEI structure, notably, shows that the Glu23 side chain is in contact
with the residues Ile26, Phe89, Leu86, Tyr29 e GIn28 (Fig. 4) in both
molecules of the asymmetric unit, but these interactions are energeti-
cally unfavorable. The substitution E23A in Mut9 removes these unfa-
vorable interactions and introduces an empty space around residue 23,
which is partly occupied by small displacements of the residues of the
hydrophobic pocket.

The comparison of the distances between Phe89 and A/Glu23

Val 37 ! i’ Leu 62
Leu 15 o33 3
7
Thr 12 © /'
)/
lle 6

residues are reported in Table S6. This could contribute to the increased
stability of Mut9 with respect to MNEL

3.2.4. S76Y mutation

Residue 76 is located within the p3 sheet of the protein. Literature
results demonstrate that replacing Ser76 with Tyr increases the stability
of the protein [38]. Residue 76 is well defined in the electron density
maps of MNEI and Mut9 (Fig. S5). In the two molecules of MNEI
structure, serine forms an unfavorable interaction with the Lys85 atoms
and a hydrogen bond with a water molecule (Fig. 5). In the Mut9
structure, the tyrosine side chain forms a hydrogen bond with the
carbonyl oxygen of Lys56 and with the side chain of Asp78, although in
one of the two molecules of the asymmetric unit this interaction is
mediated by the presence of a water molecule (Fig. 5). Tyr76 side chain
forms van der Waals interactions with carbon atoms of the residues
Ile46, Lys56, Lys85 and Leu87, which are in its neighborhood. All these
interactions can make an important contribution in increasing the sta-
bility of the mutant with respect to MNEI.

The punctual analysis of the additional interactions in Mut9 accounts
for the increased thermal stability observed for the protein with respect
to the parent MNEI both at acidic and neutral pH [26]. Indeed, the
network of stabilizing interactions located in different protein areas
counteracts the 4-8 degrees decrease of the melting temperature asso-
ciated to the mutation Y65R [21], due to the increased distances be-
tween residues Tyr63 and Phe94.

3.3. Aggregation propensity
The aggregation tendency of Mut9 was studied by standard ThT

fluorescence assay and compared with literature data reported for MNEI
[21]. The protein was incubated, with and without NaCl, at pH 2.5 and

Val 37 _
) leu%
5

o

i 41
Leu 15 37 o

EX) } '
Thr 12 lle 6

B

Fig. 3. Details of the interactions of residue 41 with the surrounding residues in the structures of MNEI (yellow) and Mut9 (green). Chains A are reported in panel A,

chains B in panel B. The distances are represented by grey dashes.
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Phe 89

Fig. 4. Details of the interactions of residue 23 with the surrounding residues in the structures of MNEI (yellow) and Mut9 (green). Chains A are reported in panel A,

chains B in panel B. The distances are represented by grey dashes.
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A

Fig. 5. Details of the interactions of residue 76 with the surrounding residues in the structures of MNEI (yellow) and Mut9 (green). Chains A are reported in panel A,

chains B in panel B. The distances are represented by grey dashes.

6.8, at 75 and 90 °C, respectively, i.e., in temperature conditions cor-
responding to the early unfolding steps, according to the thermal
denaturation study previously reported [26]. Indeed, it has been shown
that partial protein unfolding is a preliminary step in the formation of
amyloid-like protein fibrils [39]. The aggregation kinetics was followed
for two days, for pH 6.8, and for four days, for pH 2.5, monitoring the
ThT fluorescence signal until a stationary phase was reached (Fig. 6A).
The data reported in Fig. 6 indicated that ThT fluorescence intensity
increases as function of time for all the analyzed samples, but the pH
drastically influences ThT binding. Particularly, i) at neutral pH, the
signal reached the plateau after only one day of incubation, and the
intensity is lower in comparison with the one obtained at acidic pH; ii) at
pH 2.5, the plateau was reached after two days of incubation. The curves
from all the samples show a sigmoidal line-shape, more evident at acidic
pH, as expected for amyloid fibrils formation mechanism, which in-
volves three phases, i.e., lag, elongation, and plateau [39]. Interestingly,
at both pHs, the aggregation process occurs also without NaCl. Never-
theless, the ionic strength affects the kinetic in an opposite way in these
two conditions. In fact, at acidic pH the kinetic in the presence of NaCl is
faster than that in the absence of NaCl, while, at neutral pH, the ionic
strength delays the kinetics. Anyway, quite a high response to ThT assay,
under all conditions, suggests the possible presence of fibrillar aggre-
gates. To investigate the morphology of the aggregates formed by Mut9,
aliquots of the samples incubated for two days at neutral pH and for four
days at acidic pH were analyzed by TEM. Representative images of the

samples obtained under all conditions tested are reported in Fig. 6 (from
B to E). Differently from MNEI, Mut9 aggregates showed a fibrillar or-
ganization at both acidic and neutral pH, independently on the presence
of NaCl. However, the quantity and the morphology of the fibrils are
influenced by NaCl at both pHs, reflecting the different ThT fluorescence
intensity. In fact, at pH 2.5, in the presence of NaCl the ThT emission is
much more intense, suggesting the presence of a higher number of
amyloid fibrils. This hypothesis is confirmed by TEM. In fact, as
observed in Fig. 6C, there are more fibrils, and they are more branched
in comparison to the fibrils of the sample without salt (Fig. 6B). On
average, the fibrils formed in the presence of sodium chloride have a
diameter of 23 + 2 nm or, if branched, of 14 + 1 nm, while in the
absence of salt show a width of 21 4+ 1 nm. In both cases, i.e., in the
absence or in the presence of NaCl, the length of fibrils is about 4 £+ 1
pm. On the other hand, at pH 6.8, in the absence and in the presence of
NaCl only few, very long fibrils, can be detected. In fact, as suggested by
ThT binding assays, the fluorescence intensity is much lower than that
observed at acidic pH. Moreover, on the contrary of what occurs at pH
2.5, in this case the fluorescence intensity in the absence of NaCl is
slightly higher than in presence of salt, and the fibrils are more branched
than those obtained in the presence of NaCl (Fig. 6D-E).

Regarding fibrils dimensions, in both the analyzed cases there is a
coexistence of fibrils formed by a single filament (13 + 2 nm) and fibrils
formed by two filaments (23 + 1 nm). Also in these experimental con-
ditions, the obtained fibrils show a length of about 3 + 1 pm.
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D

Fig. 6. ThT binding assay of Mut9 (panel A). Fluorescence intensity values are reported as function of time for: Mut9, pH 2.5, NaCl, 75 °C (solid red line), Mut9, pH
2.5, 75 °C (dotted red line), Mut9, pH 6.8, NaCl, 90 °C (solid black line) and Mut9, pH 6.8, 90 °C (dotted black line). Transmission electron images of Mut9 (panels B-
E). Samples incubated in 20 mM phosphate buffer pH 2.5 at 75 °C after 96 h without (B) and with (C) 150 mM sodium chloride, and in 20 mM phosphate buffer pH
6.8 at 90 °C after 48 h without (D) and with (E) 150 mM of sodium chloride. The samples were observed without any staining procedure; therefore, protein fibrils

appear darker with respect to the background. The scale bars are 500 nm.

Conditions:
(1) pH 6.8, 90°C

(2) pH 6.8, 90°C,
150 mM NacCl
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Fig. 7. Mut9 aggregation characterized by FTIR spectroscopy. A, B) Absorption and second derivative spectra of Mut9 incubated under different conditions, specified
as (1) to (4), for different times, as indicated. After 48 h of incubation, the spectra of the pellet were also collected. Arrows point to the observed changes of the Amide
maximum. The main peak positions are shown. C) The p-index of the final aggregates is evaluated from the intensities of the second derivative spectra of the pellets.
In particular, the ratio of the ~1695 cm ™! peak intensity to that of the maximum peak between 1625 and 1618 cm ! was reported. Error bars represent the standard

deviations of at least three measurements.
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3.4. Fourier transformed infrared spectroscopy

The presence of fibrillary aggregates was also investigated by FTIR
spectroscopy, which allows to detect the presence of intermolecular
B-sheet structures, universally accepted hallmarks of amyloid aggregates
[40].The aggregation kinetics of Mut9 incubated under different con-
ditions, i.e. at pH 2.5 and at pH 6.8, both in the absence and in the
presence of NaCl, is reported in Fig. 7. At the beginning of incubations
(time 0 h), the second derivative spectra of Mut9 (Fig. 7B) display, in all
the reported conditions, the following peaks that were assigned to the
secondary structures of the native protein, in agreement with our pre-
vious works [22,30]: ~1635 cm™! and ~1691 cm’l, due to intra-
molecular p-sheets; ~1659 cem”l, mainly due to o-helices, with
contribution of random coils; ~1679 cm ™}, assigned to p-turns. During
incubation, a downshift of the main Amide I peak is observed in all the
absorption spectra (Fig. 7A) with a dissimilar kinetics in the different
conditions. As shown in the second derivative spectra (Fig. 7B), in the
samples incubated at pH 6.8 and 90 °C, the components assigned to the
native protein structures completely disappear already after 2 and 4 h in
the absence and in the presence of NaCl, respectively. Moreover, two
new peaks at around 1695 em ! and ~1618 em ™! appear. These com-
ponents are unequivocally assigned to the formation of intermolecular
B-sheet structures typical of protein aggregates. In the samples incubated
at pH 2.5 and 75 °C, starting from 24 h the ~1635 cm ™! peak assigned
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to the native protein structures downshifts to ~1625 cm™}, while the
~1691 cm ™! peak upshifts to ~1695 cm ™. In the samples incubated at
pH 2.5, 150 mM NacCl, the IR response of the native structure disappears
between 4 and 24 h, and new components at ~1695 cm ™! and between
1625 and 1618 cm™! arise, which can be assigned to the p-sheet struc-
tures of the protein aggregates (Fig. 7B). The second derivative spectra
of the protein pellets collected after 48 h of incubation display similar
spectral features for the samples at pH 6.8 and 90 °C in the presence and
absence of 150 mM NaCl and for the sample at pH 2.5, 150 mM NacCl at
75 °C. The sample at pH 2.5 and 75 °C displays a different position of the
main Amide I peak and a reduced intensity of the ~1695 cm™! peak. For
a quantitative comparison, the f-index was evaluated from the second
derivative spectra. This index is related to the orientation of the
B-strands and it was suggested that it is proportional to the percentage of
anti-parallel vs. parallel organization of the p-strands [41]. A lower
B-index value (Fig. 7C) was obtained for the sample at pH 2.5 and 75 °C,
indicating differences in the internal structures of this aggregates
compared to those obtained under the other conditions. In particular,
the lower value of the p-index might suggest a higher presence of par-
allel p-sheet structures in the final aggregates [41]. Moreover, the ab-
sorption spectrum of the final aggregates obtained at pH 2.5 and 75 °C
displays a lower absorption around 1660 cm ™! (Fig. 7A), indicating a
lower content of disordered structures compared to the aggregates ob-
tained in the other tested conditions.
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Fig. 8. Molecular dynamics simulations of MNEI and Mut9 at pH 6.8 (panels A-C) and pH 2.5 (panels D-F). RMSD along the trajectory are reported in panels A and D,
while RMSF of all the Ca atoms in panels B and D, both collected at 300 K (in blue MNEI and in red Mut9) and at 350 K (in grey MNEI and in orange Mut9). In panels
C and F, helical structure variation along the trajectory versus residue number are shown at pH 6.8 and pH 2.5. The region that loses the helical structure during the

100 ns trajectory is highlighted with a red circle on MNEI structure in panel C.
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3.5. Molecular dynamics

Molecular Dynamics simulations were performed on MNEI and Mut9
at acidic and neutral pH both at 300 and 350 K, to gain insights on the
different behaviour of the two proteins in terms of stability and aggre-
gation propensity (Fig. 8).

All MD simulations were performed at 100 ns. The structures of the
two proteins stay stable along all the trajectories as shown from the root
mean square deviation (RMSD) data at pH 6.8 and 2.5 (Fig. 8A and D).
The Ca root-mean square fluctuations (RMSF) of all residues are shown
in Fig. 8B and E. At acidic pH the two proteins show a similar behaviour
along the trajectory (Fig. 8E); they show the same flexibility at the N and
C terminus at the linker loop and the La2 loop, the loop connecting the C
terminal region of the helix and 2 strand, as well in the region between
L45 and the beginning of p5. It is interesting to note that La2 loop and p5
strand have been previously indicated as likely hot spots involved in
triggering amyloid aggregation [42].

At pH 6.8 (Fig. 8B), MNEI is more flexible than Mut9 in the region of
the La2 loop and the L45 loop beginning of 5p. From the analysis of the
variation of secondary structure during the trajectories, MNEI at the
same pH loses more that 50 % of the secondary structure in the C ter-
minal region at 300 and 350 K whereas Mut9 secondary structure is
unaffected by the variation of pH and temperature (Figs. 8C and 6F).

4. Discussion

MNEI and its variants are useful and established models to study the
structural determinants of proteins sweetness. However, these proteins
can be also studied to better understand the molecular basis of the ag-
gregation process which governs protein fibrils formation. In the present
work, we have focused the attention on two proteins of this family,
MNEI and its mutant Mut9. We have already reported, in a previous
work, that Mut9 is a super stable mutant [26], and even sweeter than the
parent protein. Here, we showed that MNEI and Mut9 possess a com-
parable number of hydrogen bonds and salt bridges, similar solvent-
accessible surfaces and hidden regions, and similar volume. All these
features explain why the two proteins are able to interact with the same
receptor, eliciting the sweet taste typical of monellin and its derivatives
[26]. Furthermore, by analyzing one by one the mutation sites, we un-
derstood why the Y65R substitution in Mut9, responsible of the
increased protein sweetness, has a less destabilizing effect than that
observed in the Y65R mutant [21], since the additional substitutions
introduced in the mutant make its chemical environment more similar to
that of MNEI than to that of Y65R. In addition, the E23A and C41A
mutations introduce non-polar side chains into two hydrophobic pockets
of the protein and eliminate a number of unfavorable interactions
observed in MNEIL This procedure is known to stabilize the native
structure of proteins by preventing their denaturation. Furthermore, the
S76Y mutation allows the formation of hydrogen bonds and van der
Waals interactions between tyrosine and the surrounding residues, in
particular the formation of hydrogen bonds with residues Lys56 and
Asp76. All these interactions contribute to the increase of the thermal
stability of Mut9 compared to MNEI.

The increased stability of Mut9 at neutral pH due to the substitution
of E23 with alanine provided the possibility to expand the range of
conditions to study the fibrillar aggregation process of MNEI and its
derivatives. Indeed, using a combination of techniques, here we showed
that Mut9 can be converted into fibrils both at acidic and neutral pH,
independently from the presence of NaCl. Interestingly, the ionic
strength influences the kinetics of aggregation in a different way for the
two pH conditions. FTIR analysis indicates that, as in the case of MNEI,
at pH 2.5 the presence of NaCl makes the aggregation kinetic faster. In
contrast, at neutral pH, the ionic strength slightly delays the process.

TEM data indicate long, less branched fibrils at strong acidic pH (2.5)
and without NaCl, i.e. at low ionic strength. A possible explanation is
that in these conditions the net charge of the protein is positive and,
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upon partially unfolding, at low ionic strength only limited protein
orientations leading to an ordered polymerization exist, making the
process slower. Accordingly, the fibril microstructures are more or-
dered, as indicated by the low absorption at around 1660 cm ™! and by
the low value of the p-index. High concentrations of NaCl reduce the
repulsion between the positively charged side chains on the protein
surface, increasing the number of possible relative orientations and
accelerating the aggregation process. The resulting fibrils are more
branched, as revealed by TEM analysis, and less ordered.

At neutral pH the protein net charge is significantly decreased, as the
deprotonation of acidic side chains occur. Under these conditions the
influence of the ionic strength on both morphology and microstructure is
reduced, as both positive and negative charges are present on the protein
surface. Interestingly, less fibrils are observed, probably due to the high
incubation temperature necessary to partial unfold the protein and
prompt the aggregation. The influence of the ionic strength on the ki-
netics is less clear in this case. As matter of fact, the effect of salts on
protein conformational stability and amyloid formation has been
debated in the literature. Stabilization of misfolded forms has been
proposed to promote protein fibrillization [43] but, in other cases, it has
been shown that ions able to stabilize the protein secondary structure
also promote aggregation [44,45]. Also, in this case we observed a lower
p-index when the kinetics is slower, allowing a more ordered
organization.

Punctual analysis to highlight the regions driving the fibrillar ag-
gregation process of the two proteins has been performed by molecular
dynamics. Our data points out that the isolated proteins, i.e. MNEI and
Mut9, have similar behaviour at acidic pH, and confirm that the regions
that in previous works [22] were indicated as possible aggregation hot
spots have higher flexibility during the trajectories. On the other hand,
different properties appear at neutral pH, as MNEI is more flexible along
the trajectory than Mut9 and tends to lose partially the helical structure.
The exposure and the partial unfolding of the a-helix structure has been
indicated as the trigger of protein aggregation start and may explain the
different kinetics at neutral pH of the two proteins. Indeed, in this
condition, MNEI quickly aggregates and forms amorphous precipitates
instead of ordered fibrils. For Mut9, this process occurs much more
slowly favoring the fibers formation. Therefore, the introduction of
mutations in Mut9 leads to an increased stability at neutral pH not only
of the native state, but also of the early unfolded states, prompting the
formation of amyloid fibrils even at neutral pH [46], in contrast to MNEI
that at neutral pH does not form ordered fibers.

5. Conclusion

In this work, using a multimethodological approach we have high-
lighted the structural grounds of another interesting property of Mut9
which, besides the extremely high sweetness and stability, is also able to
form fibrils of different morphology and size at different pHs and ionic
strength. A careful selection of the experimental conditions allows the
driving of the process towards aggregates endowed with different mi-
crostructures and morphological features, amenable for further bio-
physical characterization and suitable for different possible
applications. Despite the close similarity with MNEIL, Mut9 not only is a
better candidate as hypocaloric sugar substitute, but also is a more
versatile building block to design nanostructured biomaterials [47,48].
Indeed, MNEI and its derivatives are small proteins, which spontane-
ously fold in vitro to produce functional sweet proteins with high thermal
stability. They can be lyophilized and stocked for years also in solution.
Moreover, they can be produced and easily purified with high yield,
through biotechnological procedures which, when compared to protein
extraction either from natural sources or wastes, are scalable, indepen-
dent on climate and geographic issues and safe for the environment.
Production cost at this moment represents a limit since we only work on
lab scale. However, we are also confident that they can be significantly
reduced in future.
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